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Abstract The distribution of gold in high-temperature fu-
marole gases of the Kudryavy volcano (Kurile Islands) was
measured for gas, gas condensate, natural fumarolic sub-
limates, and precipitates in silica tubes from vents with
outlet temperatures ranging from 380 to 870°C. Gold abun-
dance in condensates ranges from 0.3 to 2.4 ppb, which is
significantly lower than the abundances of transition met-
als. Gold contents in zoned precipitates from silica tubes
increase gradually with a decrease in temperature to a
maximum of 8 ppm in the oxychloride zone at a temper-
ature of approximately 300°C. Total Au content in mod-
erate-temperature sulfide and oxychloride zones is mainly
a result of Au inclusions in the abundant Fe–Cu and Zn
sulfide minerals as determined by instrumental neutron
activation analysis. Most Au occurs as a Cu–Au–Ag triple
alloy. Single grains of native gold and binary Au–Ag alloys
were also identified among sublimates, but aggregates and
crystals of Cu–Au–Ag alloy were found in all fumarolic
fields, both in silica tube precipitates and in natural fu-
marolic crusts. Although the Au triple alloy is homogene-
ous on the scale of microns and has a composition close to
(Cu,Ni,Zn)3(Au,Ag)2, transmission electron microscopy
(TEM) shows that these alloy solid solutions consist of
monocrystal domains of Au–Ag, Au–Cu, and possibly
Cu2O. Gold occurs in oxide assemblages due to the de-
composition of its halogenide complexes under high-tem-
perature conditions (650–870°C). In lower temperature
zones (<650°C), Au behavior is related to sulfur com-
pounds whose evolution is strongly controlled by redox
state. Other minerals that formed from gas transport and
precipitation at Kudryavy volcano include garnet, aegirine,

diopside, magnetite, anhydrite, molybdenite, multivalent mo-
lybdenum oxides (molybdite, tugarinovite, and ilsemannite),
powellite, scheelite, wolframite, Na–K chlorides, pyrrhotite,
wurtzite, greenockite, pyrite, galena, cubanite, rare native
metals (including Fe, Cr, Mo, Sn, Ag, and Al), Cu–Zn–
Fe–In sulfides, In-bearing Pb–Bi sulfosalts, cannizzarite,
rheniite, cadmoindite, and kudriavite. Although most of
these minerals are fine-grained, they are strongly idiomor-
phic with textures such as gas channels and lamellar, band-
ed, skeletal, and dendrite-like crystals, characteristic of
precipitation from a gas phase. The identified textures and
mineral assemblages at Kudryavy volcano can be used to
interpret geochemical origins of both ancient and modern
ore deposits, particularly gold-rich porphyry and related
epithermal systems.
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Introduction

The active fumarolic system of Kudryavy volcano (Iturup
Island, Russia) is known for its transport and deposition of
a number of ore-forming metals (Znamensky et al. 1993;
Taran et al. 1995; Korzhinsky et al. 1996; Fischer et al.
1998; Tkachenko et al. 1999; Churakov et al. 2000). One of
the amazing features of Kudryavy fluid discharges is the
presence of mineralization, including major Mo, Re, Bi,
Pb, Zn, In, and Cd, and subordinate Au and PGE, over a
wide temperature range from magmatic to low-temperature
epithermal.

The majority of Au in porphyry systems appears to form
during the high-temperature stages of mineralization (600–
700°C) as a solid solution in mainly Cu–Fe sulfides
(Sillitoe 2000; Kesler et al. 2002). Experimental data also
confirm that high-temperature supercritical fluids are ca-
pable of transporting significant amounts of Au in
comparison to later-stage low-temperature aqueous fluids
of the same magmatic hydrothermal system (Gammons and
Williams-Jones 1997; Cygan and Candela 1995). However,
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the Au-transporting capability of the high-temperature
fluids can be difficult to constrain due to complex anionic
compositions of fluids in experiments and uncertainties in
the thermodynamic data. The concentration of metals in
high-temperature magmatic fluids also can be underes-
timated in direct geological measurements such as fluid
inclusions due to the typical overprinting of later hydro-
thermal mineralization on earlier high-temperature para-
geneses (e.g., Seedorff and Einaudi 2004).

In contrast, direct evidence of the capacity of magmatic
vapors to transport significant quantities of metals comes
from studies of active volcanoes (Taran et al. 2000), and
furthermore, these fluids are thought to be analogous to
those in ore-forming environments. Long-term (2001–2004)
systematic observations with special attention to mineral-
phase compositions and phase relationships at Kudryavy
volcano have furthered our understanding of the high-tem-
perature processes involved in forming Au mineralization.

Geological situation

About 40 active volcanoes are located in the Kurile Island
Arc, which stretches from Japan to Kamchatka (Fig. 1).
Kudryavy volcano is one of the youngest volcanic cones
that occur in a lineament zone within the Late Pleistocene
Medvezhya caldera (Fig. 2). This caldera was formed as a
result of roof subsidence above the magmatic chamber
during explosive activity, resulting in eruption of acid
pumice, ash, and ignimbrite. Postcaldera activity consisted
of successive dacitic and rhyodacitic extrusions followed
by the formation of a chain of andesitic and andesite-ba-
saltic volcanoes. The most recent lava flow of the Kudryavy
volcano was in 1883, and it was composed of andesitic
basalt with phenocrysts of plagioclase, olivine, and pyrox-
ene. Persistent emissions of high-temperature fumarolic
gases with occasional phreatic explosions have continued
for the past 100 years. The Japanese sulfur mine built at the
top of the volcano in the beginning of twentieth century is
evidence for the accumulation of significant native sulfur
in the fumarolic fields by that time.

Petrological studies of the volcanic rocks and xenoliths
in the recent lava flows and data on melt inclusions
(Tolstykh et al. 1997; Ermakov and Steinberg 1998) re-
vealed the essential role of hybridization or contamination
by crustal material in the formation of dacitic lavas. Ac-
cording to melt inclusion studies (Tolstykh et al. 1997),
three initial melt compositions were distinguished: a ba-
saltic melt with a homogenization temperature of more
than 1,160°C, a dacitic melt with a temperature of 1,160–
1,190°C, and a dacitic melt with a temperature ranging
from 1,070 to 1,180°C. The source of the youngest basaltic
lavas of the Kudryavy volcano seems to be a primitive
melt depleted in rare earth and trace elements. The nature
of the magma associated with present-day degassing is
unknown. The fumarolic vents that are the sites of high-
temperature discharges are confined to fractures and faults
related to an andesitic extrusion exposed in the center of
the eastern crater. Although the western crater appears to
be the source of the youngest lava flows, only low-tem-
perature fumarolic vents are active there. The sequence of
volcanic development from dacite through andesite to ba-
salt may be caused by both the existence of several mag-
matic chambers and periodic input of high-heat basaltic
magma, as suggested for Baransky volcano (Bindeman
1997). The temperature of shallow degassing magma was
estimated by Botcharnikov et al. (2003) to be approxi-
mately 1,050°C, which corresponds to the melt tempera-
ture of the andesitic magma. Calculations of heat balance
have shown that the modern magma chamber may be less
than 100 m beneath the surface, based on the assumption
that the hottest temperature is located above the apex of the
magmatic body.

Fig. 1 Location of the Kurile Islands and Kudryavy volcano on
Iturup Island. The rectangle marks the study area

Fig. 2 Geological map of the northern part of Iturup Island
(simplified from Kovtunovich et al. 2000)
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Fumarolic fields

Several high-temperature fields have been distinguished in
the eastern crater area on the basis of metal occurrences and
temperature (Fig. 3). The main field located on a sloped
andesitic dome has the highest discharge temperatures and
is associated with a network of subvertical fractures and
channels, the largest of which is exposed at the bottom of
the youngest phreatic crater formed during the 1999 erup-
tion. The size of this channel originally reached 3×5 m, but
it has decreased in size with each successive year (Fig. 4).
The highest discharge temperature measured in 2001 is
870°C, but this is lower than the maximum temperature of
940°C measured before the phreatic eruption in 1992
(Korzhinsky et al. 1996). The dome fumarole field is ad-
jacent to the main field and is within the limits of the
andesitic dome, but the discharge temperature is lower, less
than 725°C. The molybdenum field and the rhenium field,
both with maximum discharge temperatures of 650°C, are

located on the crater rim. All high-temperature fields are
bordered by a thick crust of native sulfur.

