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Abstract

Metallogeny of low-K tholeiitic magmas in volcanic arcs is poorly documented and un-
derstood. The Mutnovsky volcano in Kamchatka erupted low-K tholeiitic basalt, basaltic
andesite, andesite and dacite formed through partial melting of a depleted mantle wedge
beneath the active front of the Kamchatka arc, followed by fractional crystallization in
subarc magmatic conduits. Mineral microinclusions in Mutnovsky lavas are dominated by
Cu-Ag chlorides and sulfides (fcerussite, baryte, cassiterite and Sb oxide), which show,
along with the bulk rock Ag, Sn and Sb concentrations, a general increase during magmatic
differentiation. Mutnovsky rocks are characterized by higher cumulative proportions of Cu-
Ag sulfides and chlorides in comparison with the neighboring rear-arc Gorely and Bakening
volcanoes, emphasizing the importance of S- and Cl-bearing fluids for their metallogenic
evolution. Microinclusions in Mutnovsky tholeiites display certain similarities with ore
mineral associations from epithermal and porphyry deposits in Kamchatka. Together with
the enrichment of Mutnovsky lavas in Ag, Cu and Sb in reference to the bulk continental
crust, this indicates a potential link between low-K tholeiitic magmas and Cu-Ag (+Sb, Sn)
mineralization in volcanic arcs.

Keywords: volcanic arcs; Kamchatka; Mutnovsky volcano; low-K tholeiites; mineral
microinclusions; metallogeny

1. Introduction

Modern volcanic arcs often contain epithermal and porphyry-style Cu-Ag-Au de-
posits, typically associated with pre-Quaternary volcanic and volcanic—sedimentary
complexes [1-5]. Precious metal mineralization is commonly linked to the complex magma
plumbing systems beneath arc volcanoes [6,7] and is accompanied by intense hydrother-
mal alteration [8,9]. Numerous field, geochemical and experimental studies suggest that
copper, gold and silver are delivered into the ore-forming upper crustal environments in
volcanic arcs by magmatic-hydrothermal fluids exsolved from the metal-rich arc magmas
originating from a variety of lithospheric sources [10-12]. The metals are partitioned into
parental magmas during partial melting of subarc mantle and crustal sources or scavenged
by upwelling magmas from the metal-bearing rock complexes (mineralized paleo-systems)
in the underlying island arc crust [13,14]. Magmatic differentiation in long-lived subarc
magma chambers and conduits results in accumulation of precious metals in sulfur- and
chlorine-rich melts and high-temperature fluids, which, upon separation from the residual
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silicate liquids, transport ore components into shallow, subvolcanic porphyry and epither-
mal environments [15,16]. The final metal precipitation and formation of economic deposits
are dictated by a variety of structural and physico-chemical factors that belong to low-
temperature and low-pressure geologic environments and ore-forming processes [17,18].

Although general metallogenic features of volcanic arc magmas are well-docum-
ented [6,7,13,16,19,20], the relative roles of magmatic versus hydrothermal processes in ore
genesis in volcanic arcs remain the subject of ongoing debate. Multiple studies suggest
that elevated water content and the oxidized state of arc magmas play an important,
if not crucial, role in their ability to dissolve and carry ore metals such as gold, silver,
copper, etc. [19,21,22]. Several other studies indicate that ore metal behavior in arc magmas
is influenced by contents and activities of minor components, such as sulfur, chlorine
and carbon dioxide [13,23,24]; rates and duration of crustal magma fluxes [11,25]; and
additional tectonic factors, such as crustal thickness, geometry of arc-related fault systems,
and depth and duration of metal-rich magma fractionation [7,8,26]. This is consistent with
elevated concentrations of sulfur and chlorine in melt inclusions from some subduction-
related magmas associated with epithermal and porphyry mineralization [13,27]. High
concentrations of H,O, S and Cl have been detected in melt inclusions in basalts, andesites
and dacites from several Kamchatka volcanoes, suggesting their overall mineralizing
potential [28,29]. Kamchatka contains numerous Cu-Ag-Au porphyry and epithermal
deposits and showings associated with Late Cenozoic arc volcanism [5,30]. However,
specific details about metallogenic connections between arc volcanoes and mineralization
in Kamchatka, the exact nature of metal enrichment and sources of metals in arc magmas,
as well as ore metal behavior and mobility during their crustal differentiation, require
further clarification and delineation.

In this paper, we present new mineralogical and geochemical data for a suite of
differentiated volcanic rocks from the Mutnovsky volcano in the southern Kamchatka arc in
an attempt to address the following issues: (1) document metal and mineral microinclusions
in rock-forming minerals and groundmass glass and evaluate the role of magmatic and
post-magmatic processes in their formation; (2) determine concentrations and distribution
of chalcophile metals in a suite of basaltic and andesitic rocks from a typical arc volcano;
and (3) outline principal metallogenic features of volcanic arc magmas in relation to the
magmatic and post-magmatic phases of their differentiation and emplacement in the
upper crust.

2. Geologic Background

The Kamchatka volcanic arc records multiple episodes of Cenozoic subduction,
arc-related volcanism and terrane accretion in the northwestern corner of the Pacific
Ocean [31-35]. The Kamchatka arc is segmented (Figure 1) into: (1) the northern inactive
segment associated with Miocene subduction of the Komandorsky Basin oceanic crust [33];
(2) the central segment with two sublatitudinal volcanic chains (the Eastern Volcanic Front
and the remnant Sredinny Range) separated by the active intra-arc rift of the Central
Kamchatka Depression; and (3) the southern segment, which is a structural and strati-
graphic continuation of the intraoceanic Kurile arc separated from the central and northern
segments by the Petropavlovsk-Malkinsky Fracture Zone. The modern calc-alkaline and
tholeiitic volcanism within the central and southern segments of the Kamchatka arc is
associated with the subduction of the Mesozoic Pacific plate beneath the eastern edge of
the Okhotsk microplate along the Kurile-Kamchatka deep-sea trench [31,34,35].
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Figure 1. Tectonic setting of the Kamchatka volcanic arc showing the location of the Mutnovsky
volcano (filled red triangle) and the surrounding eruptive centers, modified from [30,35]. Principal
arc segments: SR—Sredinny Range, CKD—Central Kamchatka Depression, EVF—Eastern Volcanic
Front. Volcano abbreviations: M—Mutnovsky, G—Gorely, V—Vilyuchinsky, TD—Tolmachevsky Dol,
O—Opala, BI—Bolshaya Ipelka, Kh—Khodutka, Ks—Ksudach, Zh—Zheltovsky, Km—Kambalny.
PMFZ—Petropavlovsk-Malkinsky Fracture Zone. Depth to the subducted slab in km (short, dashed
contours) is from [36].

The Mutnovsky volcano is located within the Eastern Volcanic Front (EVF) of the
southern Kamchatka segment at the easternmost tip of the cross-arc volcanic chain com-
posed of the rear-arc-front Gorely volcano, the areal volcanism of the Tolmachev Dol, the
Opala caldera and the back-arc shield volcano of Bolshaya Ipelka (Figure 1). The P-wave
velocity structure of the mantle wedge below the Mutnovsky volcano suggests that it is
positioned, like most arc front volcanoes in Kamchatka, approximately 90-100 km above the
subducting slab [36]. Mutnovsky consists of four coalesced composite cones (Mutnovsky I,
II, III and IV), which have been active since the Late Pleistocene [37]. Mutnovsky I and II
cones, together called “Old Mutnovsky”, formed between 80 and 30 ka and produced over
80 km? of basalt, basaltic andesite, andesite and minor dacite lava and pyroclastic rock. The
“Younger Mutnovsky” cones Il and IV erupted mostly basalts and basaltic andesites with
some minor andesite and dacite extrusions in the course of the last 15 ka of the Mutnovsky
volcano evolution [37]. The youngest historic eruption in March 2000 produced basaltic
andesite scoria and pyroclastic material. The Mutnovsky volcano is associated with a
very active magmatic-hydrothermal system, and its active Mutnovsky IV crater emits
volcanic gases at temperatures of ~620 °C, contributing approximately 80 percent to the
total volcanic output [38]. Sublimates from the high-temperature (470-507 °C) fumarolic
gases at Mutnovsky contain sulfides, sulfosalts, halides and sulfohalides of cadmium, lead
and bismuth [39]. Detailed geochemical investigations indicate the lack of any significant
variations in lava compositions from all four Mutnovsky cones [36]. We sampled sev-
eral representative basalt, basaltic andesite and andesite lava flows across the Mutnovsky
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I-1II volcanic edifices for the purpose of the detailed metallogenic study of this typical
arc-related volcano.

