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A B S T R A C T

The Agylki deposit is a large (> 100 Kt WO3, possibly underexplored) and high-grade (average 1.46% WO3,
2.79% Cu, 0.5 g/t Au, and 0.03–0.04% Bi) reduced W skarn deposit situated in the Verkhoyansk fold-and-thrust
belt, the latter formed after a passive continental margin, part of the Verkhoyansk-Kolyma gold-dominant me-
tallogenic province. The belt comprises intrusion-related Au mineralization and roughly parallels the other main
metallogenic belts of the region hosting numerous gold (Au, Au-Bi, Au-Sb, etc.) and W-Sn deposits. The deposit
could be part of a broader regional-scale magmatic-hydrothermal system comprising nearly coeval intrusion-
related reduced W skarn deposits and vein/stockwork Au(±W) deposits. The deposit is related to a swarm of
Late Jurassic-Early Cretaceous monzodiorite-porphyry, granodiorite- and granite-porphyry dikes that intrude a
Triassic terrigenous sequence. The dikes comprise weakly reduced-weakly oxidized (ilmenite-titanite-bearing),
high- to medium-K calc-alkaline, metaluminous to weakly peraluminous, I-type granitoid rocks.

The deposit is represented by a single lenticular flat-lying to shallow-dipping mineralized zone that was
formed by the replacement of a limestone horizon. This may correspond to a distal level in an integrated
structural model of W skarn deposits that occurs well above causative pluton. The deposit bears signatures of
reduced W skarn deposits, with dominant pyroxene skarn containing pyrrhotite and scheelite. Propylitic al-
teration assemblages (amphibole-epidote-chlorite-calcite-quartz with abundant pyrrhotite, scheelite and minor
chalcopyrite) overprint skarn and are in turn overprinted by zones of phyllic alteration (quartz-sericite-Fe-car-
bonate) comprising abundant apatite and arsenopyrite followed by scheelite, chalcopyrite and other sulfides as
well as Bi, Te and Au minerals.

Fluid inclusions data indicate formation of retrograde (mainly pyroxene-quartz-amphibole) skarn from
aqueous, dominantly magnesian-sodic-chloride, moderate-salinity (14.0–17.3 wt% NaCl-eq.), high pressure
(1.4 ± 0.2 kbars), moderately-hot (~400–500 °C) fluid. Propylitic alteration assemblages were formed from
homogenous, low-carbonic, lower salinity (8.8–13.7 wt% NaCl-eq.), lower pressure (1.1–0.8 kbars) and lower
temperature (~300–400 °C) Ca-enriched fluid. Early phyllic alteration assemblages were formed from a boiling
fluid, with separation of carbonic-rich (particularly methane-enriched) gaseous fluid and coexisting low-car-
bonic aqueous fluid at ~320–280 °C and ~0.9 ± 0.1 kbar. Late phyllic alteration assemblages were formed
from homogenous, low-carbonic, moderate-salinity (14.0–17.8 wt% NaCl-eq.) low-temperature (250–200 °C)
fluid.

1. Introduction

The Verkhoyansk-Kolyma system of orogenic belts is well known for
its gold endowment and is primarily distinguished as one of the largest
Au metallogenic provinces in the Eastern Siberia, where dominantly

orogenic-type to reduced intrusion-related Au deposits, locally with
associated As, Sb, Bi mineralization, are widespread, including a
number of the world-class examples (Goryachev, 1998, 1999;
Yakubchuk, 2009; Bortnikov et al., 2010; Seltmann et al., 2010;
Goldfarb et al., 2014; Goryachev and Pirajno, 2014; Fridovsky, 2002,
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2018; Vikent'eva et al., 2018). There are also large tin deposits in this
province including tin-polymetallic (tin-sulfide) and W-Sn deposits of
the greisen to quartz stockwork types, as well as large Ag-Sb deposits
(e.g., Seltmann et al., 2010; Voroshin et al., 2014). Less is known about
W skarn deposits in this province, although some of them contain sig-
nificant W resources.

In particular, the Agylki W skarn deposit situated in the
Verkhoyansk fold-and-thrust belt hosts significant W resources, princi-
pally in a single large “stratabound” orebody containing indicated re-
sources ~94,000 t WO3 with average grade of 1.27% WO3 (0.4% WO3

cut-off), plus inferred resources ~35 Kt WO3. The tungsten orebody also
contains on average 2.72% Cu, 16.2 g/t Ag, 0.046% Bi, 21 g/t Te and
54 g/t Se, and its part – 1.38 g/t Au (0.6 g/t Au cut-off); this corre-
sponds to the resources of 193 Kt Cu, ~4 t Au, 47 t Ag, 3300 t Bi, 150 t
Te and 386 t Se (Protopopov et al., 2016). Additional resources found in
mineralized stockworks below and above the “stratabound” tungsten
orebody were not evaluated. The deposit was discovered in 1954–1955
by tracing alluvial scheelite anomalies toward surface outcrops of mi-
neralized zones, explored in 1956–1976 by trenching and drilling, and
considered as a “reserve deposit” since, with no mining operations
occurred due to the remote location and lack of infrastructure. The
deposit was studied by G.M. Bilinkis, I.I. Stegnach., D.I. Larin, D.A.
Dorofeev, V.A. Amuzinsky, B.L. Flerov, V.I. Naiborodin and others in
1954–1979, mostly in terms of structural setting and mineralogy of
mineralized zones, and most recently by Gvozdev (2002, 2010). The
present paper, focused on new petrologic, mineralogy and fluid inclu-
sion data, is aimed at revealing conditions of the deposit formation,
highlighting its regional metallogenic role, comparing with other de-
posits of this type globally, and expanding an integrated genetic model
of reduced W skarn deposits.

2. Regional tectonic and metallogenic setting

The Verkhoyansk-Kolyma system of orogenic tectonic and metallo-
genic belts is part of the Verkhoyansk-Chukotka orogenic province of
Mesozoic-Cenozoic collages comprising Precambrian cratonic terranes
(Asian cratonic fragments) and accreted late Paleozoic to Cenozoic
turbidite to island arc terranes (Fig. 1; Yakubchuk, 2009; Nokleberg
et al., 1998). Collisional processes in the Verkhoyansk-Kolyma system
occurred in the Late Jurassic-Valanginian due to the closure of the
Oimyakon paleoocean and subsequent collision of the Siberian craton
with Kolyma-Omolon and Okhotsk microcontinents or superterrains
(Parfenov, 1995; Parfenov and Kuzmin, 2001; Goryachev and Pirajno,
2014). According to Fridovsky (2018), the early and late collisional
stages can be distinguished, which correspond to the Late Jurassic-
Berriasian and Berriasian-Valanginian, respectively. The early-colli-
sional stage is related to the early deformations of the outer zone of the
Verkhoyansk-Kolyma system, whereas the late-collisional stage is as-
sociated with the culmination of the craton-microcontinent collision
due to the westward migration of the most intense deformations. The
late-collisional stage was also characterized by intense granitoid mag-
matism. The Verkhoyansk-Kolyma orogenic system is characterized by
intense Au mineralization including numerous large Au deposits,
principally of the orogenic to reduced intrusion-related classes
(Goryachev, 1998, 1999; Yakubchuk, 2009; Seltmann et al., 2010;
Goldfarb et al., 2014; Goryachev and Pirajno, 2014; Vikent'eva et al.,
2018).

The Agylki deposit is situated in the Verkhoyansk fold-and-thrust
belt, which occurs in the southwestern part of the Verkhoyansk-Kolyma
system most proximal to the Siberian craton and extends for almost
2000 km along its margin (Fig. 1; Goryachev et al., 2018). This belt was
formed over a passive cratonic margin and overlies a metamorphic
Achaean-Proterozoic basement. Since the late Precambrian and almost
to the Late Jurassic, the territory corresponded to a passive continental
margin, with episodic Middle-Late Devonian rifting. Consistently, it is
composed of sandstone–siltstone, mainly deltaic to shallow shelf,

turbiditic, less typically flysh to black shale sequences. These rocks
were deposited during the Carboniferous-Jurassic, attain a cumulative
thickness up to 15 km, and were folded and thrusted during the Late
Jurassic to Early Cretaceous (Berriassian-Valanginian) (Parfenov,
1995).