The fumarolic fields are distinguished on the basis of gas
chemistry, mineral deposits around and inside vents, and
discharge temperatures. Magnetite encrusted by fine platy
crystals of molybdenite with aegirine and Na–K chlorides is
a typical feature of the high-temperature cavities of the main
field. High-temperature zones in the cavities on the dome
and fracture fields are also filled by molybdenite in
association with aegirine, garnet, and chlorides, but sulfide
assemblages composed of multicolored wurtzite, Cu–Zn–
Fe–In sulfides, pyrite, Cd-, In-bearing Pb–Bi sulfosalts, and
late pyrrhotite are more abundant than in the main field. The
molybdenum field has lower temperature gas vents and
magnetite–molybdenite assemblages, which are succeeded
not by sulfides but mainly by an oxide association of
powellite, multivalent molybdenum oxides (molybdite-
MoO3 and tugarinovite-MoO2), and complex sulfates. The
surface of this field is covered with blue-green encrustations
containing ilsemannite (Mo3O8·nH2O). In the rhenium
field, cannizzarite (Pb4Bi6S13), wurtzite, greenockite, garnet,
diopside, and pyrite are widespread. In addition, there are
local occurrences of rhenium sulfide (ReS2), rheniite
(Znamensky et al. 2005), and two new mineral species of
rare metals [cadmoindite CdIn2S4 and kudriavite (Cd,Pb)
Bi2S4] in this fumarolic field (Chaplygin et al. 2004).

Samples and analytical methods

Four types of material were systematically collected from
the different gas vents at all the high-temperature fumarolic
fields: gas, gas condensate, natural fumarolic sublimates,
and precipitates in silica tubes. Experiments with mineral
precipitates in the silica tubes were carried out according to
the methods of Le Guern and Bernard (1982), Symonds
(1993), and Korzhinsky et al. (1996). One-meter-long
quartz tubes with diameters of 3–5 cm were inserted into
the high-temperature vents (up to 870°C at the outlet) for a

Fig. 3 Location of fumarolic
fields on the top of the Kudryavy
volcano (V. Znamensky,
unpublished data)

Fig. 4 The highest temperature vent (point 51, 870°C) in the
bottom of the youngest phreatic crater (photo from 2001). The
burning hot gas is glowing red
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period of 1–5 weeks. Temperature gradients depended on
the inclinations of the tubes in the vent and the depths of
insertion. Natural sublimates were collected near these
vents from a depth of down to 1 m. The gases were col-
lected in evacuated flasks containing an alkaline solution of
KOH and Cd acetate to absorb the gas species and sulfur
(Giggenbach 1975). Gas condensates were also collected
from the same vents by cooling the gas with ice and water
in a glass condenser. The temperature of the fluids was
measured in the exit and entry points of each tube with a
thermocouple to estimate the temperature gradient, as-
sumed to be linear along the length of the tube (Korzhinsky
et al. 1996).

Mineral precipitates on the walls of quartz tubes were
studied directly on the glass with a scanning electron mi-
croscope (SEM; JSM-5300) with an energy-dispersive
spectrometer (EDS) Link-10000 detector. They also were
analyzed without carbon coating, using a low-vacuum
SEM (JSM 5620) with EDS (JED-2300) at the Belov
Laboratory of Crystallochemistry of IGEM RAS (Mos-
cow). A small part of the natural sublimates, as well as the
heavy separates after dissolution in distilled water and
washing in heavy liquid, were put on carbonaceous tape for
study by SEM. Dissolution and heavy-liquid washing is
necessary for studying ore minerals, which occur as in-
clusions inside of massive crusts of soluble and insoluble
halides, sulfates, and native sulfur. A few mineral phases
were identified using a transmission electron microscope
(TEM; JEM-100C) and a diffractometer (RigakuD/Max2200).
To obtain lattice parameters by TEM, the opaque mineral
grains were mechanically rolled out to make the phases on
the foil edges electronically transparent.

The concentrations of Au and other metals in the natural
sublimate samples, in silica tube sublimates over 10-cm
intervals, and handpicked mineral separates, were deter-
mined by instrumental neutron activation analysis (INAA)
also at IGEM RAS. The anionic concentrations of the
condensates were determined by ion chromatograph.

Concentrations of the major cations in the gas con-
densate samples were determined by inductively coupled
plasma–mass spectrometry (ICP-MS) at the Laboratory of
Analytical Chemistry, IGEM RAS. Determination of Au
and other trace elements was carried out using three dif-
ferent methods of sample preparation and acid decompo-
sition to avoid possible loss during analysis.

In the first method (I), gravimetric settling of the col-
loidal sulfur produced transparent solutions, which were
then analyzed by a mass spectrometer with the addition of
an internal standard. In the second method (II), 5-ml ali-
quots of solution were placed in silica glasses with 2 ml of
concentrated HNO3 and then boiled down to a volume of
2–3 ml to coagulate the sulfur into coarse particles. Con-

centrated hydrochloric acid was then added to remove the
sulfur, and the solutions were subsequently heated and
vaporized with repeated addition of concentrated HNO3.
The residues obtained were dried and twice water-washed
then combined with 5% -HNO3. Finally, 1-ml aliquots
were diluted to 10 ml by acid for ICP-MS determination
with the addition of an internal standard.

In the third method (III), solutions were placed in silica
glasses, 4 ml of concentrated HNO3 was added, and the
samples were boiled down to reduce the volume to 7–8 ml.
The coagulated sulfur was filtered out, and the transparent
solutions were analyzed with the addition of an internal
standard. The filtrates were placed in the same quartz cru-
cible in which the coagulation was carried out and dried in
an oven. The residue was diluted by concentrated HNO3

and water, then the solutions were diluted by 2% HNO3,
and an internal standard was added for ICP-MS determi-
nation. Detection limits for the ICP-MS were (micrograms
per liter) V, Cr-1, Mn-2; Co, Ni, Cu, Zn, Ga, Ge, Mo, Ag,
Cd, Sn, Sb-1, I-5, Re-0.5, Au-0.2, Hg-2, TI, Pb-1, Bi-2; Pt,
Pd, Os, Ir, and Ru-1 (not detected in the analyzed samples).

Metal contents in gas condensates

The minerals found in fumaroles were formed directly from
gases consisting mainly of H2O (more than 94 mol%),
approximately 2 mol% of C and S compounds, 0.8 mol%
HCl, and up to 1.6 mol% H2 (Taran et al. 1995; Korzhinsky
et al. 1996). The calculated oxygen fugacity was near the
nickel–nickel oxide (NNO) buffer within the temperature
range of 650–1,100°C and passes into the hematite–mag-
netite (HM) field with cooling. The major anions in the
condensates are SO4

2−, F−, Cl−, Br−, and NO3
−, with thio-

and polysulfates also present (Table 1). The highest
concentration of SO4

2− (up to 12,700 mg/l) and Cl− (up to
11,500 mg/l) occur in the highest temperature samples, and
their abundances are lower in the lower temperature
samples with an increase in F− and Br−. Maximum I−

content (8 ppm by ICP-MS data, Table 2) was found in a
condensate sampled at 650°C.

The real metal contents in volcanic gases can be es-
timated from analysis of the gas condensates and the alka-
line solutions in the gas flasks (e.g., Fischer et al. 1998),
although uncondensed and water-insoluble volatile com-
pounds can be lost during the first type of sampling. Prior
to the present study, published ICP-MS analyses of the
high-temperature volcanic gases (Taran et al. 2000) in-
dicate that Au was commonly at or below the detection
limit (about 1 ppb). Gold abundance in the gas condensates
of the Kudryavy volcano also was initially determined

Table 1 Anionic compositions
of gas condensates (milligrams
per liter) determined by liquid
chromatography

Sample Date T°C SO4
2− F− Cl− Br− NO3

−

41 August 2001 850 11,000 2.6 11,500 3.5 4.2
02 – 650 2,464 26.5 1,802 7.3 2.2
61 – 710 12,700 1.0 10,500 4.0 1.2
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(Taran et al. 1995) to be below the ICP-MS detection limit
(1 ppb).

The results of the trace element determinations in gas
condensates of Kudryavy volcano are given in Table 2.
Gold concentrations range from 0.9 to 2.4 ppb using
method I. Gold concentrations for method II are below the
detection limits, but the same samples analyzed according
to method III show that all measurable Au was in the
solution, and its concentration ranged from 0.3 to 2.2 ppb.
Similar trends are found in the results for other elements in
Table 2. Rhenium contents using method I (up to 0.2 ppb)
are slightly above the analytical detection limit, consistent
with previously reported data (Distler et al. 2002). Con-
densate from the rheniite (ReS2)-bearing vent in the rhe-
nium field contains about 0.1 ppb of Re. Condensate from
the molybdenum fields, from the vent with precipitates of
Re-bearing molybdenite and K perrhenate (KReO4), con-
tains 0.2 ppb of Re.