3. Materials and Methods

All analytical work was carried out at the Khabarovsk Innovation—-Analytical Center
(KhIAC) of the Institute of Tectonics and Geophysics (Far East Branch of the Russian
Academy of Science, Khabarovsk, Russia).

A petrographic study of volcanic rocks was carried out using the Imager A2m micro-
scope (Carl Zeiss, Jena, Germany). Investigation of morphology and chemical composition
of minerals, mineral microinclusions, native metals and their alloys was conducted us-
ing a Vega 3 LMH (TESCAN, Brno, Czech Republic) scanning electron microscope (SEM)
equipped with an X-Max 80 (Oxford Instruments, Abingdon, UK) energy-dispersive spec-
trometer (EDS) with the following operating conditions: accelerating voltage of 20 kV, beam
current of ~500 nA and beam diameter of 0.2 um. An extensive database of reference sam-
ples for all chemical elements incorporated into the Advanced AztecEnergy 2.0 software
was used as standards during our SEM study. Accuracy of the EDS analyses was estimated
to be £0.1 wt.%. X-ray spectra of microinclusions of less than 5 um in size, besides the
spectral response from the inclusion itself, typically include some excitation spectra from a
host mineral. A correction method proposed in [40,41] was used to interpret mixed spectra
for ultra-small metal and mineral microinclusions. Mineral identification and its indexation
on BSE images were conducted on the basis of peculiarities of their individual SEM-EDS
spectra. In the case of the stoichiometric mineral compositions, individual minerals were
identified in BSE images with abbreviated symbols according to the nomenclatures outlined
in [42,43]. In more complex cases, the multi-component mineral phases were identified
in the microphotographs with tabulated component contents in wt.%, followed by some
interpretations in figure captions and relevant parts of the text.

Major elements were measured on pressed pellets using an S4 Pioneer XRF spectrome-
ter (Bruker, Leipzig, Germany). International LDI-3 (gabbro) and WMG-1a (mineralized
gabbro) reference materials were used for calibration. The analytical accuracy for major
elements was +10% [44]. Abundances of trace elements were determined with an ELAN
9000 ICP-MS spectrometer (Perkin Elmer, Woodbridge, ON, Canada) after the acid diges-
tion of a powdered sample. In addition to the above-listed standards, geochemical reference
samples BHVO-2 (USGS, Reston, VA, USA; Hawaiian basalt) and JB-3 (Geological Survey
of Japan; Fuji basalt), along with Perkin Elmer standard solutions for internal calibration,
were used to control the accuracy of analytical measurements. The accuracy was £5% for
trace element abundances of >20 ppm and +10% for chemical elements with abundances
of <20 ppm [44].

4. Results
4.1. Petrography of Volcanic Rocks

Basalts, basaltic andesites and andesites at the Mutnovsky volcano form characteristic
massive lava flows, sometimes with a blocky appearance and jagged or clinkery surface.
Dacites are present either as short, thick vesicular lava flows or extrusive domes and plugs
within the partially eroded older Mutnovsky caldera. All studied samples are very fresh,
and any secondary alteration is limited to a very spotty saussuritization of some plagioclase
phenocrysts and localized occurrence of clay minerals in the glassy groundmass of a few
lava flows.

Basalts are typically porphyritic with phenocrysts (~10-15% of the total rock vol-
ume) composed of olivine, plagioclase and minor clinopyroxene (Figure 2A). Groundmass
displays a typical microlitic texture. Olivine forms small euhedral phenocrysts and mi-
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crophenocrysts with rare spinel inclusions and embayments of groundmass volcanic glass.
Euhedral plagioclase phenocrysts are typically characterized by sharp optical zoning and
irregular distribution of melt and fluid inclusions (Figure 2A). In most cases, melt inclusions
dominate the cores of large plagioclase crystals, but they are also occasionally observed
within the thin outer rims. Augitic clinopyroxene forms euhedral to anhedral microphe-
nocrysts occasionally intergrown with plagioclase. Accessory minerals include magnetite,

spinel, ilmenite and rare apatite.

Figure 2. Petrographic features of the Quaternary lavas from the Mutnovsky volcano. (A) Porphyritic
basalt with microlitic groundmass texture. (B) Aphyric to weakly porphyritic basaltic andesite with
hyalopilitic groundmass. (C,D) Porphyritic basaltic andesite with microlitic groundmass texture.
(E) Weakly porphyritic andesite with hypocrystalline groundmass. (F) Hypocrystalline dacite with
a crystal clot composed of plagioclase, orthopyroxene and clinopyroxene. All microphotographs
were taken in cross-polarized light. Ol—olivine, Opx—orthopyroxene, Cpx—clinopyroxene, and
Pl—plagioclase. The scale bar in all photos is 20 um.

Basaltic andesites display aphyric (Figure 2B), plagioclase-phyric (Figure 2C) and
olivine—clinopyroxene-plagioclase-phyric (Figure 2D) textures. Groundmass textures in
basaltic andesites from the Mutnovsky volcano range from microlitic to hyalopilitic and
typically are macroscopically similar to more mafic lavas. Aphyric basaltic andesites
are highly vesicular (up to 20-30%) and contain rare microlites and microphenocrysts of
equant clinopyroxene as well as needle-like plagioclase laths (Figure 2B). Accessory min-
erals are mostly titanomagnetite and apatite. Phenocrysts in porphyritic basaltic andesite
7-93 are dominated by calcic plagioclase, which occasionally shows crude optical zoning
with both cores and rims carrying elongated melt inclusions (Figure 2C). Titanomagnetite
inclusions are also present in some plagioclase cores. Other accessory minerals include
apatite and rare Ti-poor magnetite. Olivine- and clinopyroxene-bearing basaltic andesites
from the Mutnovsky volcano typically carry unzoned euhedral to anhedral phenocrysts
and microphenocrysts of olivine and clinopyroxene in addition to unzoned to weakly
zoned plagioclase with very thin outer rims (Figure 2D). Olivine also occurs as inclu-
sions in clinopyroxene, and both minerals frequently form bimineralic crystal clots up to
100-300 microns in size (Figure 2D). Some clinopyroxene phenocrysts also contain inclu-
sions of unzoned euhedral plagioclase. Magnetite (both Ti-rich and Ti-poor compositional
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varieties) is the main accessory mineral in olivine-bearing basaltic andesites from the
Mutnovsky volcano.

Andesite lava from the Mutnovsky III stratocone is characterized by porphyritic
texture composed of clinopyroxene, orthopyroxene and plagioclase phenocrysts in a
hypocrystalline groundmass (Figure 2E). Plagioclase is typically unzoned, and pyroxenes
frequently form small clusters and intergrowths of euhedral prismatic microphenocrysts
(Figure 2E). Accessory minerals are represented by Ti-enriched magnetite and minor
needle-shaped apatite.

Dacite from the Mutnovsky III cone has a generally vesicular and sparsely phyric
appearance with a few unzoned euhedral plagioclase laths scattered around the volume
of this volcanic rock (Figure 2F). Crystal clots (100-200 microns in size) composed of
plagioclase, orthopyroxene and clinopyroxene, as well as amphibole microphenocrysts, are
observed in the hypocrystalline groundmass of Mutnovsky dacite. Both Ti-rich and Ti-poor
magnetite, minor apatite and rare zircon are principal accessory minerals in this felsic lava.

4.2. Geochemistry of Volcanic Rocks

Major (wt.%) and trace element (including ore metals; ppm) concentrations in Quater-
nary lavas from the Mutnovsky volcano are listed in Table 1.

Table 1. Major (wt.%) and trace (ppm) element concentrations in Quaternary lavas from the Mut-
novsky volcano.