To the north-east, the Verkhoyansk thrust-and-fold belt is bordered
by the Yana-Kolyma belt of granitoid intrusions that were emplaced
along a suture zone between the Verkhoyansk deformed passive margin
of the Siberian craton and the island arc terranes (e.g., Yakubchuk,
2009). The belt comprises two major types of the Late Jurassic-Cre-
taceous granitoid intrusions, namely, (1) small diorite-granodiorite in-
trusions (stocks, dikes), and (2) large (batholitic) granodiorite-granite
to granite-leucogranite plutons. The former are characterized by deeper
magmatic sources, possibly in the upper mantle or lower crust, whereas
the latter are most distinctly related to crustal sources, with substantial
input from melting of terrigenous sedimentary rocks (Goryachev,
1999). The group of small diorite-granodiorite intrusions includes those
referred to as the Nera-Bokhapchin and/or Basugunyin dike suites that
comprise the most numerous dikes, particularly in the districts with the
most abundant Au mineralization (e.g., Volkov et al., 2010). Akinin
et al. (2009) dated diorite-granodiorite dikes of the Nera-Bokhapchin
suite at 153 to 150 ± 2 Ma, and similar dikes of the Basugunyin suite -
at 158.5 ± 1.4 Ma (U-Pb method on zircons). The large granodiorite-
granite to granite-leucogranite plutons are usually referred to as the
Kolyma plutonic suite, with the most of these plutons dated at ~150 Ma
(Protopopov et al., 2016), which is consistently younger than the age of
the small stock/dike suites occurring in the same locations. The Late
Jurassic-Cretaceous granitoid suites, both these of small stocks/dikes
and large plutons, are accompanied by Au and Au-Sb deposits (Maltan,
Sarylakh, Sentachan, etc.; e.g., Bortnikov et al., 2010; Vikent'eva et al.,
2018). Some granitoid plutons are also accompanied by W-Sn deposits,
thus constituting regional intrusion-related Au-Sn-W metallogenic
system (Goryachev, 1999; Goryachev and Pirajno, 2014; Voroshin
et al., 2014; cf. Thompson et al., 1999).

A younger suite of small intrusions and dikes occurs in the trans-
verse northeast-trending, typically concealed belts (Fig. 2) that were
likely formed due to an extensional event (Layer et al., 2001). These
intrusions comprise a broad variety of rocks including lamprophyre,
diorite, granodiorite, and granite, and are dated at 136 to ~100 Ma (Ar-
Ar method), with the age decreasing toward the south-west (Prokopiev
et al., 2010). These transverse, northeast-trending belts of granitoid
intrusions are characterized by dominant Ag-polymetallic deposits
(Prognoz, Mangazeya, etc.), typically together with Sn-polymetallic
(Sn-Pb-Zn) mineralization (Fig. 2).

3. District geology and mineralization

The mineralized district comprising the Agylki deposit is situated in
the Tompon metallogenic zone that extends for 300–500 km roughly
parallel to the outer margin of the Verkhoyansk belt (Fig. 2; Protopopov
et al., 2016). This zone comprises Au and Au-Sb occurrences (Amy-
zinsky, 1974) and is defined by generally east–west to west-northwest-
striking faults that can be traced from the South Verkhoyansk me-
tallogenic zone to the southeast. As a result, it can be speculated that
the Tompon zone represents a west-northwestern extension of the
north–south-trending South Verkhoyansk metallogenic zone com-
prising large Au deposits with significant Sb, As, Bi and minor W
(scheelite) mineralization (Nezhdaninskoe, etc.; Bortnikov et al., 1998;
Fridovsky, 2002, 2018).

The Au and Au-Sb mineralization in the Tompon zone is represented
by auriferous quartz-sulfide to quartz-sulfide-scheelite veins and
stockworks, with dominant arsenopyrite and pyrrhotite accompanied
by pyrite, Bi minerals, sphalerite, galena and stibnite (Amuzinsky,
1974). The mineralization is closely associated with the Late Jurassic to
Early Cretaceous calc-alkaline dioritic to granitoid stocks and east–-
west-striking dikes, which in the Tompon zone are traditionally
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assigned to the Basugunyin and/or the Nera-Bokhapchin dike suites
(e.g., Flerov et al., 1974), i.e., the igneous suites distinguished in the
Yana-Kolyma magmatic and metallogenic belt situated far north. To
address this ambiguity, Protopopov et al. (2016) distinguished the se-
parate Uemlyakh stock and dike suite, which, however, currently ap-
pears to be too broad, as it includes a younger group of high-K calc-
alkaline granitic intrusions accompanied by Sn-W mineralization.
Larger granitoid stocks found north and northeast of the Agylki deposit
and accompanied by Sn-W mineralization are younger (130 Ma to
116–109 Ma by K-Ar method; Flerov et al., 1974; Protopopov et al.,
2016) than monzodiorite-porphyry and granitoid dikes accompanied by
W and Au mineralization. This younger Sn-W mineralization is re-
presented by quartz-tourmaline veins and stockworks with cassiterite
and wolframite.

4. Deposit geology

The Agylki deposit is associated with a large swarm of generally
east–west-trending, subvertical granitoid dikes that intrude folded
Triassic terrigenous rocks comprising grey sandstone, siltstone, less
commonly conglomerate and limestone (Fig. 3). The Lower Triassic
rocks underlie most of the deposit area; their cumulative thickness is
estimated at> 850 m. At the bottom of the Lower Triassic sequence, a
limestone horizon some 3–5 m thick is present; it comprises numerous

small lenses and thin lenticular layers of siltstone. The Lower Triassic
rocks are tectonically overlain by a Middle Triassic (?) sequence oc-
curring in the eastern part of the deposit area and dominated by cal-
ciferous sandstone with minor siltstone and conglomerate horizons. The
Lower Triassic sedimentary rocks form a gently to moderately steeply
dipping anticline, with its limbs complicated by smaller folds. The
bedding has a shallow dip in the fold closure (~8-15°) and in its wes-
tern limb but becomes steeper (up to 25-30°) in the eastern limb and to
a depth. The Lower Triassic siltstone unit comprises a thin grayish-
white limestone horizon that outlines the fold closure and was traced
downdip for> 800 m along the limbs (Fig. 3). Thickness of this horizon
slightly increases in closures of smaller (parasitic) anticlines compli-
cating the major fold. The limestone horizon comprises thin
(0.1–10 cm) siltstone layers (5–8 layers per 1 m of the thickness).
Siltstone was converted into biotite (amphibole-biotite) hornfels over
the deposit area.

The anticline is crosscut by numerous paralleling, typically east–-
west-striking subvertical (to south-dipping at 70-85°) dikes, which are
part of a much larger dike field extending for ~5 km to the west of the
deposit area. The dikes vary in thickness (from 1.5 to 2 m to 20 m) and
composition (lamprophyre, monzodiorite to quartz monzodiorite-por-
phyry, granodiorite-porphyry, granite-porphyry). It appears that the
number of dikes and their thickness increases with depth. The thickest
(~20 m) granodiorite-porphyry dike is situated in the central part of

Fig. 1. Regional tectonic setting of the Agylki W skarn deposit and some Au deposits in the Verkhoyansk-Chukotka orogenic province (modified after Goryachev
et al., 2018; Goryachev, 1998, 1999; Parfenov, 1995; Parfenov and Kuzmin, 2001).
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the dike field. A biotite hornfelsing halo is present in the center of the
deposit area. Based on these signatures, a larger granitoid intrusion is
suggested at depth (Bilinkis, 1961). Flerov et al. (1974) reported a very
Late Jurassic to Early Cretaceous whole rock radiologic K-Ar age of
these granitoid dikes (145–143 Ma) and assigned the dikes to the Ba-
sugunyin dike suite. Lamprophyre dikes mapped in the southern part of
the deposit area were dated at 190 ± 17 Ma (K-Ar method; Flerov
et al., 1974) and can represent an older igneous suite.

The deposit is represented by the only scheelite-sulfide orebody
found in the western part of the anticline and formed by replacement of
the limestone layer by skarn and post-skarn mineral assemblages
(Fig. 3). As a result, the orebody follows this lenticular limestone hor-
izon and is generally lenticular flat-lying to gently-dipping; it was
traced for ~1200 m on the surface by trenching and surface outcrops,
for ~500–860 m downdip by drilling, and varies in thickness from 2.1
to 8.8 m averaging 4.3 m (Bilinkis, 1961; Dorofeev, 1961). The

Fig. 2. Geological map of the southern part of the Verkhoyansk fold-and-thrust belt and adjacent territories showing location of the Agylki deposit and other (Au, Sn,
Sb, Ag, Pb-Zn, etc.) deposits and occurrences (modified after Protopopov et al., 2016).
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thickness locally increases near granitoid dike contacts intersecting the
orebody. The mineralization overprints and replaces skarn and is as-
sociated with narrower, typically concordant (flat-lying to gentle-dip-
ping) zones of post-skarn quartz-amphibole-chlorite (propylitic) al-
teration as well as with typically discordant (subvertical) linear zones of
quartz-sericite-carbonate (phyllic) alteration assemblages bearing
scheelite and sulfides. Together, an overprint of skarn by these post-
skarn alteration assemblages causes almost entire replacement of skarn
minerals and the overall high-grade average metal (W, Cu, Bi) contents
associated with the intervals of massive to densely-disseminated (pyr-
rhotite- and/or chalcopyrite-dominant) sulfide mineralization. Tung-
sten grades vary from 0.1 to 5.69% WO3 averaging 1.27% WO3

(Bilinkis, 1961). Scheelite in high-grade intervals occurs as dense dis-
semination, common large (several centimeters across) patches of

grains, and as thick short veinlets. The mineralized skarn zone splits
into disconnected lenses downdip and in the eastern part of the anti-
cline.