The condensate analyses using method II yield higher
contents of Re ranging from 0.7 to 8.8 ppb, and a maximum
Re content of 22.5 ppb was found with method III. In this
case, Re concentration abundances correlate with Mo, al-
though a significant part of Mo was fixed in the filtrates
(Table 2). Rhenium concentrations ranging from 7 to 200 ppb
in Kudryavy gas condensates analyzed by the isotope di-

lution method (Tessalina et al. 2005) confirm that such high
abundance of Re is closer to the real value than the data
previously reported (Taran et al. 1995; Korzhinsky et al.
1996; Distler et al. 2002). Other elements, besides Re and
Au, showed higher values using method III compared to
method II. This indicates a loss during volatile formation in
method II. The greatest differences in concentrations were
detected for Au, Ag, Hg, V, Re, and Tl. Other groups of
elements (Cu–Zn–Cd–Ge–Sn and Pb–Bi) were not lost in
method III, and the corresponding filtrates are enriched in
these elements. Mo, Sn, Pb, Cd, and possibly Au show a
positive correlation with an increase in temperature. Mer-
cury has an inverse relationship with temperature. Analyses
over a 1-month period (Table 2, analyses 1–5) of con-
densates collected from the same point (720°C) on the
dome field show that gas enrichment can vary significantly
with time.

The mineralogy of quartz tube precipitates

Zonation of the mineral precipitates was roughly similar in
all of the tubes studied, suggesting insignificant redeposi-
tion and metasomatism. Zoning of precipitates in tubes
from Kudryavy volcano has been described in detail

Table 2 Element concentrations (micrograms per liter) of gas condensates analyzed by ICP-MS

Analytical method

Method I Method II Method III Filtrates

01 02 21 42 61 1 2 3 4 5 1a 2a 3a 4a 5a 1f 2f 3f 4f 5f
Date 11/08 10/08 12/08 27/08 19/08 30/08 21/09 23/09 04/10 05/10 30/08 21/09 23/09 04/10 05/10

V ND ND 9 36 47 ND ND ND ND ND 278 714 ND 214 449 ND ND ND ND ND
Cr 33 15 ND 65 22 1,212 ND ND ND ND 1,095 1 ND ND ND 514 288 231 99 384
Mn 11 21 1 59 9 523 128 ND ND ND 481 30 ND ND ND 347 145 116 67 374
Co 1 1 ND ND ND 2 4 3 4 ND 4 ND ND ND ND 10 7 1 3 6
Ni 24 16 16 63 2 771 351 293 156 ND 409 126 43 31 ND 255 232 358 131 287
Cu 31 14 ND 9 22 760 451 366 289 201 640 505 469 503 537 681 326 392 166 312
Zn 132 295 51 1,524 747 1,760 539 827 2,764 922 1,987 1,240 410 1,875 1,175 2,953 3,045 44.9 696 2,401
Ga 2 1 ND 1 1 3 3 1 1 ND 2 ND 1 ND 1 ND ND ND ND ND
Ge 4 4 4 8 18 13 7 13 10 10 ND ND ND ND ND ND 285 221 ND 452
Mo 22 29 5 58 46 94 50 56 59 38 103 62 59 36 38 67 26 33 37 29
Ag ND ND ND ND ND ND ND ND ND ND ND 56 5 40 24 227 12 31 8 33
Cd 7 15 3 106 81 144 61 189 1,228 1,386 132 60 162 1,036 1,451 29 13 40 66 218
Sn 29 19 8 153 69 211 139 122 175 137.8 211 126 102 178 118 111 65 68 38 47
Sb 7 9 2 5 6 21 7 7 7 6 24 14 14 16 11 11 9 14 6 36
I 7,950 1,803 ND 469 4,837
Re 0.2 ND 0.1 ND 0.2 7.9 0.7 4.4 8.8 2.2 22.5 21.4 14.4 5.1 6.1 1.4 1.2 2 0.2 1.4
Au 1.3 0.9 1.1 2.4 1.7 ND ND ND ND ND ND 0.3 2.1 1.9 2.2 ND 0.2 ND ND ND
Hg 198 317 213 128 179 8 ND 33 ND ND 90 183 152 154 158 6 3 4 8 2
TI 16 19 2 36 46 151 71 444 366 180 79 60 226 162 141 ND ND ND ND ND
Pb 178 263 12 583 997 2,778 1,297 2,897 5,095 3,245 1,642 1,071 1,592 2,217 2,471 453 264 553 190 665
Bi 16 40 2 34 57 295 126 174 407 181 177 87 88 165 128 58 26 36 41 44

Numbers 01, 02, 21, 42, and 61 were collected in 2002 from the sample locations in Fig. 3. Numbers 1–5 were collected repeatedly from
point 61 (Fig. 3) in 2003 and analyzed according to method II
Blank table entries were not analyzed
ND Not detected
aSame samples as numbers 1–5 but analyzed according to method III. Numbers 1f–5f are filtrates of these samples
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elsewhere (Korzhinsky et al. 1996; Tkachenko et al. 1999;
Churakov et al. 2000), so we will only summarize the key
features of the zoning with respect to the Au distribution
and Au-bearing mineral associations in the examples of
tube 61 from the dome field with an outlet temperature of
720°C and tube 03 from the molybdenum field with an
outlet temperature of 550°C. Additional mineralogical ob-
servation is also reported for tube 51 from the youngest
crater (Fig. 4) and tube 02 from molybdenum field, with
outlet temperatures of 870 and 650°C, respectively.

The hottest zone at the orifice in tube 61 (the crystobalite
zone of Korzhinsky et al. 1996) is poor in mineral pre-
cipitates. Rare single crystals of magnetite, wolframite,
scheelite, powellite, and complex Fe–K molybdate are char-
acteristic for this high-temperature oxide zone (Fig. 5).
Precipitates large enough for INAA occur only in the
molybdenite zone at a distance of 25 cm at 720°C. This
zone has a length of about 5 cm and is composed of Re-rich

molybdenite (Re 2.6 wt%) with rare grains of Na–K chlo-
rides, Fe-, Ca-, and K-molybdates, magnetite, and wol-
framite. It has a sharp border with the following narrow
zone of Na–K chlorides composed of coarse- to fine-grained,
massive K–Na chlorides usually with a yellow-red color.
Sulfide minerals (pyrite, galena, and cubanite) and rare
native metals (chromium and molybdenum) were found in
this zone together with a few crystals of magnetite, molyb-
dates, wolframite, and aegirine. Fine irregular-shaped
particles of native Mo were detected here in an unusual
association of coexisting platy molybdenite and oxidic
molybdenum phases such as powellite and ferrimolybdite.
The elongated crystals of native Cr have a skeletal mor-
phology and grow together with Fe silicate and ferberite
(Fig. 6a). Gold abundance in the precipitates of the molyb-
denite zone (1.8 ppm) is slightly lower compared to that in
the Na–K chloride zone (Au 2.1 ppm), which was depleted
in all other metals (Table 3, Fig. 5).

Fig. 5 Distribution of minerals
and representative elements
along the Kudryavy tube 61.
Temperatures are given for the
beginning of each analyzed
interval from the hot end of
the tube
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The sulfide zone (<650°C) contains mainly Fe and base-
metal sulfides. Variation of metal contents along the tube
indicates the precipitation of Zn sulfides (with Cu, Cd, and
In admixture) followed by pyrite, galena, and finally, Pb–
Bi sulfosalts (also with In, Cd, and Mo) and sulfochlorides.

Also common in this zone are magnetite, chromite, garnet,
and pyroxene. Among the most distant precipitates were
octahedral crystals of rare spinel, Zn-bearing herzinite in-
tergrown with apatite (Table 4). Pb, Bi, and Tl chlorides
occurred in the coolest temperature zone. The maximum

Fig. 6 Native metals in the tube
precipitations of the Kudryavy
fumaroles, SEM, BSE image.
a Elongated crystals of native
Cr; b grain of native Fe with
FeWO4 inclusions; c spherical
particles of native Se among
Na and K sulfates; d spherical
particles of native Mo on the
surface of Gd titanate; e tiny
platy crystals of native Ag on
the particle of native Al, with
the silica glass as background;
f detail of intergrowth of native
Ag lamellae; g morphology of
the surface of native Al with
microholes; h particle of
Cu–Ni alloy
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Au content of 4.4 ppm was detected in the oxychloride
zone at the end of this tube at 490°C (Table 3, Fig. 5). Fine-
grained and dispersed precipitates of anhydrite, metal chlo-
rides, complex salts, and oxychlorides such as bismoclite
were common in this zone.