Sample MTN-4 MTN-6 MTN-5 MTN-7 MTN-3 MTN-2 MTN-1
Rock type Basalt Basaltic andesite ~ Basaltic andesite  Basaltic andesite = Basaltic andesite ~ Andesite Dacite
SiO, 52.14 53.20 54.51 54.67 55.88 62.33 63.56
TiO, 0.99 1.31 1.16 1.43 0.97 091 0.60
Al O3 18.41 16.11 15.03 16.94 15.96 15.77 16.38
Fe;O3 10.43 12.39 11.26 11.74 10.07 7.49 5.93
MnO 0.18 0.20 0.18 0.21 0.16 0.13 0.12
MgO 3.61 391 3.36 2.70 3.30 1.39 1.06
CaO 9.90 8.62 8.66 8.25 8.82 6.61 4.77
Na,O 2.49 2.70 2.61 2.99 2.62 3.07 4.24
KO 0.38 0.42 0.37 0.41 0.61 1.66 1.87
P,0s5 0.15 0.19 0.18 0.20 0.17 0.16 0.20
LOI 1.02 0.34 2.54 0.18 0.94 0.36 1.30
Total 99.69 99.40 99.85 99.72 99.50 99.86 100.02
Cr 52.25 51.54 45.38 34.74 75.81 109.45 54.50
Ni 7.57 8.04 6.20 4.41 24.27 10.72 4.84
Co 26.57 29.76 23.88 2421 28.12 17.26 18.74
A% 262.51 294.71 236.31 256.54 198.30 141.04 88.71
Sc 26.82 30.01 25.88 30.32 2241 18.07 10.80
Li 292 5.20 6.08 6.14 4.09 13.18 6.27
Cs 0.16 0.43 0.41 0.38 0.42 2.12 1.29
Rb 3.08 5.30 5.00 3.78 6.47 30.06 23.30
Ba 133.49 920.92 166.13 160.00 211.72 405.05 369.52
Sr 352.59 336.67 315.59 342.09 333.36 309.43 246.04
Zr 38.72 52.76 44.09 50.02 51.23 118.64 55.05
Y 15.47 20.63 17.04 25.23 15.94 24.28 13.07
Nb 0.89 0.98 1.13 0.77 1.29 2.57 1.76
Ta 0.24 0.32 0.20 0.16 0.26 0.34 0.46
Hf 1.28 1.76 1.42 1.75 1.55 3.78 1.74
Th 0.37 0.31 0.52 0.29 0.51 2.16 1.94
U 0.17 0.15 0.19 0.14 0.22 0.95 0.84
La 3.98 4.79 5.16 5.87 6.02 11.35 7.64
Ce 10.25 12.91 12.70 13.84 14.40 26.35 16.21
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Table 1. Cont.
Sample MTN-4 MTN-6 MTN-5 MTN-7 MTN-3 MTN-2 MTN-1
Pr 1.77 2.32 2.17 2.81 2.30 4.00 2.32
Nd 8.48 11.45 10.02 13.81 10.32 17.04 9.58
Sm 2.55 3.49 2.89 4.24 2.82 4.42 2.45
Eu 0.89 1.18 1.00 1.35 0.95 1.13 0.83
Gd 3.07 4.11 3.48 4.99 3.36 5.03 2.76
Tb 0.53 0.72 0.59 0.87 0.56 0.83 0.45
Dy 2.97 4.05 3.29 4.84 3.05 4.55 2.49
Ho 0.67 0.92 0.75 1.10 0.69 1.03 0.55
Er 1.85 2.53 2.08 3.02 1.95 2.85 1.57
Tm 0.29 0.39 0.32 0.46 0.30 0.45 0.26
Yb 1.79 2.37 1.91 2.81 1.80 2.74 1.67
Lu 0.29 0.39 0.32 0.46 0.29 0.45 0.28
Cu 16.45 106.54 99.34 91.58 71.89 59.82 20.09
n 49.50 81.49 60.88 68.04 54.63 56.49 63.40
Mo 0.62 0.68 0.58 0.68 1.13 2.16 1.00
Ag 0.39 0.30 0.25 0.63 0.39 0.48 0.38
Sn 0.76 1.12 0.62 0.81 0.84 1.24 2.65
Sb 0.42 0.23 0.12 0.34 0.17 0.66 0.40
As 1.29 141 1.34 1.67 1.38 1.26 1.33
Pb 2.33 3.67 3.13 3.21 3.75 7.85 6.59
Cd 0.06 0.09 0.08 0.09 0.11 0.06 0.06
Bi <0.001 <0.001 <0.001 <0.001 <0.001 0.03 0.02

4.2.1. Major and Trace Elements

Quaternary lavas from the Mutnovsky volcano are characterized by variable TiO,
contents, which decrease from basalt to dacite, coupled with generally low MgO and
elevated Al,O3 concentrations (Table 1). Mutnovsky lavas plot into the subalkaline basalt,
basaltic andesite, andesite and dacite fields in the TAS classification diagram (Figure 3A).
Basalt and basaltic andesites are characterized by low K,O contents and plot into the low-K
tholeiitic field in the K,O-5iO, discrimination graph, while andesite and dacite samples
exhibit slightly elevated potassium concentrations and plot in the calc-alkaline field in
the same diagram (Figure 3B). Mutnovsky lavas largely display tholeiitic differentiation
character in the AFM space, with the two most evolved compositions (andesite MTN-
2 and dacite MTN-1; Table 1) plotting on the discrimination line between the tholeiitic
and calc-alkaline magmatic series (Figure 3C). Primitive mantle-normalized incompatible
trace element patterns for the Mutnovsky lavas display profound depletions in high-field
strength elements (HFSE; Nb and, in most cases, Zr) and general enrichment in large ion
lithophile elements (LILE) such as Cs, Rb and Ba (Figure 3D). The latter is also characterized
by a pronounced positive anomaly of different amplitudes. Sr also exhibits detectable
enrichments in all samples in reference to both the HFSE and light rare-earth elements
(LREE; Figure 3D). These geochemical features are characteristic of the volcanic front lavas
with tholeiitic differentiation tendencies in modern volcanic arcs worldwide.

4.2.2. Ore Elements

Quaternary lavas from the Mutnovsky volcano are characterized by elevated concen-
trations of some ore elements, such as molybdenum, silver, tin and antimony (Table 1).
Copper and zinc are generally present at the levels typical of subduction-related volcanic
rocks, and bismuth is below the detection limits of the ICP-MS method in all samples except
the two most evolved ones (andesite MTN-2 and dacite MTN-1; Table 1). The behavior
of the ore elements in the Mutnovsky lavas is illustrated in Figure 4, where their concen-
trations are plotted against the silica content of the studied samples. Several chalcophile
elements, especially molybdenum (Figure 4A), tin (Figure 4D), antimony (Figure 4E) and
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lead (Figure 4F), show the tendency to increase with the increasing silica content of host
volcanic rocks. Arsenic and silver show considerable scatter with a generally detectable
tendency for a slight increase in silver (Figure 4B) and a decrease in arsenic (Figure 4C) con-
centrations. Cadmium contents are identical in basalt, andesite and dacite (Cd = 0.06 ppm;
Table 1) and somewhat elevated (Cd = 0.08-0.11 ppm; Table 1) in all basaltic andesite lavas
from the Mutnovsky volcano.
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Figure 3. Major and trace element composition of the Quaternary Mutnovsky lavas. (A) The total
alkalies—silica (TAS) diagram is from [45]. (B) The K;O-5iO, discrimination graph is from [46].
(C) NapO+K;0 (A)-total FeO (F)-MgO (M) diagram. The discrimination line between the tholeiitic
and calc-alkaline series is from [47]. (D) Primitive mantle-normalized trace element patterns for
Mutnovsky lavas. Normalizing values are from [48].
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Figure 4. Co-variation of SiO; (wt.%) with molybdenum (A), silver (B), arsenic (C), tin (D), anti-
mony (E) and lead (F) in Quaternary lavas from the Mutnovsky volcano.
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4.3. Metal and Mineral Microinclusions

Young volcanic rocks from the Mutnovsky volcano contain microinclusions of metals
and minerals represented by (1) alloys of chalcophile metals; (2) micrograins of Ag-Cl
composition; (3) metal-chlorine-sulfur-bearing composites; (4) acanthite; (5) composite
copper and silver sulfides; (6) oxides; (7) sulfates; and (8) carbonates and zeolites.