In more detail, the metal grade distribution shows more compli-
cated pattern (Fig. 4). It appears that granitoid dikes intersecting the
flat-lying skarn zone control the intervals of the highest metal values,
locally exceeding 2% WO3 and 2–3% Cu, as these intervals in zones of
phyllic alteration overprinting skarns occur most proximal to these
dikes. These high-grade zones (or “ore shoots”) plunge gently to the
west, together with the general dip of the skarn zone. In addition, the
highest metal grades tend to occur in the central part of the orebody
that is coincident with the anticline closure and its immediate sur-
roundings, whereas the grades gradually decrease toward the edges of
the orebody, i.e., toward its deeper parts. It further appears that these

Fig. 3. Geological map and sections of the Agylki deposit (modified after Bilinkis, 1961; Dorofeev, 1961; Flerov et al., 1974; Gvozdev, 2002, 2010).
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deeper parts of the orebody comprise less intense propylitic and phyllic
alteration overprinting skarn, thus emphasizing the role of super-
position of various hydrothermal alteration assemblages in establishing
higher metal grades.

In addition to the main flat-lying to gently-dipping orebody, there
are several linear stockworks up to 20 m wide, typically subvertical,
that are traced both above (up to 80–100 m upward) and below the
main orebody. These stockworks representing mainly phyllic alteration
assemblages (quartz-sericite to quartz-sericite-carbonate) comprise
veined and disseminated mineralization, mostly arsenopyrite, pyr-
rhotite, chalcopyrite, pyrite, galena, sphalerite, in total attaining
5–10 vol%, and minor scheelite. Some intervals (up to 3 m) bear ele-
vated Bi (0.5–1%) and Ag (90–110 g/t) contents (Protopopov et al.,
2016).

5. Analytical methods

Description of analytical methods is given in the Electronic
Supplement.

6. Igneous rocks

The deposit area comprises numerous dikes of mafic and granitic
rocks (Table 1), which are assigned to both the Late Jurassic-Early
Cretaceous plutonic suite and an older (Early Jurassic?) suite. The Late
Jurassic-Early Cretaceous rocks comprise monzodiorite- to quartz
monzodiorite-porphyry, granodiorite-porphyry and granite-porphyry,
whereas older (Early Jurassic?) rocks are represented by lamprophyre

(camptonite to spessartite; Flerov et al., 1974; Gvozdev, 2010) dikes.
Whereas relatively fresh lamprophyre dike occurs at the southern flank
of the deposit, strongly altered lamprophyre dikes are present within
the main dike swarm immediately west of the mineralized zone. Bilinkis
(1961) reported lamprophyre xenoliths in granodiorite-porphyry dikes.
The monzodiorite- to quartz monzodiorite-porphyry forms several dikes
and is a weakly-porphyritic rock, with small (~1 mm) plagioclase
phenocrysts (zoned from labradorite-bytownite with 70–80 mol.% an-
orthite in the core to andesine with 40–50 mol.% anorthite in the rims);
it contains both amphibole and biotite.

Granodiorite-porphyry forms the majority of the dikes including the
largest (20 m thick) dike. It is a porphyritic rock, with large (up to
5 mm) plagioclase phenocrysts (zoned from andesine-labradorite with
50–60 mol.% anorthite in the core, locally strongly resorbed, to ande-
sine with 30–40 mol.% anorthite in the rims) locally forming glomer-
oporphyry aggregates. Biotite and locally rounded (also corroded and
embayed) quartz phenocrysts are smaller and less common. The rock
contains no amphibole and is composed of brown biotite (10–15 vol%),
plagioclase (40–50 vol%), K-feldspar (15–20 vol%) and quartz
(20–25 vol%). Graphic and micropegmatitic quartz-feldspar inter-
growths as well as microvugs filled with quartz, feldspars, and locally
ilmenite and calcite, are common. Granite-porphyry dikes are rare; this
fine-grained and leucocratic, locally aplitic, rock contains minor brown
biotite (3–5 vol%). Accessory minerals in the igneous rocks include
zircon, apatite, ilmenite, allanite, titanite, and rutile. Sagenite is locally
present in biotite.

On the total alkalis vs. SiO2 diagram (Fig. 5A), monzodiorite- to
quartz monzodiorite-porphyry lies in the midalkaline field, whereas

Fig. 4. Distribution of Au (A) and Cu (B) grades in horizontal projection of the mineralized zone at the Agylki deposit (modified after Bilinkis, 1961; Flerov et al.,
1974).
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granodiorite-porphyry and granite-porphyry correspond to the sub-
alkaline field, as defined by Middlemost (1997). K2O dominates over
Na2O in granite-porphyry, whereas Na2O dominates over K2O in
monzodiorite- to quartz monzodiorite-porphyry and granodiorite-por-
phyry. Nevertheless, monzodiorite- to quartz monzodiorite-porphyry
belong to the high-K calc-alkaline series, and granodiorite-porphyry
belongs to the medium-K calc-alkaline series or is transitional between
the medium- and high-K calc-alkaline rocks (Table 2; Fig. 5B). Mon-
zodiorite- to quartz monzodiorite-porphyry is metaluminous, whereas
granodiorite-porphyry varies from metaluminous to weakly-per-
aluminous and corresponds to the I-type to the peraluminous I-type
granites (cf. Chappell and White, 1992; Chappell et al., 2012). All rocks
have Fe2O3/FeO slightly above or below 0.4, which defines them as
being weakly reduced-weakly oxidized; this is consistent with the pre-
sence of ilmenite, titanite and rutile and indicates transitional ilmenite-
to magnetite-series intrusions (after Ishihara, 1981, 2004). Mon-
zodiorite- to quartz monzodiorite-porphyry is depleted in Ca, whereas
granodiorite-porphyry is strongly enriched in Ca; the latter plot in the
“calc-alkalic” to “calcic” fields on the Na2O + K2O-CaO vs. SiO2 dia-
gram (Fig. 5D; Frost et al., 2001). On a Rb-(Y + Nb) discrimination
diagram (Fig. 5F), the rocks plot in the post-collisional granite field
(Pearce, 1996). The rocks are characterized by a smooth REE dis-
tribution, with a moderate LREE enrichment (LaN/YbN = 5–6) and with
an absent or weak Eu minimum (Table 2). The rocks exhibit gradual W
accumulation toward more differentiated rocks (Fig. 5F).

7. Hydrothermal assemblages and mineralization

The hydrothermal mineral paragenesis at Agylki can be subdivided
into several stages (Fig. 6). Prograde calcic skarn replaces marble and
adjacent hornfels and is overprinted by retrograde skarn. Relationships
of the skarns with monzodiorite- to quartz monzodiorite-porphyry dikes
were not observed. Propylitic alteration overprints prograde and ret-
rograde skarns as well as monzodiorite- to quartz monzodiorite-

porphyry dikes. No skarn and propylitic alteration minerals are ob-
served in granodiorite-porphyry dikes, thus suggesting that these dikes
are younger. Phyllic alteration overprints skarns replaced by propylitic
mineral assemblages as well as all dikes including granodiorite- and
granite-porphyry.

7.1. Prograde calcic skarn

Prograde calcic skarn was formed over the lenticular limestone
(marble) horizon and adjacent biotite (quartz-biotite ± amphibole)
hornfels, and is composed of anhydrous minerals (cf. Meinert et al.,
2005), principally dominant pyroxene, minor garnet, plagioclase, cal-
cite, and locally vesuvianite. There is a skarn zonation, with a thick
inner pyroxene-calcite, pyroxene, pyroxene-garnet, and/or (rarely)
pyroxene-vesuvianite zone developed after marble; it is rimmed by thin
pyroxene-plagioclase zone replacing hornfels at both the upper and
lower contacts of the marble unit. This zonation can be multiplied
several times in local intervals where thin hornfels layers are present
within the marble unit (Fig. 7A). Marble remnants are locally present in
the pyroxene and pyroxene-garnet skarn. The skarn is fine-grained
(< 0.5–2 mm); light-green to green pyroxene has low to elevated he-
denbergite content (6–12 mol.% to 24 vol% hedenbergite; Table 3),
respectively, and garnet is light-brown to pale-brown isotropic gros-
sular-rich (21–26 mol.% andradite; Table 3). The low and variable
hedenbergite content (Table 3), together with the presence of vesu-
vianite adjacent to marble, may suggest that a minor amount of mag-
nesian skarn could be present and then replaced in the course of pro-
grade calcic skarn development.

7.2. Retrograde skarn

Retrograde skarn is defined as an assemblage containing both an-
hydrous minerals of the calc-silicate skarn paragenesis (e.g., pyroxene,
garnet, plagioclase, etc.) and coexisting hydrous minerals (e.g.,

Table 1
Major petrographic features of igneous rocks from the Agylki deposit.