In tube 03, the high-temperature molybdenite zone was
absent as expected. The common oxidic phases (magnetite,
wolframite, and silicates) of the hotter Na–K chloride zone
were replaced by various sulfide minerals in the sulfide
zone with cooling (Fig. 7). Further up the tube, anhydrite,
Pb and Bi chlorides, and bismoclite were common in the

oxychloride zone with subordinate amounts of Zn–Cd–Fe–
In sulfides. Thallium, Bi, and Cu iodides, K–Cd chloride,
Cd–In chloride, K–Pb chloride, and sulfate, were also wide-
spread. The oxychloride zone was followed by a zone of
native sulfur at about 250°C.

Gold abundances were uniform along the hotter length
of tube 03 in the range of 1–2 ppm (Table 3); only the
oxychloride zone was enriched in Au (up to 8 ppm). The
oxychloride zone (the last 10-cm interval on the cool end of
the tube with approximate temperature of 400°C) in tube
02 also is enriched in Au, up to 5 ppm (Table 3). Silver,

Table 3 Element concentrations in the tube precipitates by INAA

Tube 6102 0201 0303

L (cm)a 25 30 40 50 60 80 80 100 30 40 50 60 70 80 90
T (°C)b 720 710 650 600 550 490 450 400 560 550 450 400 350 300 250

Na2O (wt%) 21.73 28.91 17.4 18.43 14.83 14.38 14.01 7.77 34.81 22.89 21.29 24.64 2.44 4.5 3.39
CaO (wt%) ND ND ND 5.8 21.6 ND 24.6 7.9 ND ND ND 15 45.8 ND ND
Fe (wt%) 1.08 1.74 4.21 3.49 3.49 3.29 7.07 8.78 2.02 1.99 2.78 3.81 2.95 5.9 2.53
Sc (ppm) 0.9 0.6 1.5 2.3 0.5 0.6 0.5 ND 4 1.2 10.4 5.9 ND ND 0.7
Cr (ppm) 63.1 12.2 101.9 73.5 691.8 161 113.6 93.5 18.9 36.9 13.4 ND ND 142.1 62.3
Zn (ppm) 222 678 29,220 62,032 49,197 30,629 39,447 87,328 1,223 28,378 31,802 68,749 69,742 19,420 14,381
As (ppm) ND ND 233 282 429 4,348 2,050 3,161 ND 273 424 809 4,345 26,785 124,344
Se (ppm) 32.8 10 53.5 98.7 238.3 248.1 529.9 974.8 39 81.6 368.7 2,326.7 3,069.7 2,827.7 5,454.7
Br (ppm) 1,175 765 948 907 1,040 1,426 1,357 3,117 3,697
Mo (ppm) 72,366 14,076 13,546 21,429 28,291 42,537 53,290 63,890 19,340 9,344 13,370 8,576 20,370 59,560 38,800
Ag (ppm) 17.8 36.4 94.3 76.8 83 104.1 88.9 140 42.9 45.3 39.9 29.5 65.8 148.3 113.1
Cd (ppm) ND 101 6,809 8,514 6,124 3,656 3,671 9,516 452 5,968 6,222 10,673 9,716 3,041 3,981
In (ppm) 24 106 3,926 3,696 3,136 3,023 6,033 7,658 521 3,643 3,372 5,280 5,736 4,380 2,808
Sb (ppm) ND ND 2.2 6.9 14 42.5 16 24 1 1 5 46 172 212 296
Cs (ppm) 1.4 4.3 119.2 330.7 692.6 902.3 38.4 82.5 6 22.5 97.3 798.7 456.1 298.3 223.1
W (ppm) ND 218 438 509 468 512 3,067 2,157 972 800 884 1,254 994 1,264 1,002
Re (ppm) 2,643 487 526 746 887 1,257 964 1,214 218 124 97 48 284 1,101 727
Au (ppm) 1.77 2.13 2.95 3.51 3.15 4.40 2.98 5.53 2.04 1.75 1.01 1.25 1.76 8.12 4.59

Blank table entries were not analyzed
ND Not detected
aDistance from the hottest end of the tube
bApproximate temperature (sample locations are in Fig. 3)

Table 4 Chemical compositions (wt%) of spinels in the fumarole precipitations by EDS

No. Sample MgO Al2O3 TiO2 Cr2O3 FeO Fe2O3 ∑

1a 02 1.86 7.43 4.54 23.73 34.34 28.92 100.81
2a 02 2.62 7.67 6.28 29.93 34.75 19.02 100.27
3a 02 3.53 8.19 6.25 31.90 34.51 19.26 103.64
4a 02 2.20 7.05 7.14 28.40 36.59 20.55 101.93
5b 61 11.20 55.99 1.43 – 22.19 0.12 94.14
6c 67 9.04 7.88 – 55.97 18.95 7.34 99.48
7d,e 14.53 23 0.39 39.56 22.06 0.11 99.65
8d,f 13.44 28.99 0.44 29.1 27.57 0.31 99.94
aChromian spinel in the tube sublimates (T=620°C)
bHerzinite in the tube sublimates (T=600°C) (with 2.54 wt% ZnO)
cChromite in the natural encrustation (T=620°C) (with 0.31 wt% MnO)
dChromian spinel in the volcanic rocks of the Kudryavy volcano
eBy Ermakov et al. 2001 (with 0.11 wt% SiO2, average from three analyses)
fBy Tolstykh et al. 1997 (sample locations are in Fig. 3)
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Mo, W, and Re concentrations could not be correlated with
a mineral phase from SEM observation. It is possible that
W, Re, and Mo (and Au) are present in sulfochloride
complexes as minor to trace components at lower temper-
ature. As noted in a previous study (Symonds 1993),
crystals from the high-temperature zones are commonly
coarser in size, have a higher idiomorphism, and have a

more stable chemical composition compared to those from
low-temperature zones.

Our data on Au distribution in the zoned tube precip-
itates are consistent with previous results (Tkachenko et al.
1999), which show for the Kudryavy fumaroles that Au
abundance in the tube sublimates increases with cooling to
reach a maximum concentration of 4.4 ppm at approxi-
mately 260°C on the border of native sulfur precipitation.

Fig. 7 Distribution of minerals
and representative elements
along the Kudryavy tubes 02
and 03 from the molybdenum
field. Temperatures are given
for the beginning of each
analyzed interval from the hot
end of the tube
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Thus, maximum Au enrichment is observed in the
oxychloride zone in the temperature range of 250–490°C.

The mineralogy of fumarolic deposits

Previous studies showed that Au contents in bulk samples
of fumarolic crusts were 0.1–0.2 ppm, with a maximum
value of 0.4 ppm in the rheniite-bearing sulfide concentrate
from the rhenium field (Distler et al. 2002). Au enrichment
was also found in wurtzite (in a cavity at 560°C) containing
5 ppm Au (Table 5). Wurtzite from Kudryavy fumaroles is
commonly enriched in Fe, Cd, Cu, In, and Sn, up to the
formation of a pure mineral phase of rare metals, among
which greenockite is the most abundant (Kovalenker et al.
1993). Yellow translucent hexagonal plates of wurtzite
were intergrown with dodecahedral grains of pyrite. INAA
analysis of pyrite shows an Au content of 3.4 ppm (Table 5),
but it is possible that the mineral separates were con-
taminated by fine particles of native gold; microbeam spot
analyses would be needed to determine the actual Au con-
tent in these minerals. Magnetite from the high-temperature
assemblage (720°C) contains low Au (0.3 ppm), and an
Re-bearing molybdenite (1.5 wt% Re) from the cavity with
a temperature of 650°C was found to be Au-free.

Gold occurrences and mineral assemblages

The most widespread mineral occurrence of Au in the
Kudryavy fumaroles is Cu–Au–Ag triple alloy (Fig. 8a) in
contrast to the pure native Au commonly observed in the
mineral associations of other volcanic systems (Vergasova
et al. 1982; Meeker et al. 1991; Fulignati and Sbrana 1998;
Taran et al. 2000). Single grains of native Au and binary

Au–Ag alloys only occur in minor amounts in Kudryavy
fumaroles.

Commonly, alloy particles are represented by the inter-
growth of lamellar crystals in which the surface is pitted
with fine holes. Sometimes, intergrowths of the nano-sized
crystals can be observed (Fig. 8b). The greatest abundance
of Cu–Au–Ag alloy particles was found in the crust lining a
fumarole cavity (690°C) on the Dome field. This cavity is
next to a hotter fumarole (710°C) where tube 61 was in-
serted. Au alloy (Fig. 8c,d) associated with K–Na chlo-
rides, wurtzite, pyrrhotite, Pb–Bi sulfosalts, and galena
(Fig. 9) precipitated on the overhang of the fumarolic vent.