Chalcophile metal alloys in differentiated tholeiitic lavas from the Mutnovsky volcano
are represented by anhedral microinclusions of natural bronze in amphibole (Figure 5A)
and natural brass in plagioclase (Figure 5B) from basalt, as well as an equant micrograin of
cupriferous silver in plagioclase from basaltic andesite (Figure 5C).

.

Basaltic andesite

5 um

Figure 5. Backscatter electron (BSE) images of chalcophile metal alloys in Mutnovsky lavas.
(A) Microinclusion of Sn-Cu alloy in amphibole. (B) Microinclusion of Zn-Cu alloy in plagioclase.
(C) Microinclusion of Cu-Ag alloy in plagioclase. Amp—amphibole, Pl—plagioclase.

Ag-Cl microinclusions are characterized by an Ag/Cl ratio ranging from 8 to 16 and
are most probably composed of a mixture of native silver and chlorargyrite. They typically
occur as equant grains with a porous internal appearance in orthopyroxene (Figure 6A),
plagioclase (Figure 6B) and amphibole (Figure 6C) from basalt; anhedral, slightly more
homogeneous microparticles in orthopyroxene (Figure 6D), plagioclase (Figure 6E,F) and
groundmass volcanic glass (Figure 6G) from basaltic andesites; and anhedral porous
microinclusions in anorthoclase (Figure 6H) and amphibole (Figure 6I) from dacite. A
compound microinclusion in orthopyrene (Figure 6D) is apparently an intergrowth of
native silver with chlorargyrite and acanthite. Composite silver chlorides in basaltic
andesites are occasionally associated with titanomagnetite (Figure 6FG).

Mutnovsky lavas also contain composite microinclusions formed by intergrowths
of native silver with chlorine-bearing and, occasionally, sulfur-bearing microminerals of
copper and zinc (Figure 7). Physical mixtures of native silver with Cu-Ag (Figure 7A) and
Zn-Ag (Figure 7B) chlorides are observed in plagioclase from basalt. Basaltic andesites from
the Mutnovsky volcano carry composite microinclusions of native silver, silver chloride,
acanthite, and, possibly, copper sulfide in plagioclase and orthopyroxene (Figure 7C-F).

Euhedral to anhedral microinclusions of acanthite are also observed in plagioclase
from basalt (Figure 8A), basaltic andesite (Figure 8B) and dacite (Figure 8C) from the
Mutnovsky volcano.
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Basalt

Basaltic andesite

Andesite

Figure 6. BSE images of Ag-Cl microinclusions in Mutnovsky lavas: (A-C) in orthopyroxene (A),
in plagioclase (B), and in amphibole (C) from basalts; (D-F) in plagioclase (D), in plagioclase in
association with Ti-magnetite (E), and in volcanic glass in association with Ti-magnetite (F) from
basaltic andesites; (G) in plagioclase from andesite; and (H,I) in anorthoclase (H) and in amphi-
bole (I) from dacite. Amp—amphibole, Ano—anorthoclase, Mag—magnetite, Opx—orthopyroxene,
Pl—plagioclase.

Another common type of copper- and silver-bearing microminerals in Mutnovsky
lavas is represented by intergrowths of acanthite with Cu sulfides (Figure 9). These compos-
ite inclusions are observed in plagioclase from basalt (Figure 9A); amphibole (Figure 9B),
plagioclase (Figure 9C,D) and volcanic glass (Figure 9E) in the groundmass of the basaltic
andesite; plagioclase (Figure 9F) and groundmass glass (Figure 9G) from andesite; and
anorthoclase (Figure 9H) and volcanic glass (Figure 9I) in dacite. In several cases, the
Cu-Ag sulfides form clusters of acicular microcrystals (Figure 9EI). In two cases, Cu-Ag
sulfides are associated with euhedral titanomagnetite microcrystals included in plagioclase
(Figure 9D) and in volcanic glass (Figure 9E). Prismatic and rhombic microparticles of
Cu-Ag sulfides are growing over a micrograin of Cu-Ag-S-Cl in amphibole (Figure 9B),
which appear to be compositionally similar to Cu-Ag-5-Cl micrograins in Figure 7D,E. A
composite sulfide of zinc, copper and silver in volcanic glass from dacite appears to be
overgrown (covered) with acicular acanthite microparticles, which texturally resemble
acicular acanthite microcrystals observed in basalt-hosted plagioclase grain (Figure 8A).
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Figure 7. BSE images of composite metal-chlorine-sulfur-bearing microinclusions in Mutnovsky
lavas. (A,B) composite microinclusions of native silver with Ag-Cu (A) and Ag-Zn (B) chlorides in
plagioclase from basalt. (C—F) Composite microinclusion of native silver with Cu and Ag chlorides
in amphibole (C); composite microinclusion of native silver, silver chloride and Cu-Ag sulfides in
association with Cu-Ag sulfides and titanomagnetite in plagioclase (D); composite microinclusion of
native silver, chlorargyrite, acanthite and Cu sulfide in orthopyroxene—plagioclase matrix (E); and
composite microinclusion of native silver and chlorargyrite with minor acanthite (F) from basaltic
andesite. Amp—amphibole, Mag—magnetite, Opx—orthopyroxene, Pl—plagioclase.

Basaltic andesite Dacite

Figure 8. BSE images of acanthite microinclusions in Mutnovsky lavas. (A-C) Acanthite mi-
croinclusions in plagioclase from basalt (A), basaltic andesite (B) and dacite (C). Aca—acanthite,
Pl—plagioclase.

Volcanic rocks from the Mutnovsky eruptive center also contain microinclusions of
chalcophile metal-bearing oxides, carbonates and zeolites (Figure 10). Calcic plagioclase
in basaltic andesites includes a cluster of prismatic and acicular micrograins of cassiterite
(Figure 10A). An anhedral microparticle of Zn-bearing zeolite, compositionally comparable
to gaultite (NayZnySi;O15 - 5H0), is observed in plagioclase from basalt (Figure 10B).
Sb oxide, compositionally similar to valentinite (Sb,O3), is also present in basalt-hosted
plagioclase (Figure 10C). Euhedral equant (possibly twinned) and acicular microcrystals of
cerussite (PbCO3) are included in plagioclase (Figure 10D) and volcanic glass (Figure 10E)
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Andesite

in dacite. Finally, an equant euhedral micrograin of bismite is present in quartz from the
dacitic lava (Figure 10F).

Dacite

Figure 9. BSE images of copper and silver sulfides in Mutnovsky lavas. (A) Microinclusions of the
composite Cu-Ag sulfides in plagioclase from basalt. (B-E) Microinclusions of Cu-Ag sulfides in
association with Cu-Ag-Cl-S compound in amphibole (B), in plagioclase (C), in association with
Ag-CI-S compound and titanomagnetite in plagioclase (D), and in association with titanomagnetite
in volcanic glass (E) from basaltic andesite. Microinclusion of Cu-Ag sulfide in plagioclase (F)
and in volcanic glass (G) from andesite. Microinclusion of Cu-Ag sulfide in anorthoclase (H) and
acanthite growing over the Ag-Cu-Zn-S composite in volcanic glass (I) from dacite. Amp—amphibole,
Ano—anorthoclase, Glass—volcanic glass in the groundmass, Mag—magnetite, Pl—plagioclase.

Baryte microinclusions in lavas from the Mutnovsky volcano occur only in basalt
and basaltic andesites, where they form either isolated anhedral grains in plagioclase
(Figure 11A) or clusters of characteristic tabular microcrystals growing parallel to one
another in host orthopyroxene grains (Figure 10B,C).
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Basaltic andesite

Basalt

Glass

2 um

Basaltic andesite Dacite

Figure 10. BSE images of oxide, carbonate and zeolite microinclusions in Mutnovsky lavas.
(A) Cluster of cassiterite microcrystals in plagioclase. (B) Zn-bearing zeolite in plagioclase.
(C) Valentinite (Sb,O3) in a fracture in plagioclase. (D,E) Cerussite microinclusions in plagioclase
(D) and volcanic glass (E). (F) Bismite (Bi;O3) microinclusion in quartz. Bis—bismite, Cer—cerussite,
Cst—cassiterite, Glass—volcanic glass, Pl—plagioclase, Qz—quartz, VIn—valentinite, Zn-Zeo—Zn-
bearing zeolite.

b 4
Basaltic andesite.__20Bm =

Figure 11. BSE images of baryte microinclusions in Mutnovsky lavas. (A—-C) Baryte microinclu-
sions in plagioclase from basalt (A) and orthopyroxene from basaltic andesite (B,C). Brt—baryte,
Opx—orthopyroxene, Pl—plagioclase.