Intrusion phase Rocks Petrography

(An older suite?) Lamprophyre (camptonite and
spessartite)

Mafic (dark greenish-grey) porphyritic rock with greenish-brown amphibole phenocrysts, minor (in camptonite) to
abundant (in spessartite) dark-brown biotite phenocrysts and minor olivine or pyroxene (augite to Ti-augite?)
phenocrysts, the latter revealed by talc-carbonate to biotite-chlorite-titanite pseudomorphs. The groundmass is
composed of brown to reddish-brown amphibole, plagioclase (labradorite with 55–65 mol.% anorthite) and dark-
brown biotite. In total, the rock contains 30–40 vol% amphibole (in camptonite) to 5–10 vol% amphibole (in
spessartite), 10–20 vol% biotite (in camptonite) to 25–30 vol% biotite (in spessartite), 1–3 vol% olivine or pyroxene,
60–70 vol% plagioclase, and 0–10 vol% K-feldspar (orthoclase). Microvugs filled with calcite are locally present.
Accessory minerals include ilmenite, acicular apatite, titanite, and zircon.

1 Monzodiorite- to quartz monzodiorite-
porphyry

Fine- to medium-grained weakly-porphyritic mesocratic (greenish-grey to pinkish-grey) rock composed of
brownish-green amphibole (3–5 vol%), dark-brown biotite (20–30 vol%), plagioclase (50–60 vol%), locally K-
feldspar (orthoclase and microcline) (5–15 vol%), and quartz (0–10 vol%). Phenocrysts are represented by zoned
plagioclase (from bytownite with 70–75 mol.% anorthite in the core to andesine-labradorite with 50–60 mol.%
anorthite in the rims) and are typically small (< 1 mm); phenocrysts form 15–25 vol% of the rock. Plagioclase in the
groundmass is andesine with 50–57 mol.% anorthite. Accessory minerals – apatite, zircon, titanite, and ilmenite.

2 Granodiorite-porphyry Medium-grained porphyritic mesocratic (greenish-grey to light-grey) rock composed of dark-brown biotite
(10–15 vol%), plagioclase (40–50 vol%), K-feldspar (orthoclase and microcline) (15–20 vol%), and quartz
(20–25 vol%). Phenocrysts form 20–50 vol% of the rock, are up to 5 mm across, and are composed of zoned
plagioclase (from andesine-labradorite with 50–60 mol.% anorthite in the core, locally strongly resorbed, to
andesine with 30–40 mol.% anorthite in the rims). Glomeroporphyry aggregates are common. The groundmass is
composed of fine-grained plagioclase (andesine-oligoclase), K-feldspar, quartz and biotite. Graphical and
micropegmatitic textures are common. Microvugs filled by quartz, feldspars, and locally ilmenite and calcite are
present. Accessory minerals include apatite, ilmenite, titanite, allanite, zircon, monazite, rutile, and scheelite. A
more mafic and finer-grained rock petrographically similar to monzodiorite- to quartz monzodiorite-porphyry forms
an outer rim (with sharp contacts) in larger granodiorite-porphyry dikes; this narrow endocontact zone may
represent a marginal zone of early crystallization (i.e., quenched facies) of granodiorite-porphyry.

3 Granite-porphyry Fine-grained porphyritic to aplitic leucocratic (light-grey to white) rock composed of brown biotite (3–5 vol%),
plagioclase (30–35 vol%), K-feldspar (orthoclase and microcline) (20–25 vol%), and quartz (30–35 vol%).
Phenocrysts of plagioclase (andesine-oligoclase), quartz and minor K-feldspar are present, whereas the groundmass
is composed of K-feldspar and quartz. Mirmekites and graphic intergrowths of quartz and feldspars are common,
and spherolitic texture is locally present. Accessory minerals include ilmenite, titanite, apatite, zircon, and rare
garnet. Sagenite is locally present in biotite.
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amphibole, epidote) that replace prograde (typically anhydrous) skarn.
This assemblage is most developed in the prograde pyroxene skarn and
occurs as pervasive to patchy replacement and/or re-crystallization of
fine-grained prograde skarn pyroxene into larger (up to 2 cm long)
euhedral crystals (Fig. 8A). Minor but ubiquitous amphibole (ferroac-
tinolite to actinolite; Table 3) associated with quartz emphasizes the
retrograde character of this skarn. Quartz is consistently present in

retrograde skarn, initially in the interstitions of prograde skarn pyr-
oxene crystals (corroding pyroxene) and then occupying more volume,
as the process develops, with its final dominance and only minor ty-
pically euhedral re-crystallized pyroxene crystals (Fig. 8B). Pyrrhotite
and trace chalcopyrite closely follow the development of quartz and re-
crystallization of pyroxene, and occur as intergranular disseminations
corroding prograde and locally retrograde skarn pyroxene (Fig. 8C) and

Fig. 5. Plots illustrating the chemistry of igneous rocks from the Agylki deposit. (A) SiO2 vs. (K2O + Na2O) diagram for chemical compositions of plutonic rocks
(after Middlemost, 1997). (B) SiO2 vs. K2O diagram (after Peccerillo and Taylor, 1976; Le Maitre et al., 1989). (C) Al/(Na + K) vs. Al/(Ca + Na + K) diagram
defining the alkaline, metaluminous and peraluminous igneous rocks (after Maniar and Piccoli, 1989; Chappell and White, 1992). (D) (K2O + Na2O-CaO) vs. SiO2

diagram defining the alkalic, alkali-calcic, calc-alkalic and calcic igneous rocks (after Frost at al., 2001). (E) Rb vs. (Y + Nb) diagram showing compositional fields of
granitic rocks formed in syn-collisional (syn-COLG), post-collisional (post-COLG), volcanic arc (VAG), within-plate (WPG), and oceanic ridge (ORG) tectonic en-
vironments (after Pearce, 1996). (F) W-SiO2 diagram showing distribution of tungsten in the igneous rocks. The individual rock compositions are from Table 2.
Historical rock compositions are from Flerov et al. (1974) and Gvozdev (2010).

Table 2
Chemical composition of igneous rocks from the Agylki deposit (wt.%, ppm).

Lamprophyre Monzodiorite- to quartz monzodiorite-porphyry Granodiorite-porphyry Granite-porphyry

1 2 3 4 5 6 7 8 9 10 11 12 13 14

wt.%
SiO2 45.22 47.61 51.16 53.01 53.64 55.41 66.97 67.38 67.75 68.10 68.35 68.77 69.12 73.26
TiO2 1.37 1.15 0.81 0.71 1.28 0.89 0.47 0.46 0.45 0.45 0.44 0.42 0.42 0.24
Al2O3 14.81 15.97 15.32 15.53 17.86 17.44 14.12 14.21 14.56 15.28 15.63 15.40 15.21 14.90
Fe2O3 1.44 1.86 3.28 3.12 2.40 2.52 3.16 1.86 1.12 1.10 1.02 1.13 0.96 0.86
FeO 7.50 6.52 5.39 5.32 4.75 4.13 3.32 2.93 3.20 2.98 2.85 3.17 3.01 1.19
MnO 0.28 0.37 0.17 0.15 0.35 0.29 0.02 0.04 0.02 0.02 0.03 0.02 0.02 0.02
MgO 11.92 9.21 6.35 5.80 5.71 5.02 1.10 1.02 1.04 1.01 1.05 1.00 0.96 0.49
CaO 10.12 9.42 6.97 7.16 6.54 6.24 4.25 3.79 3.06 3.01 2.83 2.76 2.74 1.29
Na2O 3.42 3.20 4.72 4.12 3.58 3.45 3.31 3.56 3.51 3.35 3.40 3.28 3.50 3.49
K2O 1.13 1.21 2.60 2.16 2.83 2.95 2.77 3.11 3.21 2.89 2.84 2.79 3.02 4.64
P2O5 0.72 0.67 0.23 0.20 0.32 0.29 0.20 0.18 0.15 0.15 0.14 0.14 0.13 0.06
LOI 1.51 2.62 2.19 1.98 0.55 1.10 0.70 1.07 1.24 1.02 0.95 1.24 0.65 0.41
Total 99.34 99.81 99.19 99.26 99.81 99.73 100.39 99.61 99.31 99.36 99.53 100.12 99.68 100.85