Transparent acicular aegirine (NaFeSi2O6) and skeletal-
like magnetite (Fig. 9a) appear to be the earliest mineral
phases in the crust lining this cavity. The main central part
is composed of massive salts and bipyramidal crystals of
quartz, which occurs as a paramorph of alpha-quartz on
beta-quartz (Fig. 9b). There are no prismatic faces in these
crystals, and all six pyramid faces have the identical growth
steps that formed simultaneously, which implies they had
equal growth rates as faces on the hexagonal pyramid. The
step-like surface of the faces is covered with numerous
irregular-shaped holes.

Hexagonal pyrrhotite (Fe1−xS), determined by EDS and
diffraction data (Fig. 9c,d), is one of the last minerals to
form in the crust. It occurs as triangular plates, golden hex-
agonal crystals, and plate intergrowths with Na–K chlo-
rides. Idiomorphic tabular crystals of cubanite (CuFe2S3)
and a sakuraiite-like mineral [(Cu,Zn,Fe,Sn)S] (Table 6)
are present but rare. Iron-poor pyrrhotite commonly con-
tains about 3 wt% Cu as an admixture (Table 6). In ad-
dition, pentlandite [(Fe,Ni)9S8] and polydymite (NiNi2S4)
were found in these assemblages.

Dodecahedral pyrite (Fig. 9e) and yellow-, brown-, and
red-colored hexagonal plates of wurtzite (Fig. 9f) formed

Table 5 Element concentrations in the mineral separates. Na2O, CaO, and Fe, wt%; all other elements, ppm

Sample 67 67 01 41
T°C 620 620 650 830
Mineral Pyrite Sphalerite Molybdenite Magnetite

Na2O (wt%) 0.54 0.62 ND 5.75
CaO (wt%) ND ND ND 1.2
Fe (wt%) 44.47 4.82 0.71 41.58
Sc (ppm) 3.4 ND 0.7 17.5
Zn (ppm) 13,216 379,402 375 718
As (ppm) 249 ND ND ND
Se (ppm) 414.6 353.3 380.6 ND
Br (ppm) 196 348 ND ND
Mo (ppm) 722 ND 525,400 3,821
Ag (ppm) 69.1 335.9 ND ND
Cd (ppm) 5,088 92,257 ND 33
In (ppm) 1,642 6,837 20 ND
Cs (ppm) 44.6 ND ND 335
Re (ppm) 33 ND 13,746 26
Au (ppm) 3.36 4.95 ND 0.35

Sample locations are in Fig. 3
ND Not detected
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earlier than pyrrhotite. The lower-temperature zone is en-
crusted with elongated platy crystals of Pb–Bi–In–Sn sul-
fosalt minerals together with framboidal galena (Fig. 9g),
lamellar Se-bearing acanthite (Ag2S) (Fig. 9h), acicular
ikunolite [Bi4(S,Se)3], anglesite (PbSO4), anhydrite (CaSO4),
and Na–K chlorides.

Gold alloy particles were also found in the precipitates
inside tube 51 inserted into the largest fumarolic vent, with
the highest gas temperature (870°C) and the highest rate of
gas discharge, located at the bottom of a young phreatic
crater on the main field (Fig. 4). A thin single plate of Au
alloy, approximately 30 μm in size (Fig. 8e), and a helicoid

Fig. 8 Morphology of crystals
and lamellar aggregates of Cu–
Au–Ag triple alloy, SEM, BSE
image, digital color. a–d Parti-
cles in fumarolic crust from the
dome field (690°C): a general
view; b details of the alloy
surface with microholes and
nano-sized crystals, field of
view 10 μm; c, d front and
backside of the different twisted
aggregates; e plates of alloy
from the silica tube precipita-
tions in the highest temperature
vent (870°C); f, g lamellar
intergrowths in natural crust
from the molybdenic field
(650°C); h Au alloy particle
from the rhenium field
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aggregate of plates more than 200 μm were found here
(Fig. 10a). These particles crystallized inside a tube ex-
posed during a period of less than 2 weeks. The mineral
association includes Na–K chlorides and different oxide
compounds such as ferberite [(Fe,Mn)WO4], magnetite,

scheelite (CaWO4), powellite (CaMoO4), rutile, and hema-
tite. It should be noted that particles of native Fe, Cu–Zn,
Cu–Ni, and Fe–Cr–Ni alloys are abundant in similar high-
temperature tube precipitates. The particle of native Fe
from the Au-bearing assemblages contains ferberite in-

Fig. 9 Natural mineral assem-
blages of gold-bearing fumarolic
crust from the dome field
(690°C), SEM, BSE image.
a Skelet-like octahedral magne-
tite (Mgt); b a paramorph of α-
quartz on β-quartz (Q); c plate
of hexagonal pyrrhotite (Po) and
halite (NaCl); d detail of pyr-
rhotite–halite intergrowth;
e pyrite (Py) from its inter-
growths with chlorides; f in-
crustation of wurtzite (Wtz) on
anhydrite and pyrite; g incrus-
tations of platy Pb–Bi sulfosalts
(Sfs) and framboidal galena
(Gn); h fine lamellar acanthite
Ag2(S,Se)
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clusions, suggesting that is a natural precipitate and not an
external contaminant. The striped surface of native Fe with
numerous gas channels and holes is similar to the mor-
phology of the Au alloys (Fig. 6b).

Galena, copper sulfide, and pyrite are rare phases oc-
curring with more widespread sulfates of Ba, Pb, Na, and
K. Occurrences of spherical particles of native Se were
found in a sulfate encrustation in the same temperature
zone of the silica tube (Fig. 6c). The size of spheroids

ranged from less than 0.2 to 3 μm. Some K–Pb sulfates
formed radial intergrowths of elongated tubular crystals
and are anomalously enriched with Se, which can possibly
substitute for sulfur: K2Pb[(S,Se)O4]2. The thickness of the
precipitates in this tube was insignificant and did not
exceed 1 mm due to the high rate of gas discharge and
minimal cooling along the length of the tube. The native
elements mentioned above and all other minerals grew di-
rectly on a glass surface and lacked a salt substrate.

A spiral-like aggregate (Fig. 10b) was found among the
fumarolic deposits of the main field. This particle of a triple
alloy occurred in association with molybdenite, magnetite,
and Na–K chlorides in a cavity with temperatures ex-
ceeding 750°C.

Twisted aggregates of alloy plates of up to 50 μm in size
(Fig. 8f,g) were found in a natural fumarolic crust from the
molybdenum field. The top surface of the crust was cov-
ered by green-blue amorphous ilsemannite (Mo3O8·nH2O)
and white fine-grained anhydrite. The bottom of the
overhanging part exposed to the cavity (about 650°C) is
encrusted by rose-like aggregates of molybdenite flakes.
Magnetite, hematite, powellite, and Na–K chlorides are
common in this assemblage, and blue translucent crystals
of molybdite occur inside the small cavities and fractures
closer to the surface. In the same molybdenum field, Au
alloy was also found in tube precipitates within an oxy-
chloride zone with an approximate gas temperature of
450°C. This section of the tube was mainly filled with fine-
grained Na–K chlorides, complex sulfates, sulfochlorides,
and oxychlorides [dominated by bismoclite (BiOCl)], among
which were rare crystals of wolframite, magnetite, hema-
tite, and iodides. Hematite forms both pseudomorphs on
magnetite and plate crystals. Bismoclite also occurs as
plate crystals and aggregates (Fig. 11a). Native Mo in this
association occurred as fine spheres of less than 2 μm in
size (Fig. 6d).

The mineral composition of the high-temperature zones,
which are absent in tube 03 with an outlet temperature of
550°C, can be compared to the material from another tube
(tube 02) inserted into the vent with a maximum temper-
ature of 650°C in the molybdenum field (Fig. 7). The first
50 cm of this tube was empty due to the high gas speed and
absence of a temperature gradient. Only rare Ca–Fe sili-
cates, magnetite, and complex Fe–Mo sulfate precipitated
on the clear glass, which was slightly corroded by the
acidic gases. Aggregates of platy crystals of native Ag,
which encrusted an elongated tube-shaped particle of
native Al, were found in this zone of the tube directly on

Fig. 10 Morphology of spiral-shaped aggregates of Cu–Au–Ag
triple alloy, SEM, BSE image, digital color. a Aggregate of lamellar
crystals from a silica tube (870°C, tube 51); b aggregate of lamellar
crystals from natural fumarolic crust (710°C, point 41), the main
field

Table 6 Chemical compositions
of the sulfides (wt%) in the
fumarole precipitations
determined by EDS