5. Discussion

Quaternary basalts, basaltic andesites, andesites and dacites from the Mutnovsky vol-
cano display pronounced HFSE depletions coupled with LILE and LREE enrichments and
follow tholeiitic differentiation trends typical of low-K volcanoes in some active volcanic
arc fronts [49,50]. In many mineralogical and geochemical aspects, Mutnovsky lavas are
similar to low-K, arc tholeiitic volcanic rocks, which erupted in several volcanoes within the
Eastern Volcanic Front of Kamchatka [51,52]. Basalt and basaltic andesites from the Mut-
novsky volcano are characterized by low K;O contents (0.37-0.61 wt.%; Table 1; Figure 3B)
and extremely low Rb/Y (0.15-0.41) and Nb/Y (0.03-0.08) typical of depleted N-MORB
([53,54]; Figure 12A). Samples of andesite and dacite share low MORB-like Nb/Y values
(0.11 and 0.14) with less differentiated lavas but display higher Rb/Y ratios, indicating
involvement of the subduction-related fluid component (Figure 12A). This is consistent
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with variable but generally high Ba/Yb ratios in Mutnovsky lavas (56.9-388.6), which, ac-
cording to the geochemical model of [55], is in agreement with the substantial input (flux) of
slab-derived volatiles into the depleted mantle source beneath the Mutnovsky volcano. The
Sr, Nd, Pb and Hf isotope systematics further confirm this two-component (depleted mantle
wedge source fluxed by LILE-enriched slab-derived fluid) model for the petrogenesis of
the Mutnovsky lavas [35,36]. Variations of niobium and yttrium in Mutnovsky samples
suggest their origin through a 10-25% partial melting of a strongly depleted mantle wedge
source beneath the South Kamchatka volcanic front (Figure 12B). Basalts, basaltic andesites
and andesites at the Mutnovsky volcano are linked via fractional crystallization of olivine,
clinopyroxene and plagioclase from the parental basaltic magma [36]. Dacite lavas, which
are volumetrically minor, display low overall concentrations of incompatible trace elements,
especially rare earths (Table 1), and are best modeled “as the products of dehydration partial
melting at mid-crustal levels of a garnet-free, amphibole-bearing basaltic rock, which itself
formed in the mid-crust by emplacement of magma that originated from the same source
as all Mutnovsky magmas” [36]. This is also consistent with the derivation of evolved
Mutnovsky lavas from an N-MORB or a P-MORB-type basaltic source, as suggested by the
Nb-Y relationships (Figure 12B). Fractional crystallization of parental basalt was apparently
facilitated by the existence of well-developed, multi-level magma conduits beneath the
Mutnovsky volcano, as indicated by the ambient noise tomography [56].
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Figure 12. Trace element systematics of Mutnovsky lavas. (A) Rb/Y vs. Nb/Y. MORB field and
chemical trends are from [35]. (B) Nb (ppm) vs. Y (ppm) modified from [52]. DMM—depleted MORB
mantle and AMM—average MORB mantle from [53]; PM—primitive mantle, N-MORB—depleted
mid-ocean ridge basalt, and OIB—ocean island basalt from [54].

Mutnovsky volcano hosts a very large and dynamic magmatic-hydrothermal system
manifested in several active and fossil fumarole fields, which is also the site of the operating
Mutnovsky geothermal plant [56,57]. Volcanic gases and associated fumarolic deposits
at Mutnovsky volcano are enriched in SO,, H,S, HCI, Cu, Zn, Cd, Pb, Bi, As, Ag and
Au, while high-temperature (470-507 °C) sublimates and encrustations contain abundant
Cd-Pb-TI halides, Pb-As-Bi sulfohalides and Cd-Pb-Bi-As sulfosalts [38,39,58] in association
with baryte and various low-temperature sulfate minerals [59]. In addition, microinclusions
(1 to 10 um in size) of baryte, acanthite and chlorargyrite were observed in chemically
homogeneous pyrite crystals in fumarolic exhalates [58].

5.1. Possible Role of Magmatic Differentiation

Since concentrations of some chalcophile metals in Mutnovsky lavas appear to vary
with increased degree of differentiation (Figure 4), it is important to evaluate any potential
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changes in micromineral assemblages from the least fractionated basalts and basaltic
andesites (MgO ~3 wt.%) to the more evolved andesite and dacite (MgO ~1-1.5 wt.%;
Table 1). Assemblages of ore microminerals in Mutnovsky lavas exhibit some subtle
variations during magmatic differentiation (Figure 13). For example, relative proportions
of Ag and Cu-Ag sulfides (Figures 8 and 9) and, to a lesser extent, chalcophile (Cu, Sn, Zn,
Ag) alloys (Figure 5) increase from basaltic to andesitic/dacitic compositions (Figure 13).
This is consistent with the observed subtle increase in silver concentrations in some basaltic
andesite and andesite lavas (Figure 4B). Silver behaves as an incompatible element during
differentiation of intermediate and felsic magmas [60,61] and “efficient Ag partitioning
into magmatic fluids will only take place when the composition of the silicate melt is
felsic enough (rhyodacitic to rhyolitic)” [62]. Proportions of chlorine-bearing compounds
(Figures 6 and 7) slightly decrease from basalt (Figure 13A) to basaltic andesite (Figure 13B)
and more evolved lavas (Figure 13C), while composite Cl-S-bearing microinclusions (for
example, Figures 7 and 9B,D,E) occur only in basaltic andesites (Figure 13B). Metasomatic
mineral microinclusions (baryte, cerussite, and Zn-bearing zeolite; Figure 10), although
not directly related to magmatic differentiation, are proportionally most common in basalt
and basaltic andesites and do not occur in andesite and dacite lavas from the Mutnovsky
volcano (Figure 13). This can be potentially explained by intense shallow degassing of
mafic lavas immediately prior to and during their emplacement and cooling at the volcanic
edifice of the Mutnovsky eruptive center [63].
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Figure 13. Distribution of metal and mineral microinclusions (number of the SEM-EDS analyses and
their relative proportion in brackets) in basalts (A), basaltic andesites (B) and andesites/dacites (C)
from the Mutnovsky volcano.

Changes in microinclusion assemblages from basalt to andesite and dacite are very
subtle, but they may potentially reflect some differences in redox conditions and melt/fluid
compositions during magmatic differentiation. For example, variations in relative pro-
portions of chalcophile metal sulfides and chlorides from basalt to andesite/dacite in
Mutnovsky lavas (Figure 13) may indirectly reflect variation in sulfur and chlorine con-
tents in associated magmatic volatiles, which appears to be a common feature in vol-
canic arc magmas [64,65]. The general increase in Cl-bearing compounds (Ag-Cu-Zn
chlorides + Ag-Cu-5-Cl compounds) from basalt to basaltic andesite is consistent with
incompatible behavior of chlorine in fractionating volcanic arc magmas [64]. The total
amount of chlorine-bearing microminerals in andesite and dacite (Figure 13C), which
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is comparable with that of basalt (Figure 13A), may either represent (record) buffering
of chlorine concentrations through degassing processes that accompany differentiation
in a shallow magma chamber beneath the Mutnovsky eruptive center [63] or reflect the
initial chlorine content in a separate batch of felsic magma formed through partial melt-
ing of a mid-crust basaltic protolith [36]. Continuous expansion of chalcophile sulfides
in comparison with the other types of ore microminerals in Mutnovsky lavas, accompa-
nied by the increase in metal alloys and reduction in the amount of the oxidized sulfate
(baryte) microinclusions (Figure 13), is consistent with elevated sulfur and reduced, or
buffered, oxygen activities during magmatic differentiation. Based on their study of the
climate-altering 1257 CE eruption of Mt. Samalas in Indonesia, Ding et al. suggested that
“intermediate redox conditions, with sulfur as both sulfate and sulfide, and progressive
magma recharge maximized pre-eruptive sulfur accumulation at Samalas” [66]. Overall, it
is likely that physico-chemical conditions of the parental basaltic melt fractionation in a
shallow, convecting magma chamber beneath the Mutnovsky volcano played an important
formative role in the micromineral assemblages observed in the studied lavas.