ppm
Ba 743 812 631 617 670 638 483 456 431 449 453 421 410 318
Sr 635 612 516 542 405 428 341 364 312 349 390 328 310 122
Co 43 51 23 20 39 44 7.0 7.9 8.1 7.8 10 8.1 7.4 3.1
Ni 72 84 56 49 70 68 21 28 22 24 25 23 20 14
V 243 203 140 121 129 132 94 88 90 74 61 67 70 15
Cr 78 82 39 23 43 40 4.9 7.2 6.1 4.0 4.2 5.6 4.0 2.2
Li 32 21 40 32 34 35 32 37 34 45 39 40 42 31
Rb 44 56 70 72 73 78 123 142 144 112 140 132 143 154
Be 1.2 1.5 2.1 2.0 1.9 2.3 2.2 3.2 2.8 4.3 3.0 3.2 4.1 3.8
Zr 76 71 102 91 119 115 161 143 155 142 148 140 138 121
Nb 4.5 5.2 8.0 8.4 8.5 8.9 9 11 12 10 9 12 13 15
Y 29 31 26 27 23 28 11 13 15 12 16 18 18 21
Sn 2.3 2.1 4.1 4.0 3.9 4.1 5.8 7.2 4.8 6.1 7.8 8.1 7.3 8.2
Mo 1.1 1.3 2.3 2.4 2.2 2.6 2.2 1.8 3.2 3.4 4.3 5.0 4.6 5.0
W 1.0 1.2 2.5 3.4 1.6 2.0 2.4 4.5 2.9 10.1 15.1 6.2 14.8 16.5
Cs 3.1 2.3 5.5 4.5 4.9 5.0 5.4 6.2 4.3 7.4 5.0 4.8 6.8 5.4
Hf 2.1 2.2 3.1 3.0 3.4 3.2 7.9 6.2 5.4 6.2 6.6 6.1 4.8 3.9
Ta 0.72 0.78 0.84 0.90 0.92 1.0 1.2 1.4 1.5 1.3 1.1 1.5 1.3 1.7
Th 9.2 11.4 12.1 10.8 11.2 10.0 10.4 11.3 10.6 12.1 11.0 11.3 10.5 10.4
U 2.4 2.7 4.3 4.1 3.5 3.0 2.3 2.6 2.4 3.7 4.0 4.6 3.8 3.5
Cu 15 20 54 39 32 40 34 38 43 21 44 120 30 44
Zn 25 38 58 43 34 47 49 62 38 30 45 69 65 39
Pb 18 24 31 27 26 30 36 48 27 21 35 47 42 29
La 71 66 49 61 39 43 32 37 34 39 29 41 35 24
Ce 123 118 87 92 62 71 57 72 54 70 41 68 62 40
Pr 15 14 6.9 8.0 8.2 7.1 2.4 3.2 3.1 4.4 2.9 3.2 4.0 3.4
Nd 52 57 36 39 29 31 35 29 35 31 32 38 31 29
Sm 10 13 8.1 7.2 6.5 7.2 5.4 5.1 5.6 6.2 6.5 6.4 5.9 6.7
Eu 2.7 2.4 1.2 1.3 1.3 1.2 1.1 1.1 1.2 1.0 1.0 0.9 0.9 0.7
Gd 7.6 8.1 3.3 3.2 3.4 3.5 4.2 4.1 4.4 4.0 4.5 4.3 4.6 4.0
Tb 1.1 1.2 0.82 0.89 0.83 0.80 0.63 0.66 0.71 0.68 0.66 0.74 0.67 0.88
Dy 6.8 7.2 3.6 4.0 3.8 4.0 4.2 4.4 4.1 4.0 3.8 4.5 4.8 4.3
Ho 1.4 1.5 0.67 0.72 0.67 0.75 0.79 0.84 0.92 0.80 0.74 0.83 0.88 0.81
Er 5.2 4.3 3.1 3.4 3.2 3.5 2.9 2.2 2.8 2.5 2.5 2.6 2.3 2.2
Tm 0.58 0.61 0.46 0.45 0.50 0.49 0.36 0.38 0.37 0.40 0.44 0.43 0.45 0.38
Yb 3.2 3.6 2.2 2.4 2.4 2.3 1.7 1.8 2.0 1.8 2.2 2.3 2.0 1.7
Lu 0.61 0.52 0.44 0.41 0.40 0.42 0.33 0.30 0.34 0.26 0.41 0.35 0.36 0.30
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then forming larger aggregates. Retrograde skarn pyroxene is dark-
green and most enriched in FeO and MnO (71–81 mol.% hedenbergite
and up to 11 mol.% johannsenite). Retrograde skarn garnet replaces the
prograde skarn garnet, typically as outer rims and also as a granular
aggregate; it is brownish-red to red (Fig. 7B), subcalcic (cf. Newberry,
1983), slightly less andraditic (11–26 mol.% andradite), and contains
12–31 mol.% spessartine + almandine (Fig. 7B; Table 3). Scheelite
forms fine-grained (0.1–0.5 mm) disseminations. It has yellowish-white
luminescence in ultraviolet light and slightly elevated (~0.3–0.4 wt%)
Mo content. The retrograde skarn typically contains< 0.5 wt% WO3.

7.3. Propylitic alteration

Propylitic (hydrosilicate) alteration has intense development and

overprints prograde and retrograde skarns. It includes pyroxene- and
garnet-free quartz-amphibole, locally oligoclase-amphibole-quartz,
amphibole-chlorite-quartz, and quartz-epidote-clinozoisite-prehnite as-
semblages (Fig. 7C-E). The quartz-phlogopite ± amphibole ±
plagioclase (oligoclase-albite) assemblage developed in biotite hornfels
adjacent to the altered skarn as well as in dikes of monzodiorite- and
quartz-monzodiorite-porphyry can also be assigned to propylitic al-
teration. Amphibole is represented by a low-Fe variety (actinolite to
tremolite; Table 3) as compared to the retrograde skarn amphibole.
Epidote, clinozoisite and prehnite are ubiquitous and are closely asso-
ciated with pyrrhotite and particularly chalcopyrite. Chlorite is re-
presented by clinochlore (penninite), locally by ripidolite and other
varieties (Naiborodin, 1959). These assemblages replacing pyroxene
skarn(s) typically contain pyrrhotite that tends to be abundant

Fig. 6. Sequence of hydrothermal alteration assemblages and intrusive phases at the Agylki deposit.
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(> 50 vol%) and forms massive to banded accumulations replacing
pyroxene and other skarn minerals, with the development of pyrrhotite-
amphibole, pyrrhotite-quartz and pyrrhotite-only aggregates (Fig. 7C-E,
8D-E). Thin layers of biotite hornfels occurring within the carbonate
unit are almost entirely replaced by pyrrhotite, with minor amphibole,
chlorite and quartz. Pyrrhotite is the most abundant sulfide mineral
locally forming massive aggregates; it is accompanied by subordinated
chalcopyrite (Fig. 9A). Scheelite is ubiquitous, particularly in associa-
tion with amphibole, calcite and pyrrhotite, where small to large
(1–2 mm to 0.5–1 cm) short prismatic or bipyramidal crystals and their
aggregates are present (Fig. 7D, 8D-E). It has a white luminescence in
ultraviolet light and a low Mo content (0.1–0.2 wt% Mo). Retrograde
skarn overprinted by propylitic alteration typically contains 0.5–1 wt%
WO3.

7.4. Quartz-sericite-carbonate (phyllic to carbonate-phyllic) alteration with
scheelite and sulfides

This alteration is most distinctly associated with granodiorite- and
granite-porphyry dikes that crosscut the skarn zone (Figs. 3, 4); it oc-
curs in narrow transverse zones in the form of dense stockworks (up to
2 m wide) and intervals of pervasive replacement enriched in quartz
and sericite (Fig. 7F-H, 8F-H). The mineral assemblage contains domi-
nant quartz, muscovite (sericite), minor carbonates (siderite, ankerite,
calcite; up to 20 vol%), albite and chlorite (up to 10 vol% each), rare
biotite, and trace colorless to light-green fluorite. Apatite is locally
abundant, particularly in association with scheelite, where it forms
aggregates of coarse crystals (up to 1 cm across; Fig. 8G). Quartz
dominates in the central parts of phyllic alteration zones, is locally

coarse-grained, with or without typically coarse-grained muscovite
(sericite), whereas the intermediate parts include medium- to fine-
grained quartz, muscovite (sericite), locally carbonate, albite, and the
outer parts are composed of fine-grained quartz-sericite-carbonate ±
chlorite aggregate. Biotite is locally present in the outer parts of phyllic
alteration zones intersecting biotite hornfels. Scheelite is ubiquitous
and is represented by low-Mo (typically ~0.02–0.05 wt% Mo) variety
exhibiting blue luminescence in ultraviolet light. It forms typically di-
pyramidal crystals, is locally coarse-grained (up to 2 cm across), with
correspondingly high (in excess of 3 wt%) WO3 grades in some inter-
vals. Overall sulfide content in zones of phyllic alteration is much lower
than that in zones of pyrrhotite-rich propylitic alteration; as a result,
phyllic alteration overprint causes decreasing sulfide content in altered
skarns. However, zones of phyllic alteration contain a much greater
variety of sulfide and sulfosalt species.