ND Not detected

Mineral S Fe Cu Zn Co Ni Sn ∑

Pyrrhotite 43.05 53.39 3.01 ND ND ND ND 99.45
Pyrrhotite 39.82 57.60 1.69 ND ND ND ND 99.11
Cubanite 37.89 35.75 20.12 0.52 ND ND 2.15 96.43
Pentlandite 36.73 24.84 ND ND 2.67 34.61 ND 98.85
Polydymite 41.43 1.92 ND ND ND 52.68 ND 96.03
Sakuraiite? 34.70 1.39 26.54 10.78 ND ND 26.91 100.32
Sakuraiite? 24.60 3.74 37.59 17.15 ND ND 17.01 100.08
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the glass (Fig. 6e). Pure native Ag occurred as rose-like and
irregular intergrowths of plates. The largest aggregate
reached 50 μm in size, and the length of the native Al
particle exceeded 50 μm. The coarser plates were inter-
grown; the finer plates, spheres, and icicle-like particle less
than 1 μm in size are disorderly located on the surface of

coarser ones (Fig. 6f). The mineral surfaces are covered
with submicron-sized pores and channels (Fig. 6g). The
occurrence of native Al has been described previously by
Korzhinsky et al. (1996), who explained the existence of a
disequilibrium association of Al, Si, and Ti by their pre-
servation in a salt matrix. Our observations also suggest the

Fig. 11 Mineral assemblages of
gold-bearing tube precipitations
from the molybdenum field with
maximum temperature of 650°C
SEM, BSE image. a Platy crys-
tals of bismoclite (BiOCl);
b euhedral crystals of powellite
(CaMoO4); c disperse ferrimo-
lybdite on the skeletal crystal of
K-perrhenate (KReO4); d Clus-
ter structure of the coarse grain
of K-perrhenate; e halite and K-
perrhenate on the silica glass;
f molybdite (MoO3) among fine-
disperse silicates and Mo-bear-
ing complex sulfates; g euhedral
crystal of chromium spinel;
h tiny plate of Pd–Pt selenide
(Pd,Pt)9Se
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possibility of native metal sublimating directly in the gas
within the tubes. Particles of cuprous alloys (Cu–Zn, Cu–
Ni, Cu–Sn, and pure Cu) also are abundant in the tube
precipitates (Fig. 6h).

Mineral associations, including abundant Na–K chlo-
rides, K-perrhenate, Ca–Fe silicate, Fe–Mg–Al–Cr spinels,
wolframite, Ca and Fe–K molybdates (Fig. 11b,c), and
molybdite, occur in a zone having an approximate tem-
perature of 600°C. Fine crystals of K-perrhenate form ag-
gregates; the coarser ones up to 200 μm in size commonly
have skeletal morphology (Fig. 11c–e). The skeletal mor-
phology reflects fast crystallization from a low-density gas
with the preferential growth of edges and tops compared to
faces under the conditions of a high-speed laminar flow.
Korzhinsky et al. (1996) also remarked on the occurrence
of native Au crystals in association with K-perrhenate.
Euhedral transparent crystals of molybdite are common in
this zone (Fig. 11f). Tabular idioblasts of molybdite on the
walls of the tube are similar in morphology to the natural
blue crystals.

The occurrence of fine octahedral crystals of Cr spinel
intergrown with other minerals implies their precipitation
from gases instead of their transport as a solid phase.
The Cr spinels occurring in the natural sublimates contain
55.97 wt% Cr2O3 (Table 4, Fig. 11g) and differ from the
composition of accessory spinel in the host volcanic rocks
(Cr2O3 from 29 to 40wt%). Cr spinels in tube sublimates, in
contrast, are characterized by low Mg, Al, and Cr contents
(Table 4, analyses 1–4).

Various Cu (±Fe) sulfide minerals, including cubanite,
chalcopyrite, sakuraiite, and covellite, were succeeded in a
lower temperature zone by copper sulfates. Microplates of
Pd–Pt selenide were identified in association with Cu
sulfides, pentlandite, scheelite, and wolframite. The par-
ticles, less than 5 μm in size, contained 34 wt% Pt, 50–
51.8 wt% Pd, 7–7.2 wt% Se, about 4 wt% Fe, 2 wt% Ni,
and 1 wt% Cu (Fig. 11h) and correspond to the formulae
(Pd, Pt, Fe, Ni, Cu)9Se.

Gold minerals occur in precipitates from fumaroles and
quartz tubes in association with rheniite in the rhenium
field (point 21, Fig. 3). A tiny crystal of triple alloy about
7 μm in size (Fig. 8h) was detected in association with Sb-
bearing native Sn, scheelite, barite, and pyrite, and was
precipitated in the temperature range of 290–300°C, where-
as the maximum temperature in the channel was 380°C.
Among the other Au-bearing phases, the binary Au–Ag
alloy corresponded to Au0.84Ag0.14Cu0.02 in association
with scheelite and galena, which was found in the natural
crust from the rhenium field.

In addition, numerous fine submicron grains of native
Au were observed in unusual mineral assemblages with
rheniite. Coarse layered crystals of rheniite grew as thin
trigonal plates with thicknesses of less than a tenth of a
micron. Rose-like aggregates of the smaller platy molyb-
denite epitaxially encrusted the rheniite surface, and con-
sistent with trigonal crystallographic directions, crossed at
an angle of 120°. Gold crystals smaller than 1 μm in size
were found inside the molybdenite rosettes.

Chemical composition of Au alloys

Backscattered electron (BSE) images of polished sections
show an even distribution of elements in the grains. The
major components are Au, Ag, and Cu (Table 7). Lamellae
zones slightly enriched in Ag and depleted in Cu exist,
whereas Au was evenly distributed. The EDS data indicate
that the alloy has a composition of (Cu,Ni,Zn)3(Au, Ag)2,
with variations from (Cu, Ni, Zn)2.72(Au, Ag)2.28 to (Cu,
Ni, Zn)2.99(Au, Ag)2.01. Exsolution textures were not
recognized in either BSE images or reflected light. Uni-
form compositions similar to the Kudryavy triple alloys,
being homogeneous in reflected light and with uniform
distribution of BSEs, have never been reported to our
knowledge (Knight and Leitch 2001; Nekrasov et al. 2001;
Spiridonov and Pletnev 2002).

Table 7 Results of EDS analyses of Cu–Au–Ag alloys from the Kudryavy volcano

No. Fumarolic field T (°C) Element (wt%)

Ni Cu Zn Ag Au Total

1 Main, tube 870 35.15 7.16 59.80 102.11
2 32.76 7.82 60.68 101.26
3 34.09 9.62 58.35 102.06
4a Rhenium, tube 290 29.37 7.24 63.39 100.00
5a 28.38 9.81 61.81 100.00
6 Molybdenum 645 35.13 7.74 58.42 101.29
7 Dome 690 0.25 28.46 0.73 10.63 57.33 97.40
8 ND 34.04 0.50 7.66 60.70 102.88
9 0.41 32.62 0.52 6.72 59.50 99.78
10 30.67 10.25 57.08 98.41

Blank table entries were not analyzed
ND Below detection limit
aNormalized results
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TEM data

The study using a TEM showed nanometer-scale struc-
tural and compositional heterogeneity of the triple alloys
(Fig. 12). The observed variations of the cell parameters
confirmed that the disordered solid solution is not homo-
geneous and exists as a mixture of binary phases, including
Cu–Au and Au–Ag ones. These phases are composed of
monocrystal domains of solid solutions that range from tens
to 800 Å and can be seen on the dark field image of 111 and
222 reflections (Fig. 12a,b). In the selected area electron
diffraction (SAED) pattern, variations of ring reflection in-
tensities and interplanar spacings correspond to a disorder-
ed cubic face-centered cell with a predominant parameter of
a=3.84±0.06 Å (Fig. 12), which is characteristic of a binary
Au–Cu alloy. Additional weak reflections observed near
111 and 222 ring reflections correspond to a=4.04–4.08 Å
(Fig. 10d) and is typical of a binary Au–Ag alloy. We also
recorded spot reflections corresponding to d=2.44 Å, and
this probably belongs to cuprite Cu2O (Fig. 12c).

No superlattice reflections typical of phases in the Cu–
Au system were found. Some additional reflections were
caused by sylvite and halite inclusions from tens to hun-
dreds of angstroms in size (Fig. 12f,g).

Discussion

Based upon the presented data, transport by high-temper-
ature low-density fluids with involvement of such complex
anions as F, Cl, S, Br, and I allows for the migration and
concentration of Au and a large group of coexisting metals
such as Mo, W, Cr, Re, Pb, Zn, Cu, Ag, Ni, Bi, Cd, and In.