5.2. Comparison with the Rear-Arc Volcanoes

The arc-front Mutnovsky volcano is part of a long (>100 km) cross-arc chain of strato-
volcanoes (Gorely, Opala), areal cinder cones (Tolmachev Dol) and shield-type volcanoes
(Bolshaya Ipelka) in the southern segment of the Kamchatka arc (Figure 1). Assemblages
of microinclusions in the Mutnovsky and Gorely volcanoes, as well as another long-lived,
rear-arc Bakening eruptive center, are summarized in Table 2.

Table 2. Comparison of ore microminerals in arc front (Mutnovsky) and rear-arc (Gorely and
Bakening) volcanoes in Kamchatka.

. . Metal and Mineral Host and Associated
Volcano Tectonic Setting Rock Types Microinclusions Minerals
Cu-Ag, Cu-Sn and Cu-Zn alloys;
. . Cag + native Ag composites; OJ; Cpx; Opx; PL; Ano;
Mutnovsky Volcanic arc front Basalt,;a§?1tlzagfe31te, Cu-Ag-Cl, Zn-Ag-Cl, Cu-Ag-CI-S, Ab; Qz; Ap; Ti-Mag;
andesite, dacite Zn-Cu-Ag-CI-S compounds; Cst; Bis; Mag; Ttn; Brt; Zeo
Cer; Vin
Native Ag and Au; Cu-Ag, Cu-Sn,
Cu-In-Sn and Fe-W alloys; Cag +
native Ag composites; U-Ag-Cl, OL; Opx; Cpx; Amp; P1;
Gorely Rear arc Basalt, basaltic andesite, Cu-Ag-Cl; Cu-U-Ag-CI-S, Ano; Kfs; Bt; Ser; Ab;
andesite, dacite Cu-Ag-Sn-Cl-S, Cu-Ag-Sn-Cl and Qz; Ti-Mag; Mag; IIm;
Cu-Ag-Cl-S compounds; Aca; Po; Spl; Ap; Bdy; Zrn; Brt
Gn; Cu-Ag sulfides; Ni-Cu-Fe
sulfides; Cst
Native Cu; Cu-Sn, Cu-Ag, Opx; Amp; Bt; P1; Ano;
Cu-Ag-Au and Ti-Co-W alloys; Qz; Ti-Mag; Mag; IIm;
Bakening Rear arc Dacite Ag-Cl, Cu-Cl, Cu-Ag-Cl-S Rt; Cr-Fe-Spl Cl-Ap;
compounds; Cu-Ag sulfides; Po; Py; Bdy; Zrn; Brt; Mnz;
Ccp; Bis; Cst; Znc; Cer; Str; Bmc REE-silicates

Note. Data sources: Mutnovsky, this study; Gorely [67]; Bakening [68]. Mineral abbreviations:
Ab—albite, Aca—acanthite, =~ Amp—Amphibole, = Ano—anorthoclase, = Ap—apatite, =~ Bdy—baddeleyite,
Bis—bismite, Bmc—bismoclite, Brt—baryte, Bt—biotite, Cag—chlorargyrite, Cal—calcite, Ccp—chalcopyrite,
Cer—cerussite, Cpx—clinopyroxene, Cst—cassiterite, Gn—galenite, Ilm—ilmenite, Kfs—K-feldspar,
Mag—magnetite, Mnz—monazite, Ol—olivine, Opx—orthopyroxene, Pl—plagioclase, Po—pyrrhotite,
Py—pyrite, Qz—quartz, Ser—sericite, Spl—spinel, Str—strontianite, Ti-Mag—titanomagnetite, Ttn—titanite,
Vin—valentinite, Zeo—zeolite, Znc—zincite, Zrn—zircon.

For comparative purposes, it is worth mentioning that both Mutnovsky and Gorely
volcanoes erupted differentiated basalt-basaltic andesite—andesite—dacite series, while
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late-stage development of the Bakening center was marked by emplacement of hornblende
dacites with adakitic geochemical characteristics [35]. Mafic and evolved lavas from all
three volcanoes contain inclusions of metals and alloys, compounds of chlorine (£sulfur)
with silver and other chalcophile elements (Cu, Zn, Sn), acanthite and Cu-Ag sulfides in
association with baryte, cassiterite and other chalcophile sulfides, oxides and carbonates
(Table 2). Cassiterite, which occurs as microinclusions in magmatic minerals such as Ca-
plagioclase in all three volcanoes, is also reported from high-temperature (400-500 °C)
fumarole sublimates at the Tolbachik volcano in central Kamchatka, where it was either
directly deposited from the gas phase or formed via interaction of the host basaltic scoria
with the high-temperature volcanic gases [69,70].

As opposed to the Gorely and Bakening centers, Mutnovsky lavas do not contain
gold or gold-bearing alloys (Table 2). In addition, microinclusions, which composition-
ally resemble valentinite (Figure 10C), bismite (Figure 10F), cerussite (Figure 10D,E) and
Zn-bearing zeolite (Figure 10B), are observed in some Mutnovsky samples. Most of these
exotic mineral phases are found among exhalate assemblages in Kamchatka fumaroles.
Cerussite occurs in the oxidizing Western (Mt. 1004 meters a.s.l.) paleo-fumarole field at the
Tolbachik volcano in association with chalcophile metal chlorides, Cu oxides and Cu-Zn-Pb
sulfates and arsenates [71]. Low-temperature cerussite also occurs in the Cl-rich fumarole
field (“the Cotunnite Pit”) associated with the 1944 eruption of the Vesuvius volcano in
association with anglesite, atacamite, rare lead chlorides and oxychlorides (cotunnite, mat-
lockite, napoliite, etc.) [72]. Although antimony oxides are so far not found in Kamchatka
fumaroles, hematite from high-temperature (500-850 °C) sublimates in the Arsenatnaya
fumarole at the Tolbachik volcano reportedly contains up to 2.6 wt.% of Sb,Os [70]. Ele-
vated antimony concentrations of up to 0.03 mg/kg were detected in high-temperature
(410-507 °C) fumarolic condensates sampled from the active crater of the Mutnovsky vol-
cano [39]. Zeolites, although not Zn-bearing ones, are common in hydrothermally altered
rocks associated with hot springs and geysers at several volcanoes in southern (Kambalny,
Koshelev) and central (Bolshoi Semyachik, Uzon caldera) Kamchatka [73,74].

Variations in cumulative proportions of the principal types of metal and mineral
microinclusions in lavas from the frontal-arc Mutnovsky and rear-arc Gorely and Bak-
ening are summarized in Figure 14. Mutnovsky lavas contain the least amount of na-
tive precious and base metals, and their alloys and gold-bearing compounds were not
detected in the studied samples. Acanthite, Cu-Ag sulfides and Ag-Cl (£ Cu) microinclu-
sions dominate microinclusion assemblages in low-K tholeiitic lavas from the Mutnovsky
volcano (Figure 14).

The textural appearance of several sulfides, chlorides and Cl-S-bearing compounds
of chalcophile metals (Figures 8B and 9H) indicates their post-magmatic origin, which,
together with the occurrence of secondary carbonates and zeolites in Mutnovsky lavas,
may record post-eruptive mineral transformations caused by the intense fumarolic activity.
Mutnovsky volcano hosts a large and very active fumarolic system [57] manifested at the
surface with several fumarolic fields enriched in carbon dioxide, sulfur and chlorine [38].
Fumarolic sublimates at the Mutnovsky volcano contain a diverse population of Ag-Pb-
Cd-Bi-bearing sulfides and chlorides, Pb-Bi-As sulfosalts, and Pb-Bi sulfohalides [39,58],
along with various sulfates, such as alunite, jarosite and baryte [59]. Orthopyroxene-hosted
inclusions of magmatic baryte are observed in basaltic andesites from the Mutnovsky
volcano (Figure 11B,C), and both magmatic and post-magmatic baryte types are present
in the Gorely and Bakening basalts, andesites and dacites (Table 2; Figure 14). Relative
scarcity of native metals and alloys in the Mutnovsky lavas (Figure 14) is consistent with
slightly oxidized conditions (+0.9 to +1.7 AQFM based on sulfur isotope measurements in
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melt inclusions [63]) inferred for their differentiation in shallow magmatic conduits in the
arc crust beneath southern Kamchatka [56,57].