Arsenopyrite is an early mineral of this stage; it locally forms
monomineralic aggregates up to 1.5 m across, typically cataclased, and
is common in other locations as fine-grained dissemination (up to
10 vol%; Fig. 8F, 9B). Chalcopyrite (occasionally with minor sphalerite
and/or stannite emulsion) and pyrrhotite represent new (late) genera-
tion(s) of these minerals and post-date arsenopyrite in phyllic alteration
assemblages; their content typically ranges between 5 and 10 vol%.
Native bismuth is closely associated with scheelite and chalcopyrite
(Fig. 9C-D). Trace bismuthinite, tetrahedrite and tetradymite postdate
chalcopyrite and native bismuth. Brown to dark-brown sphalerite post-
dates massive chalcopyrite; it is locally accompanied by stannite, native
bismuth and/or bismuthinite (Fig. 9E-F). Galena occurs sporadically
and post-dates sphalerite. Sphalerite contains 3.55–7.35 wt% Fe and up
to 1.4 wt% Cd; galena contains 0.4–1.4 wt% Ag and 2.0–4.35 wt% Bi

Fig. 7. Photographs showing some varieties of hydrothermal alteration at the Agylki deposit. A. Remnant of biotite hornfels in prograde pyroxene skarn. B.
Retrograde skarn with subcalcic garnet (red garnet, rich in almandine + spessartine), pyroxene and quartz. C. Retrograde pyroxene-quartz skarn is replaced by
propylitic pyrrhotite-amphibole-quartz assemblage. D. Propylitic assemblage with massive pyrrhotite, quartz, amphibole and abundant scheelite. E. Pyrrhotite-quartz
aggregate in zone of propylitic alteration replacing pyroxene skarn. F. Coarse-grained quartz-sericite (phyllic alteration) aggregate with abundant scheelite replacing
granodiorite-porphyry dike. G. Quartz-sericite-carbonate (carbonate-phyllic alteration) assemblage with scheelite, pyrrhotite and chalcopyrite replacing skarn. H.
Abundant scheelite and minor sulfide minerals in a zone of quartz-sericite-carbonate (phyllic, or carbonate-phyllic) alteration. Abbreviations: Px – pyroxene, Grt –
garnet, Amp – amphibole, Qz – quartz, Sch – scheelite, Ccp – chalcopyrite, Po - pyrrhotite.
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(Gvozdev, 2002). Trace wolframite and stibnite are locally present
(Naiborodin, 1959; Dorofeev, 1961). Native gold is represented by
several generations; an early generation (fineness 920–850‰) is asso-
ciated with native Bi and occurs as microinclusions in chalcopyrite and
pyrrhotite (Fig. 9G). Late generation(s) of native Au and electrum (fi-
neness from 800–700‰ to 600–300‰) are associated with bismuthi-
nite (Fig. 9H), jamesonite and/or tetradymite (Flerov et al., 1974), and
other Bi-Te and/or Au-Te minerals. Gvozdev (2002) reported an early
native bismuth-bismuthinite and a late galena-sulfobismuthite assem-
blage; the latter is more widespread and comprises Pb-Sb-Bi sulfosalts
and Te minerals (Bi-jamesonite, Sb-kobellite, Sb-bismuthinite, hessite,
bournonite, cozalite, zhozeite-B, hedleyite, etc.) as well as a later gen-
eration of native gold.

8. Fluid inclusion analysis

8.1. Fluid inclusions in prograde and retrograde skarn minerals

No fluid inclusions confidently regarded as primary ones and
without post-entrapment modifications (cf. Roedder, 1984) have been
identified in prograde skarn minerals. Consistently, the study involved
fluid inclusions in retrograde skarn minerals.

Primary type 1 fluid inclusions were observed in pyroxene, quartz,
and scheelite from the retrograde skarn, typically as isolated in-
dividuals (Fig. 10A-E; Table 4). They contain 1–3 anisotropic colorless
(to semi-transparent white) solid phases, and a small (10–20 vol%) gas
bubble. No halite or sylvite was identified. On freezing/warming, type 1
fluid inclusions exhibit eutectic melting temperatures at −34 °C to
−31 °C (indicating dominant NaCl but with an admixture of MgCl2;
Crawford, 1981), and final ice melting temperatures of −13.5 to
−10.1 °C. In the pure NaCl-H2O system, this corresponds to a salinity of
14.0–17.3 wt% NaCl (Table 4; Bodnar and Vityk, 1994). On heating, the
gas bubble disappears at 320–340 °C (Table 4).

8.2. Fluid inclusions in propylitic alteration minerals

Primary and pseudosecondary fluid inclusions in quartz and
scheelite from the propylitic alteration assemblage occur mostly in
clusters and are represented by liquid-gaseous type 2 inclusions con-
taining a medium- to small-sized (30–40 vol% to 15–20 vol%) gas
bubble (Fig. 10F-I; Table 4). No halite or sylvite was identified. On
freezing/warming, type 2 fluid inclusions exhibit eutectic melting
temperatures below −50 °C (up to −55 °C) indicating the presence of
CaCl2 (Crawford, 1981), and final ice melting temperatures of −9.8 to
−5.7 °C. In the pure NaCl-H2O system, this corresponds to salinity of
13.7–8.8 wt% NaCl (Table 4; Bodnar and Vityk, 1994). On heating, the
gas bubble in type 2 fluid inclusions with variable gas/liquid ratio
disappears at a broad range of temperatures from 220 °C to 290 °C
(Table 4).

8.3. Fluid inclusions in minerals from quartz-sericite-carbonate (phyllic to
carbonate-phyllic) alteration

Primary and pseudosecondary fluid inclusions found in quartz and
scheelite from these alteration zones are represented by two (older and
younger) fluid inclusion assemblages occurring in clusters and short
trails in minerals. The older assemblage is represented by coexisting
essentially gaseous (80–100 vol% gas) type 3A and liquid-gaseous
(30–40 vol% gas) type 3B inclusions, both containing variable amounts
of carbonic species (Fig. 10J-L). On warming after freezing, CO2

melting in type 3A inclusions occurs at −64.0 + 0.3 °C indicating
significant methane contents. Further warming reveals the tempera-
tures of carbonic phase homogenization to liquid at −15 to −10 °C
(Table 4). This allows estimation of CH4 mole fraction at 0.4 (40 mol.%)
and molar volume of carbonic phase of 70–75 cm3/mole (Thiery et al.,
1994). In type 3B inclusions, on warming after freezing, a phase of CO2Ta
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melts at −61.0 to −60.5 °C indicating also significant methane con-
tent; further warming reveals the temperatures of carbonic phase
homogenization to liquid at +10 to +15 °C (Table 4). Clathrate
melting in type 3B inclusions occurs at +10 to +12 °C, thus confirming
a high methane content (Burruss, 1981). High methane content pre-
cluded from defining fluid salinity by clathrate melting temperature. On
heating, type 3B inclusions homogenize into the liquid phase (by car-
bonic phase dissolution in water) at 280–320 °C (Table 4).

A younger generation of primary to secondary fluid inclusions in the
phyllic alteration minerals is represented by liquid-gaseous (15–30 vol
% gas) type 4 inclusions (Fig. 10M-P; Table 4). These inclusions, on
freezing/warming, exhibit eutectic melting temperatures at −25 °C to
−20 °C (indicating dominant NaCl; Crawford, 1981), and final ice
melting temperatures of −14.0 to −10.0 °C. In the pure NaCl-H2O
system, this corresponds to a salinity of 14.0–17.8 wt% NaCl (Bodnar
and Vityk, 1994). On heating, type 4 inclusions homogenize into the
liquid phase at 200–250 °C (Table 4).

8.4. Temperature and pressure estimate

The petrologic data on hydrothermal alteration mineral paragenesis
allow estimates of the respective temperature and pressure conditions.
In particular, due to the lack of wollastonite, the temperature of the
prograde skarn formation can be estimated within a lower range of
600–450 °C (Burt, 1977; Einaudi et al., 1981; Johnson and Norton,
1985; Meinert, 1992; Meinert et al., 2005). This is consistent with the
stability of andradite-grossular garnet (10–40 mol.% grossular) at

temperatures of 500–600 °C and pressures of 1500–2000 bars under
low XCO2 (< 0.1) (Taylor and Liou, 1978), whereas diopside to diop-
side-hedenbergite pyroxene is stable at lower temperatures extending
to ~450 °C (Gustafson, 1974). The retrograde skarn was formed at a
thermal decline evident by expanded stability of hydrous silicates
(amphibole, epidote, etc.), with andradite-grossular garnet becoming
unstable at temperatures below 400 °C (Johnson and Norton, 1985).
Hedenbergitic pyroxene is stable to temperatures below 400 °C
(Gamble, 1982), and this corresponds to the lower temperature limit of
retrograde skarn formation. Amphibole (tremolite) in low-CO2 fluids
(XCO2 < 0.3) and 2000 bars of total pressure is stable to ~430–390 °C
(Einaudi et al., 1981); this corresponds to a transition from retrograde
skarn to propylitic alteration, with chlorite stability extending further
to lower temperatures (Jowett, 1991). Epidote is stable at temperatures
as low as ~250 °C under pressures of 2–3 kbars, whereas prehnite
stability extends further to temperatures of ~200 °C and pressures
of< 2 kbars (Liou, 1993). Thus, ubiquitous epidote and prehnite in-
dicate an evolution toward the lower temperature-lower pressure con-
ditions during propylitic alteration at Agylki.

The gas bubble homogenization temperatures measured for type 1
fluid inclusions in minerals of the retrograde skarn (320–340 °C;
Table 4) are lower than the possible temperatures of retrograde skarn
formation estimated to be at the lower part of the ~450–600 °C range.
Attributing this difference to the respective pressure correction, pres-
sure can be estimated for multiphase type 1 inclusions using the data on
isochores for H2O-NaCl solution of salinities most closely corresponding
to those defined in this study (i.e., about 15–20 wt% NaCl-eq.) (Fig. 11).