Mechanisms and forms of gold migration

Thermodynamic data show that Au, Ag, and Cu behave
similarly in both hydrothermal solutions and in gas
(Tkachenko et al. 1999; Akinfiev and Zotov 2001). All
of these metals have extremely low vapor partial pressures
as a pure phase, but their compounds with Cl are highly
volatile. They can be transported in acidic conditions as
simple chlorides such as Au2Cl6gas and Ag3Cl3gas and can
be replaced by [MeCl2]

1− and [MeCl3]
2− complexes and

such compounds such as [CuCl (H2O)] with decreasing
temperature (Tagirov et al. 1993; Mavrogenes et al. 2002;
Williams-Jones et al. 2002). In terms of the Kudryavy fu-
marole gas compositions (near NNO redox buffer), where
sulfur is present dominantly as SO2, hydrosulfuric com-
plexes do not play an essential role as a transporting agent
in high-temperature fluids. The abundance of halite and
sylvite in the precipitates and the high halogen content of
gases suggest that chloride complexation plays an im-
portant role in noble metal transport. Metal precipitation
was mainly governed by the temperature gradient and
neutralization (dilution and decompression) of the initially
more acidic (and denser) fluid during its ascent to the
surface.

Kudryavy fluid occurs as a gas phase over the entire
range of temperature (100–870°C) and pressure (close to
atmospheric pressure 0.88−0.91 atm, Korzhinsky et al.
2004). Many transition metals in the products of super-
critical fluid crystallization coexist in various valence
states, from zero valence to a maximum valency. Such
assemblages could be formed as a result of gas transport
reactions, which are suggested to be the main mechanism
of mineralization in the Kudryavy fumarolic system.

Fig. 12 TEM images of Cu–
Au–Ag alloy. a Bright field
image; b dark field image of 111
and 222 reflections of alloy foil,
illustrated range of size of
monocrystal solid solution
grains (from less than 100 to
800 Å); c SAED pattern with
reflections corresponding to Au,
Ag phase (ao ∼4.06 Å) and
cuprite Cu2O; d SAED pattern
of Cu–Au–Ag alloy with ao
approximately 3.84 Å;
e, f bright and dark field image
of alloy with inclusions of
sylvite KCl (bright white spots)
g SAED pattern with additional
reflections of sylvite
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Native metals can precipitate according to gas transport
reactions involving disproportionation reactions (Schafer
1961; Shmulovich and Churakov 1998), for example,

T1ð900Þ T2 700ð Þ
Ausolid þ Cl2gas ! AuCl2gas ! Ausolid þ AuCl4gas:

Physicochemical mechanisms of gas transport reactions
can be expressed as follows, in which any solid or liquid
compound that reacts at high temperature with a gas to
form gaseous products can be reversed by back reaction on
cooling:

Fe2O3solid þ 6HClgas ! 2FeCl3gas þ 3H2Ogas

! Fe2O3solid þ 6HClgas

or

2Alsolid þ AlCl3gas ! 3AlClgas ! 2Alsolid þ AlCl3gas:

The important features of such reactions are (1) they can
facilitate gas transport of almost all metals, including Au
and PGE, and their various compounds (oxides, salts,
sulfides, and sulfosalts); (2) the crystallization temperature
of metal compounds from gas is lower than that from a
melt; (3) various gases such as halogens, hydrogen,
oxygen, water, and chlorides can transport metals; (4)
the amount of carrier matter is small in comparison to the
amount of transported matter; and (5) they result in the
formation of large idiomorphic crystals whose morphology
may be controlled by parameters of the medium (a concept
widely applied in the semiconductor and crystal growth
industry). The main factor causing precipitation is a drop in
temperature along the reaction path (Schafer 1961).

Zonation of precipitates

In general, zonation of the tube precipitates from Kudryavy
is similar to those of other andesitic volcanoes (Symonds
1993), and general trends in tube zonation are in good
agreement with the volatility of the main compounds
(Churakov et al. 2000).

Results of ICP-MS analyses of the condensates involv-
ing the three different analytical schemes show a signif-
icant difference in Au (and some other elements) contents.
The absence of Au on the filters shows that condensates are
undersaturated in gold under normal conditions. Decreased
Au content in method II likely is the result of a loss of
volatile compounds during vaporization. The formation of
volatile compounds probably is the main reason for metal
losses during the preparation of the liquid condensates.

Gold abundance in the condensates does not exceed
2.5 ppb and is sufficiently lower than Au concentrations of
natural and synthetic vapor inclusions, which were exam-
ined in recent studies employing laser ablation–inductively

coupled plasma–mass spectrometry (LA-ICP-MS) (Ulrich
et al. 1999; Simon et al. 2005). Au abundance in sublimates
ranges from 1 up to 8 ppm, with increasing concentration
corresponding to decrease in temperature. Most of the Au
is concentrated in alloys, and triple alloys are found in
high-temperature zones (500–870°C). Triple-alloy occur-
rences in the tubes coexist with oxide mineral assemblages,
whereas in natural fumarolic sublimates, the triple alloys
occur with Au-bearing Fe–Cu–Zn sulfides that encrust
earlier-formed oxides. These Fe–Cu–Zn sulfides contain
up to 5 ppm Au. The sulfide assemblage, including Cu-
bearing pyrrhotite, Fe-rich wurtzite, chalcopyrite [or pos-
sibly high-temperature intermediate solid solution (ISS)],
pyrite, and various Fe–Cu–Zn–Cd–In sulfides, plays the
most important role in the concentration of invisible Au.
Binary Au–Ag alloys and native Au mainly precipitated
in the sulfide and oxychloride assemblages at tempera-
tures below 400°C, as established for the rhenium field
fumaroles.

High-temperature zones of mineralization are mainly
composed of oxygen-bearing compounds: simple oxides,
silicates, sulfates, molybdates, wolframates, and rhenates.
The mineralogical observations suggest migration of VI
group elements (Mo, W, Cr, and Re) as oxygen-bearing
acids and oxychlorides, consistent with thermodynamic
calculations (Churakov et al. 2000). Paragenesis of the
triple Au alloy with high-temperature W, Mo, Re oxides,
and Na–K chlorides allows for the possibility of Au trans-
port as chloride and oxychloride complexes with alkali
metals: Na2[AuCl5]–Na2[AuCl3O]–Na2[AuClO2] etc. in
terms of an analogy with Na2[WCl8]–Na2[WCl6O]–Na2
[WCl4O2]–Na2[WCl2O3]. The decomposition of such
compounds can result in the precipitation of Na–K chlo-
rides, native elements, and oxides. The mineralogical evi-
dence indicates a strong geochemical relationship of Au
with halogens under high-temperature conditions. Under
lower temperature conditions (<650°C), Au behavior is
more closely connected to sulfur compounds whose evo-
lution apparently is controlled by redox conditions. Our
observations are in agreement with Gammons and Williams-
Jones (1997), who described Au behavior in aqueous fluids
of varying chemistry and concluded Au migration as AuCl2−

and replacement by AuHS2− with cooling.
Most Mo precipitates from gas as molybdenite within a

narrow temperature range of 720–650°C and is replaced by
Zn, Cd, Fe, Re, Bi, and Pb sulfides within a wider tem-
perature range. The remaining Mo remains volatile and
crystallizes as oxide minerals.

Chlorides of Na and K predominate over sulfates in a
high temperature range (>500°C) and are further distrib-
uted everywhere in subordinate amounts. Chlorides (more
rarely iodides) of transition metals replace their sulfides
with temperature decreases that are consistent with a higher
volatility of their chlorides in comparison to sulfides.

Generally, the sequence of mineral precipitation from
gas is controlled by the volatility of their gaseous species
and depends on temperature, pressure, and concentration in
the fluid. The weakly volatile species precipitate first, and
the highly volatile compounds migrate to lower tempera-
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ture zones. The volatilities of native metals are extremely
low, so transport and deposition of native elements results
from the disintegration of their more volatile compounds.
The multicomponent composition of natural volcanic gases
saturated with halogens and other complex ligands leads to
the formation of a great number of volatile species for each
element. In addition, the transition metals may form com-
pounds in various oxidation states as a result of dispropor-
tionation reactions, and the deposition of mineral phases is
accompanied by a formation of additional volatile com-
pounds, which in turn decomposes at a lower temperature.
This results in the formation of mineral assemblages of the
same element with different valence states that conflicts
with the phase rule. Coeval deposition of native Mo, fer-
rimolybdite, and molybdenite in a single temperature zone
illustrates such an occurrence.

Occurrences of gold in minerals

Occurrences of native Au in volcanic sublimates are com-
mon, although direct measurement of the Au content of
high-temperature volcanic gas condensates typically yields
concentrations near the detection limit of modern analytical
techniques (Taran et al. 2000). The occurrences of Au for
the fumarolic precipitates from Tolbachik volcano have
been described in detail (Vergasova et al. 1982; Karpov et
al. 2001). High-fineness native Au- and Ag-bearing native
Au occur as single-plate, needle, and hair-like crystals at
temperatures of 180–320 and 400–625°C on different vol-
canic cones, whereas gas condensates only contain up to
0.087 ppb Au, with an average value of 0.016 ppb. The
highest Au contents (Au 142.88 ppm) were found in the
bulk sample of altered volcanic rocks with Cu-chloride
mineralization. Na-, Al-, and Mg-fluoride mineralization is
also rich in Au (Au 100.8 ppm).