100%
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Ag(+Cu) sulfides

60%

40%
Ag-Cl(+Cu)

20% Other metals and alloys

Ag+Ag alloys

Au+Au alloys

0% T
Mutnovsky Gorely Bakening

Figure 14. Cumulative proportions (%) of metal and mineral microinclusions in Quaternary lavas
from the Mutnovsky, Gorely and Bakening volcanoes in Kamchatka. Data sources: Gorely [67];
Bakening [68].

5.3. Comparison with Epithermal and Porphyry Mineralization in Kamchatka

The long-lived Mutnovsky eruptive center is spatially associated with several proximal
epithermal Au-Ag and porphyry-type Cu-Au ore showings [30,75]. Several types of metal
and mineral microinclusions in Mutnovsky lavas are found as typomorphic ore minerals in
epithermal and porphyry mineralization throughout the Kamchatka metallogenic province
(Table 3). For example, cupriferous silver, acanthite, Cu-Sn (natural bronze) and Cu-Zn
(natural brass) alloys; chlorargyrite, frequently in association with native silver; and com-
posite Cu-Ag sulfides are found both in Mutnovsky samples and Kamchatka epithermal
and porphyry ores (Table 3). Magnetite, titanite, apatite, baryte and zeolites are also present
both as microminerals in the Mutnovsky lavas and as ore macrominerals in the epithermal
and porphyry mineralization in Kamchatka (Table 3).

Table 3. Comparison of ore microminerals in Mutnovsky lavas with mineralogy of epithermal and
porphyry deposits in Kamchatka.

Volcano/Deposit Type Ore Minerals and Microminerals Host and Associated Minerals

Cu-Ag, Cu-Sn and Cu-Zn alloys; native Ag;
Mutnovsky volcano Cag; Cu-Ag-Cl, Zn-Ag-Cl, Cu-Ag-Cl-S,
Zn-Cu-Ag-Cl-S compounds; Cst

Ol; Cpx; Opx; P1; Ano; Ab; Qz; Ap;
Ti-Mag; Mag; Ttn; Brt; Zeo

Py; Gn; Sp; Aca; Cag; Tnt-Ttr; native Au and
Ag; Au-Ag, Cu-Ag, Cu-Sn and Cu-Zn
alloys; Au, Ag and Pb tellurides, selenides, Qz; Cal; Adl; Alu; Kin; Ano; Or; P1; Ab;
Epithermal deposits bismuthites and antimonides; Ag, Sn, Sb Ms; Chl; Ep; Act; Ser; Ap; Mag; Brt;
and As sulfosalts; Cep; Bn; Cct; Cv; Apy; Anh; Zeo
Sbn; Cu-Ag sulfides; Au, Ag, Pb and Bi
sulfides; native Cu; Cst

Py; Po,; Ccp; Cct; Bn; Dg; native Au (£ Cu,

Porphyry deposits Pd); Cu-Ag alloys; Sp; Cu-Ag sulfides; Bt; Or; Cpx; PL; Ab; Ep; Act; Rt; Hem;
phyry dep platinum-group minerals; Gn; Mol; Cst; Mlc; Mag; Ap; Chl; Ttn; Cal; Kln; Anh; Brt
Azu

Note. Similar minerals in Mutnovsky lavas and epithermal and porphyry deposits in Kamchatka are shown in
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bold. Data sources: Mutnovsky, this study; epithermal [5,76-79] and porphyry [30,75] deposits in Kamchatka.
Mineral abbreviations: Ab—albite, Aca—acanthite, Act—actinolite, Adl—adularia, Alu—alunite, Anh—anhydrite,
Ano—anorthoclase, Ap—apatite, Apy—arsenopyrite, Azu—azurite, Bh—bornite, Brt—baryte, Cag—chlorargyrite,
Cal—calcite, Ccp—chalcopyrite, Cct—chalcocite, Chl—chlorite, Cpx—clinopyroxene, Cst—cassiterite, Cv—covellite,
Dg—digenite, Ep—epidote, Gn—galenite, Hem—hematite, KlIn—kaolinite, Mag—magnetite, Mlc—malachite,
Mol—molybdenite, Ms—muscovite, Ol—olivine, Opx—orthopyroxene, Or—orthoclase, Pl—plagioclase, Py—pyrite,
Qz—quartz, Sbn—stibnite, Ser—sericite, Sp—sphalerite, Ti-Mag—titanomagnetite, Ttn—titanite, Zeo—zeolites.

Identical minerals are shown in bold.

Besides the obvious similarities mentioned above, there are clear differences between
microinclusion assemblages in the Mutnovsky volcano lavas and the ore mineralogy of the
proximal and more distant epithermal and porphyry deposits in the Kamchatka region.
Native gold and gold-based alloys (with Ag, Cu and Pd) are principal mineral phases in
Kamchatka Au-Ag deposits, along with pyrite, galena, sphalerite, Au-Ag-Pb tellurides,
selenides, bismuthites and diverse species of sulfosalts of chalcophile metals and metal-
loids [5,30]. None of these phases have been detected so far among microminerals in the
Mutnovsky lavas (Table 3). Porphyry systems in Kamchatka are dominated by chalcopyrite,
bornite, chalcocite, pyrite and pyrrhotite along with minor galena, sphalerite, molybdenite,
malachite and azurite (Table 3). Composite chlorides and sulfide—chlorides of chalcophile
metals are the most common magmatic and post-magmatic microinclusions in Mutnovsky
lavas; however, with the exception of minor chlorargyrite in some supergene epither-
mal mineralization, they are quite scarce in Au-Ag deposits and showings in Kamchatka.
Acanthite, which is common among Mutnovsky microinclusions, occurs in some Ag-rich
epithermal deposits, such as Rodnikovoe near the Mutnovsky volcano and Baranievskoe
in Central Kamchatka [77,78], but is absent from the porphyry mineralization in this
region (Table 3).

Although all these mineralogical comparisons are quite general, approximate, and
perhaps even far-reaching, we hypothesize that assemblages of microinclusions in mag-
matic (orthopyroxene and plagioclase) and late-magmatic (amphibole and anorthoclase)
minerals from Mutnovsky lavas record early (magmatic) stages of formation of related hy-
drothermal ore systems. These systems—provided the right set of ore-forming conditions is
available—might develop potentially economic mineralization in the upper parts of the
subarc crust that underlies volcanoes of South Kamchatka [73,79]. Ore microminerals in the
Mutnovsky lavas, as well as in some other volcanic rocks from Kamchatka [30,40,67,68], can
be interpreted as geochemical “building blocks”, which can be transported by the metal-
rich fluids exsolved from arc-related tholeiitic and calc-alkaline magmas and incorporated
into the developing mineralized hydrothermal cells beneath the modern and paleo-volcanic
edifices throughout the Kamchatka metallogenic province.

5.4. Inferences on the Nature of the Associated Fluid

Evolution and metallogenic characteristics of volcanic arc magmas are, to a significant
extent, controlled by the composition of the associated fluid phase [22,27,80]. Many pri-
mary magmatic, late-magmatic and post-magmatic microinclusions in Mutnovsky lavas
contain variable amounts of sulfur and chlorine in composition, which suggests their
formation from the S- and Cl-bearing fluids and melts. Occurrence of texturally primary
sulfide (Figures 8A,C and 9A,C,D,F) and baryte (Figure 11B,C) microinclusions in such mag-
matic minerals as orthopyroxene and Ca-plagioclase indicates that sulfur could have been
present in the microinclusion-forming melt or fluid as sulfide and sulfate ions, depending
on the redox conditions [24,81]. The presence of cerussite microinclusions in plagioclase
and groundmass volcanic glass in basaltic andesite (Figure 10D,E) possibly indicates the
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presence of carbon dioxide in magmatic volatiles that accompanied magmatic differen-
tiation of the parental Mutnovsky melt. This is consistent with elevated levels of CO,
measured in gas emissions from the active crater and fumarolic fields at the Mutnovsky
volcano [39]. In general, assemblages of magmatic, late-magmatic and post-magmatic
microinclusions in Mutnovsky lavas appear to reflect the composition of C-O-5-Cl-bearing
volcanic gases measured instrumentally at the active vents of this long-lived eruptive center
in South Kamchatka [38,39,57].