Fig. 8. Photomicrographs showing relationships of minerals from the Agylki deposit. A. Fine-grained pyroxene in prograde calcic skarn weakly replaced by coarser-
grained retrograde skarn minerals (thin section). B. Quartz-pyroxene retrograde skarn; re-crystallized pyroxene tends to become euhedral (thin section, nicols
crossed). C. Fine-grained pyroxene of prograde calcic skarn is replaced by coarser-grained retrograde skarn pyroxene-quartz-pyrrhotite assemblage (thin section). D.
Retrograde pyroxene skarn is replaced by propylitic quartz-amphibole-pyrrhotite assemblage with scheelite (thin section). E. Massive pyrrhotite with amphibole and
scheelite (propylitic alteration) (thin section, nicols crossed). F. Scheelite and arsenopyrite in a zone of phyllic (to carbonate-phyllic) alteration (thin section, nicols
crossed). G. Scheelite and apatite in a zone of phyllic (to carbonate-phyllic) alteration (thin section, nicols crossed). H. Quartz-scheelite veinlet in a zone of phyllic (to
carbonate-phyllic) alteration (thin section, nicols crossed). Abbreviations: Qz – quartz, Px – pyroxene, Cb – carbonate, Amp – amphibole, Ap – apatite, Ms –muscovite
(sericite), Sch – scheelite, Po – pyrrhotite, Apy - arsenopyrite.
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These estimates yield a moderate pressure of 1.4 ± 0.2 kbars
(Table 4), which correspond to a depth of ~5–6 km assuming lithostatic
conditions (Fournier, 1999).

Similarly, the gas bubble homogenization temperatures measured
for type 2 fluid inclusions in minerals of propylitic alteration (220 °C to
290 °C; Table 4) are lower than the temperatures of fluid inclusion
entrapment in these mineral assemblages at Agylki. The latter can be
assumed at ~350–400 °C during the early propylitic alteration at
Agylki, which is consistent with the abundance of amphibole and
chlorite, later evolving to ~350–300 °C, as evidenced by the presence of
epidote and prehnite. Again, pressure can be estimated for type 2 in-
clusions using the data on isochores for H2O-NaCl solution of salinities
most closely corresponding to those defined in this study (i.e., about
10–15 wt% NaCl-eq.) and the respective temperatures of mineral de-
position (i.e., true temperatures of fluid inclusions entrapment) defined
by mineral paragenesis at 400–350 °C to 350–300 °C (Fig. 11). These
estimates yield pressures of 1.1 to 0.8 kbar (Table 4), which correspond
to a depth of ~4 km assuming lithostatic conditions (Fournier, 1999).

The presence of coexisting essentially gaseous type 3A and aqueous-
gaseous type 3B inclusions in the same clusters supports their con-
temporaneous entrapment in the two-phase immiscibility field. If so,
the trapping pressures for these fluid inclusions can be established using
the trapping temperatures, the densities for type 3A fluid inclusions,
and the equation of state for the CH4-CO2 system (Bakker, 2003).
Considering the possibility of heterogeneous fluid entrapment, the
measured temperatures of type 3B fluid inclusion homogenization
(280–320 °C) are taken as true entrapment temperatures. The densities

of carbonic phase containing CH4 in addition to CO2 can be determined
by the diagrams from Thiery et al. (1994), using final CO2 phase
melting and carbonic phase homogenization temperatures measured.
Accordingly, a density of 70–75 cm3/mole under CH4 mole fraction of
0.4 has been determined for type 3A inclusions; considering fluid in-
clusions entrapment at 280–320 °C and using the computing programs
of Bakker (2003), a pressure of ~0.9 ± 0.1 kbar has been obtained.

The pressures estimated for the fluid inclusions entrapment during
the phyllic alteration stage correspond to a depth of ~4 km assuming
lithostatic conditions (Fournier, 1999). These estimated trapping pres-
sures would be consistent with the porphyry features of the dikes at
Agylki, thus indicating hypabissal levels. Thus, this depth of deposit
formation was similar or shallower than that at many other reduced W
skarn deposits (Gerstner et al., 1989; Yuvan, 2006; Guy et al., 1988;
Fonteilles et al., 1989; Soloviev et al., 2017a,b; Soloviev and Kryazhev,
2017, 2018a).

9. Discussion

The Agylki W deposit is a large (> 100 Kt WO3) and high-grade
(1.27% WO3) tungsten skarn deposit in the Verkhoyansk fold-and-
thrust orogenic belt, and consistently is one of the largest W and spe-
cifically W skarn deposits in Eastern Siberia. Furthermore, it is one of
the largest W skarn deposits in the Northwest Pacific. The deposit bears
distinct signatures of the reduced type of W skarn deposits; thus,
comparison of these deposits can contribute to establishing an in-
tegrated geological-genetic model of this type of mineral systems. The

Fig. 9. Photomicrographs of polished sections showing relationships of Bi and Au minerals in propylitic and phyllic (to carbonate-phyllic) alteration assemblages at
the Agylki deposit. A. Early chalcopyrite and pyrrhotite form intergrowths with amphibole in zone of propylitic alteration overprinting skarn. B. Chalcopyrite
microveinlet with sphalerite and bismuthinite in brecciated arsenopyrite (phyllic alteration). C. Rounded (droplet-like) microinclusion of native bismuth in scheelite.
D. Native bismuth in a microveinlet along scheelite grain boundary. E. Stannite and sphalerite with apatite, chalcopyrite and pyrrhotite. F. Sphalerite and native
bismuth form microveinlet in pyrrhotite. G. Native bismuth and native gold on the edges of chalcopyrite aggregate. H. Chain of microinclusions (part of a micro-
veinlet?) of native gold and bismuthinite in chalcopyrite. I. Native bismuth and a Bi-Te phase replacing pyrrhotite and chalcopyrite. Abbreviations: Qz – quartz, Sch –
scheelite, Apy – arsenopyrite, Po – pyrrhotite, Ccp – chalcopyrite, Sp – sphalerite, St – stannite, Au – native gold, Bi – native bismuth, Btt – bismuthinite, BiTe – Bi-Te
mineral.
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presence of significant W mineralization in the reduced-type skarns,
together with dominating reduced intrusion-related to orogenic type Au
deposits in the Verkhoyansk-Kolyma orogenic system, highlights the
Au-W geochemical association in the post-subduction tectonic settings
(e.g., Thompson et al., 1999).

The Agylki deposit bears signatures of the reduced type of W skarn
deposits, thus complementing this deposit group (type) (Sato, 1980;
Einaudi et al., 1981; Kwak and White, 1982; Dick and Hodgson, 1982;
Kwak, 1987; Meinert et al., 2005; Soloviev et al., 2017a,b; Soloviev and
Kryazhev, 2017, 2018a). Such signatures include its association with a
pluton of the transitional magnetite-ilmenite series, dominance of
pyroxene skarn (with minor garnet skarn), abundance of pyrrhotite and
lack of magnetite in skarns and post-skarn alteration assemblages, high
hedenbergite and elevated johannsenite contents in pyroxene, together

with high grossular and almandine + spessartine contents in garnet,
low Mo content in scheelite and other features indicating low fO2

conditions of the deposit formation (cf. Meinert et al., 2005). Fluid
inclusion data further support a reduced environment, as methane is
abundant in the fluids at Agylki, similarly to that at other reduced W
skarn deposits (Bowman et al., 1985; Mathieson and Clark, 1984;
Gerstner et al., 1989; Yuvan, 2006; Soloviev et al., 2017a,b; Soloviev
and Kryazhev, 2017, 2018a). By its reduced W skarn signatures, Agylki
differs from other W (mainly oxidized-type) deposits in the Ver-
khoyansk-Chukotka metallogenic province, which are situated in dif-
ferent terranes, are related to magnetite-series intrusions, and comprise
garnet-dominant skarns with high-Mo scheelite (Goryachev et al.,
2018).