On Colima volcano (Taran et al. 2000), trigonal and
pentagonal plates of native Au in quartz tube sublimates
precipitated within the narrow temperature range of 550–
600°C in association with V-rich Na–K sulfate. The Colima
gas condensates are characterized by low Au (<0.5 ppb),
but the sublimates precipitated from this gas are extremely
enriched with up to 58 ppm Au, corresponding to ore-grade
mineralization. The highest Au abundance was measured
in volcanic gas condensates (Au 32 ppb) from the rhyolitic
Satsuma Iwojima volcano (Hedenquist et al. 1994). Gases
from the basaltic Momotombo and Etna volcanoes are also
enriched with Au (up to 24 ppb). Fulignati and Sbrana
(1998) reported the presence of native Au and native Te in
the sublimates of the high-temperature silica zone of a fu-
marole with a temperature range of 170–540°C near the rim
of La Fossa volcano (Vulcano, Italy). Some particles are
pure native Au, while others contain significant amounts of
Cu and Ag.

Cu–Au–Ag triple alloys are rare in ores. Binary Au–Cu
alloys are common in deposits associated with mafic and
ultramafic intrusions and related placers. Minerals in the
Au–Cu and Au–Cu–Pd systems are characteristic of min-
eralization in serpentinized dunite, peridotite, rodingite,

komatiite, and layered mafic complexes (Knight and Leitch
2001; Murzin et al. 1987; Ramdohr 1982; Spiridonov and
Pletnev 2002; Sluzhenikin and Mokhov 2002). A number
of Cu–Au, Au–Pt–Cu, Au–Pd–Cu, and Au–Ag–Cu alloys
occur in the Pt-bearing placers of the Konder alkaline
ultramafic massif (Nekrasov et al. 2001). The alloys of the
Cu–Au–Ag system commonly display multiphase exsolu-
tion textures, which are interpreted as examples of post-
crystalization transformations (Knight and Leitch 2001).
Three compositional fields of disordered solid solutions
corresponds to Cu3Au, CuAu, and CuAu3 with a face-
centered cubic lattice known in synthetic and natural sys-
tems (Novgorodova 1983; Knight and Leitch 2001).
Lamellar and zonal structures of triple alloys with lamellae
thicknesses of 1–2 μm in association with garnet and
pyroxene were studied by Novgorodova (1983) in the
rodingite from the Zolotaya Gora (Urals). She showed that
Cu3(Au,Ag)2 compositions characterize the mixtures of the
two phases and described epitaxial intergrowths on 111 of
two lamellar phases—native Au and auricupride with
incomplete ordering. The chemical composition of the Au–
Cu alloys falls mainly in the Ag-poor part of the Au–Ag–
Cu ternary diagram, and in turn, the composition of the
Au–Ag alloys is depleted in copper. The triple alloys from
Kudryavy volcano demonstrate that such lamellar mor-
phology can be a primary texture of these high-temperature
compounds and is not necessarily the result of superim-
posed transformations.

At Kudryavy, triple alloys are associated with high-
temperature mineralization and likely from supercritical
aqueous fluids. Precipitation from a gas phase also was sug-
gested for similar lamellar Au in the Pavlovsk coal deposit
(Russian Far East) (Seredin 2004) and for a Cu–Au–Ag–Zn
alloy from a lunar regolith multimetal mineralization
(Bogatikov et al. 2001).

Crystal growth mechanism

The high idiomorphism of the sublimate minerals reflects
their free growth in a gaseous environment. Aggregates of
separate plates of triple alloys are frequently twisted, while
binary Au–Ag alloys occur commonly as simple platelets.
The spiral growth of triple alloys can be caused by both
metal impurities and inclusions of K and Na chlorides.
Experimental data on the growth of platy crystals from a
gas indicate that impurities initiate an anisotropic growth
of lamellar-, banded-, skeletal-, and dendrite-like crystals
(Givargizov 1977; Symonds 1993). A key factor in the
formation of anisotropic crystals is a domain structure with
surfactants such as halides (Zheng et al. 2004). Heteroepi-
taxial growth of native metals (Au, Ag, and Cu) on a surface
of KCl crystals has also been experimentally demonstrated
(Vlasov and Kanevskij 2004).

The widespread occurrence of platy, needle-shaped, and
skeletal forms among fumarole minerals is consistent with
fast growth from saturated fluids. Growth of platy crystals
begins with whisker formation, and then further growth
occurs by a vapor–liquid–solid mechanism with aggrega-
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tion of nano-sized clusters both in cavities and directly in
the gas flow (Givargizov 1977). The domain structure of
the triple alloys probably indicates their initial crystalliza-
tion as clusters of binary Au–Ag and Au–Cu alloys fol-
lowed by epitaxial accretion. The direct crystallization from
gas seems obvious in the case of native Ag and native Al
growth on the clean surface of a silica tube. On the other
hand, arched and twirled whiskers and ontolites of chlo-
rides and anhydrite occur from salt melts by the vapor–
liquid–solid mechanism.

Detailed observations of sublimate mineral surfaces fre-
quently reveal fine nano-scale cluster structures expressed
by a close intergrowth of separate plates, needles, spheres,
and irregular-shaped particles depending on the symmetry
of the crystals. Thus, framboidal galena is formed as a
result of the intergrowth of numerous microframboids
(Fig. 9g); skeletal crystals of K-perrhenate consist of
separate skeletal blocks (Fig. 11d), and molybdenite and
rheniite crystals are composed of lamellae with thicknesses
of less than 0.1 μm. Cluster structures of sublimate min-
erals at the scale of electronic microscope observation has
been noted by previous researchers (Shmulovich and
Churakov 1998). Wide variations of both cationic com-
positions of the abundant minerals (Pb–Bi sulfosalts, Fe–
Zn–Cd sulfide, Cu–Fe–Sn–In sulfides, etc.) and anionic
compositions (wolframates–molybdates, spinels, complex
sulfates, and sulfochlorides) may also be caused by cluster
growth. Precipitates in the low-temperature zones of tubes
are enriched in some metals (Mo, Re, Au, and others) and
represent the mix of dispersed clusters of various nonstoi-
chiometric compositions but not monomineralic crystals.

Conclusions

Gas transport reactions can precipitate Au-bearing mineral
assemblages from a slightly reduced (near NNO buffer),
high-temperature, low-density fluid that is unsaturated with
respect to Au (Gammons and Williams-Jones 1997). Low
Au contents in gases (approximately 1–2 ppb in con-
densates) are enough for the formation of Au minerals such
as Cu–Au–Ag triple alloys at temperatures up to 850°C.
The formation of triple alloys seems to be related to the
decomposition of volatile halide complexes with decreases
in temperature.

The magmatic vapor phase remains capable of transport-
ing Au upon cooling. The lower-temperature (<650°C)
mineral associations are more enriched in Au, but Au oc-
curs mainly as a constituent in sulfide minerals. Binary
Au–Ag alloys and native Au as well as sulfide and oxy-
chloride assemblages rich in Au, up to 8 ppm, precipitate at
temperatures lower than 400°C.

Crystallization from a gas phase and formation of triple
alloys likely occurred in ore deposits, and textural evidence
of such should be examined. The lamellar structure of triple
alloys is the primary feature occurring from fast growth
from gas unsaturated in alloy components.

Besides Au, native Pt, Al, Si, Ti, Mo, Cr, Sn, Cu, Ag,
and Se occur in the sublimate assemblages. The gas trans-

port mechanism and the nano-scale phase formation allow
coexistence of the reduced and oxidized phases of the
transition metals. In the Kudryavy case, formation of native
metals does not necessarily involve highly reduced or
hydrogen-rich fluids. Such nonequilibrium associations
with coexisting various valence states are characteristic of
high-temperature stages where the hydrothermal fluids
exist as a gas phase, and mineral assemblages are pre-
cipitated as a result of gas transport reactions. Multiple
superimposed hydrothermal processes may mask evidence
of high-temperature gas transport in ancient deposits, but
relicts can be identified in the mineral paragenesis.

The geodynamical position of Kudryavy volcano and
geochemical characteristics of its sublimate mineral as-
semblages have much in common with typical Cu±Mo±Au
porphyry mineralization. Indeed, the majority of giant gold-
rich porphyry deposits occur in similar settings around the
“ring of fire” along the boundary of the Pacific plate. Thus,
the geochemical processes and mineralogical characteris-
tics identified in this study may have broad applicability in
understanding ore deposits worldwide, both ancient and
modern.
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