5.5. Implications for the Metallogeny of Low-K Tholeiitic Magmas in Volcanic Arcs

Metallogeny of volcanic arc magmas results from a complex interplay of many fac-
tors, including local and regional tectonics, subducted slab age and nature of associated
fluid fluxes, composition and thickness of the overriding lithosphere, as well as condi-
tions of magma generation and fractionation (recharge and storage) in crustal magmatic
plumbing systems [4,7,11,13,20,25,26,82,83]. Calc-alkaline and adakitic magmas in modern
and ancient active margins are typically associated with Cu-Au-Mo porphyry and Au-Ag
epithermal deposits primarily due to their elevated water contents and general oxidized
nature [6,14,16,19,21,27,30]. Metallogeny of low-K arc tholeiites is still not very well un-
derstood, although some tholeiitic volcanic series associated with subduction initiation in
the Semail ophiolite are characterized by enrichment in selected chalcophile elements and
appear to be associated with Cyprus-type volcanogenic massive sulfide (VMS) mineral-
ization [84]. Low-K tholeiitic basalts and basaltic andesites in the ancestral Cascade arc
(40-25 Ma) display elevated Cu contents and are locally associated with the small-scale,
low-grade, porphyry-style copper mineralization [85].

Quaternary lavas from the Mutnovsky volcano exhibit subtle enrichment in selected
chalcophile elements (Mo, Ag, Sn, Sb, Pb) with differentiation (Figure 5). In addition,
concentrations of tin, antimony and silver (Table 1) in Mutnovsky samples are slightly
higher than in typical calc-alkaline eruptive centers in the Eastern Volcanic Front (EVF;
Figure 1) of Kamchatka [67,86]. This is consistent with the high solubility of these metals in
5-Cl-bearing magmatic volatiles [12,13,62,87], which accompany the evolution of parental
basaltic melts in magmatic conduits beneath southern Kamchatka [88]. Distribution of
ore elements in Quaternary lavas from the Mutnovsky volcano, normalized to the bulk
continental crust [89] in Figure 15, was compared with the average compositions of Kam-
chatka adakites [68], calc-alkaline lavas from the Kamchatkan active volcanic front [86],
and arc tholeiites from the Semail ophiolite complex in Oman [84]. The majority of the
Mutnovsky samples are enriched in Cu and variably depleted in Zn, As, Sn (with the
exception of dacite MTN-1 with Sn = 2.65 ppm; Table 1) and Pb in reference to the bulk con-
tinental crust (Figure 15). All Mutnovsky lavas display a prominent positive silver anomaly,
which is consistent with the presence of various types of Ag-bearing microinclusions (al-
loys, chlorides, sulfides; Figure 14) in their magmatic and post-magmatic silicate minerals.
Mutnovsky samples also display extremely low Cu/Ag ratios (<350) in comparison with
N-MORB (3000-4000), which suggests deep early fractionation of the sulfide phase (most
likely, monosulfide solid solution, MSS; [90]) during high-pressure fractionation of the
parental basaltic magma at the base of the thick (~35-38 km; [91]) subarc crust beneath the
Mutnovsky volcano. The average Kamchatka adakite is characterized by the highest Ag
concentrations among all Cenozoic rocks in this volcanic province (Figure 15), which is
consistent with a wide range of Ag-bearing microminerals (native Ag, Ag-Au and Cu-Ag-
Au alloys, cupriferous silver, acanthite, chlorargyrite, etc.) observed in Miocene-Pliocene
adakites from central and northern Kamchatka [68,88]. In addition to prominent silver
(and to a lesser extent, copper) enrichment in the tholeiitic series from the Mutnovsky
volcano, all volcanic rocks (tholeiitic, calc-alkaline, and adakitic) from Kamchatka, along
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with subduction initiation-related tholeiites from the Semail ophiolite in Oman, display a
positive Sb anomaly in the continental crust-normalized ore element patterns (Figure 15).
Experimental data indicate that antimony will accumulate in differentiating arc-related
melts within the wide range of temperatures and oxygen fugacity values and that any Sb
loss through degassing during magmatic differentiation will be quite limited [92]. This
is, at least to a certain extent, supported by the elevated Sb concentrations in Mutnovsky
andesite and dacite (0.66 and 0.40 ppm, respectively; Table 1); the presence of the late- or
post-magmatic Sb oxide in plagioclase from Mutnovsky basalt (Figure 10C); and the occur-
rence of Sb-bearing (+Pb, Cu, and Zn) oxychlorides and sulfides in basalt and ankaramite
from the Kuril (Alaid volcano) and Kamchatka (Avachinsky volcano) volcanic arcs [88].

107 1
= Mutnovsky

= = KAD
5 10 4 ——— SOAT
5 — KCA
@
£
=
o
=
S 1
o

1 ()-1 I 1 T T 1 T 1

Cu Zn As Mo Ag Cd Sn Sh Pb
Figure 15. Distribution of ore elements in Quaternary lavas from the Mutnovsky volcano compared
to the average Kamchatka adakite (KAD) [68], the Semail ophiolite arc tholeiite (SOAT) in Oman [84],
and Kamchatka calc-alkaline (KCA) volcanic rocks [86]. Normalizing values for the bulk continental

crust are from [89].

Mutnovsky volcano is associated with the very large and active geothermal system
expressed in high-temperature (>600 °C) fumaroles in the active crater, numerous thermal
water springs, mud pods and other related hydrothermal phenomena [57]. Mutnovsky
volcanic gases are enriched in chlorine, sulfur and carbon dioxide [38]. Chlorine-rich
(salinity up to 4465 mg/L) geothermal waters at Mutnovsky contain poorly soluble io-
dargyrite (Agl), naumannite (Ag,Se) and electrum [93]. Mutnovsky thermal springs are
enriched in Ag, Sb, Hg, Au, and As with respect to the El Chichon, Etna, Vulcano and Ebeko
(Kuriles) hydrothermal systems [94], which is consistent with Sb and Ag enrichment in the
Quaternary Mutnovsky lavas analyzed in this study (Figure 15). These data suggest high
fluid exsolution efficiency of Mutnovsky and nearby Gorely magmas with respect to some
chalcophile metals and gold, which is manifested by the occurrence of several high-grade
epithermal Ag-Au (+Cu, Sb, and Sn) deposits and showings around these hydrothermally
active volcanic centers in southern Kamchatka [67,75,78,93,95].

6. Conclusions

1. Low-K tholeiitic basalts and basaltic andesites from the Mutnovsky volcano are
products of 15-26% partial melting of a depleted mantle wedge source beneath
southern Kamchatka. Andesites and dacites were either formed through crystal
fractionation of parental basalt or through partial melting of a garnet-free basaltic
protolith in the subarc crust.

2.  Basalt, basaltic andesite, andesite and dacite lavas contain microinclusions of Cu-
Zn-5n-Ag alloys, acanthite, composite Cu-Ag and Cu-Zn-Ag sulfides and chlorides,
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along with Sn-Sb-Bi oxides and baryte. Proportions of Cu-Ag sulfide microminerals
and bulk concentrations of Cu, Ag, Sn, Sb and Pb increase from basalt to dacite,
potentially reflecting incompatible behavior of some chalcophile elements during
magmatic differentiation.

3. Mutnovsky lavas are characterized by higher cumulative proportions of Cu-Ag chlo-
rides and sulfides in comparison with calc-alkaline magma series in both frontal-arc
and rear-arc volcanoes in the Kamchatka arc. The predominance of chalcophile metal
chlorides and sulfides and enrichment of Mutnovsky volcanic rocks in Cu, Ag and Sb
may indicate involvement of S-Cl-bearing fluids in crustal evolution of Kamchatka
arc tholeiite magmas.

4. Assemblages of microminerals in Mutnovsky lavas display certain similarities with
ore mineral associations of epithermal and porphyry deposits in Kamchatka, which
suggests that low-K tholeiitic magmas may be potentially linked to the evolution of
magmatic-hydrothermal ore-forming systems beneath active and dormant volcanoes
at convergent plate margins.
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