Fig. 10. Types of fluid inclusions in minerals from various hydrothermal alteration assemblages at the Agylki deposit. A-C. Multisolid type 1 fluid inclusions in
pyroxene from retrograde skarn (C– larger view). D-E. Multisolid type 1 fluid inclusions in scheelite from retrograde skarn (E – larger view). F-G. Liquid-gaseous type
2 fluid inclusions in quartz from propylitic alteration assemblage (G – larger view). H-I. Liquid-gaseous type 2 fluid inclusions in scheelite from propylitic alteration
assemblage. J. Coexisting gaseous-liquid type 3A and liquid-gaseous type 3B fluid inclusions in quartz from phyllic (to carbonate-phyllic) alteration assemblage. K-L.
Coexisting gaseous-liquid type 3A and liquid-gaseous type 3B fluid inclusions in scheelite from phyllic (to carbonate-phyllic) alteration assemblage. M−P. Liquid-
gaseous type 4 fluid inclusions in quartz from phyllic (to carbonate-phyllic) alteration assemblage (M−N – fluid inclusions near chalcopyrite-native bismuth-bismuth
telluride aggregate, N – re-focused view, O – larger view).
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9.1. Regional tectonic and metallogenic setting: global analogies

The regional tectonic setting of the Agylki deposit corresponds to an
accretion-collisional terrane that was established in the outer (periph-
eral) zone of the Verkhoyansk-Kolyma orogenic system during the ac-
cretion and early-collisional stages, with subsequent formation of the
Verkhoyansk fold-and-thrust belt in the Late Jurassic- Early Cretaceous
(cf. Parfenov, 1995; Parfenov and Kuzmin, 2001; Goryachev et al.,
2018). Layer et al. (2001) distinguished two stages of tectonic and
magmatic activity in south-western part of the Verkhoyansk-Kolyma
orogenic system, where the early subduction event along the south-
western margin of the Kolyma-Omolon supperterrane, part of this
system, with apparent ages of ca. 160–140 Ma, was followed by a su-
perposed collisional event dated at 143–138 Ma. These tectonic phases
are interpreted to represent subduction under and accretion to Asia
followed by local extension (Layer et al., 2001). Goryachev (1999)
highlighted the role of the Late Jurassic-Early Cretaceous (150–130 Ma)
accretion-collisional, locally also transform-like translation, processes
and corresponding formation of the Verkhoyansk fold-and-thrust belt
and the activation of magmatic sources both in the granitic-meta-
morphic basement (including its lower parts) and overlying sedimen-
tary sequences. This was followed by the formation of the metallogenic
belts comprising dominant orogenic-type and intrusion-related Au mi-
neralization, the latter most distinctly associated with the series of Late
Jurassic-Early Cretaceous granitoid dikes (Goryachev, 1999; Volkov
et al., 2010).

The model of accretion-collision to transform-like translation was
suggested for many regions hosting reduced-type W skarn deposits
globally and specifically in the North Pacific. In particular, in the
Northwest Pacific (Sikhote-Alin orogenic system), subduction in the
Triassic-Late Jurassic was accompanied by the development of the
Jurassic accretionary prism, with establishing a transform plate margin
and a strike-slip displacement of the early Paleozoic continental blocks,
initiation of turbidite basins, and intense deformation of the Jurassic
and Early Cretaceous terranes (Khanchuk et al., 2016). In the Early to
early Late Cretaceous, numerous granitoid suites with mixed mantle-

crustal signatures were emplaced including those accompanied by Au
deposits as well as reduced W skarn deposits (Vostok-2, Lermontovskoe,
Skrytoe; e.g., Soloviev et al., 2017a,b; Soloviev and Kryazhev, 2017).
Asthenospheric mantle upwelling through a slab window and sub-
continental lithosphere delamination represent the two possible me-
chanisms to explain the widespread melting of crustal rocks and em-
placement of the Early to early Late Cretaceous granitoid suites
exhibiting mixed crustal-mantle geochemical signatures, specifically
those accompanied by reduced W skarn deposits (e.g., Jahn et al.,
2015).

Similarly, in the Northeast Pacific (northern Canadian Cordillera,
Selwyn Basin), voluminous Cretaceous magmatism followed subduction
and accretion along the ancestral west coast of North America, when
Proterozoic metasedimentary rocks and Cambrian to Devonian passive
margin rocks were deformed into an outer fold-and-thrust belt with
transpressional structures (e.g., Nelson and Colpron, 2007; Rasmussen
et al., 2011). Khudoley (2003) has further demonstrated similarities in
the tectonic evolution of passive continental margins that were devel-
oped to the east of the Siberian craton and to the west of the North
American craton, respectively. Large reduced W skarn deposits (Can-
Tung, MacTung) in the Selwyn Basin are associated with Cretaceous
intrusions derived due to mingling of ascending mafic magmas with
silicic magmas, the latter generated from the accretionary complex,
producing hybrid I-S type granitoid magma (Rasmussen et al., 2011).

Consistently, reduced W skarn deposits appear to be typical for the
tectonic settings in accretion-collisional, locally transform-type, outer
(pericratonic) thrust-and-fold belts developed over passive continental
margins, to various degree subjected to collisional granitoid magma-
tism with mixed mantle-crustal geochemical signatures. This differs
reduced W skarn deposits from oxidized W-Mo-Cu skarn deposits
formed in subduction-related settings and associated with the magne-
tite-series intrusions (e.g., Meinert, 1995). This also differs reduced W
skarn deposits from redox-intermediate W-Mo skarn deposits formed in
the post-collisional to within-plate orogenic settings that were char-
acterized by a greater contribution from a long-term radiogenic source
such as an old continental crust, rather than from accretionary type

Fig. 11. Pressure estimates for the forma-
tion conditions of retrograde skarn and
propylitic alteration at the Agylki deposit
using the type 1 and 2 fluid inclusion (FI)
homogenization temperatures (Table 4) and
the temperatures estimated by mineral
paragenesis. The liquid–gas curves and iso-
chors (corresponding to various salinities,
wt% NaCl) are from Roedder (1984).
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reservoirs, in the formation of parental granitoids, with an increasing
Mo endowment in regions with thicker continental crust (e.g., Soloviev
and Kryazhev, 2018, 2019).

9.2. Igneous rocks: magma sources and evolution

The parental plutonic suite at Agylki comprises ilmenite-titanite-
bearing, medium- to high-K calc-alkaline, metaluminous to per-
aluminous I-type granitoid rocks. On the Fe2O3/FeO vs. Rb/Sr diagram
(Fig. 12A), the rocks are plotted in the W and Au(+Bi) deposit fields.
The latter is consistent with the regional association of most intense W
and Au mineralization with this or a similar Late Jurassic-Early Cre-
taceous dike suite (Goryachev, 1999; Volkov et al., 2007). As compared
to the igneous suites related to some other reduced W skarn deposits
(Newberry, 1998; Newberry and Swanson, 1986; Rasmussen et al.,
2011; Rasmussen, 2013; Soloviev et al., 2017a,b; Soloviev and
Kryazhev, 2018a), the rocks are characterized by lower Al saturation
index, with correspondingly lesser peraluminous signature, under lesser
enrichment in K (Fig. 12B–C).

The Agylki igneous rocks are distinctly divided into two groups with

contrasting composition, the early group of mafic (monzodiorite- to
quartz monzodiorite-porphyry) composition, and the late group of si-
licic (granodiorite- to granite-porphyry) composition. Consistently, if
the first group shows a strong metaluminous signature, moderate to
strong enrichment in K, Mg, Ti and P, the second group exhibits tran-
sitional metaluminous to peraluminous compositions, with much
stronger enrichment in Ca and depletion in K, Ti and P, together with an
enrichment in Zr and Hf (Fig. 13). This may indicate different magma
sources. Specifically, a deeper (possibly mantle-related) mafic magma
source can be envisioned for the first group, whereas a dominantly
crustal magma source may have produced the second group rocks.
Moreover, there is a certain geochemical affinity of the monzodiorite-
to quartz monzodiorite-porphyry to the older lamprophyre dikes that in
expressed in the low Nb but elevated Ta, Nd, Sm contents in the both
rock varieties (Fig. 13). This affinity is further preserved in the grano-
diorite-porphyry, thus suggesting that the granitoid magma could be
induced at crustal levels under an influence of much deeper, mantle-
derived magma. Notably Nikonov (2004) suggested that lamprophyre
dikes may represent precursors to more intense granitoid magmatism
accompanied by Au deposits in the Verkhoyansk-Kolyma orogenic

Fig. 12. A. Compositions of the igneous rock from the Agylki deposit shown on the schematic plot of degree of fractionation (Rb/Sr ratio) versus the oxidation state
(Fe2O3/FeO) for igneous rocks associated with Cu-Au, W-Mo, Au-(Bi) and Sn mineralization (Baker et al., 2005). B-C. Comparison of compositions of the igneous
rocks from the Agylki deposit with igneous rocks from some other reduced W skarn deposits (Soloviev and Kryazhev, 2018a). The individual rock compositions are
from Table 2.
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system. Overall, this is consistent with a common participation of
mantle-derived, possibly potassic lamprophyric melts and crustal
granitoid magmas in transitional weakly-reduced to weakly-oxidized,
metaluminous to weakly peraluminous I- to hybrid I-S type igneous
suites parental for reduced intrusion-related Au and W deposits (Hart
et al., 2004a,b; Hart, 2007; Mair et al., 2006, 2011; Rasmussen et al.,
2011). As emphasized by Rasmussen et al. (2011), Newberry and
Swanson (1986) and Newberry (1998), “economic W deposits are not
associated with magmas solely derived from partial melting of meta-
sedimentary rocks, and true S-type magmas are not capable of produ-
cing economic W mineralization”. Igneous association formed due to

melting of different protoliths at different depths followed by nearly
simultaneous intrusion of geochemically-contrasting magmas are
common in collision-related orogenic systems; this process could cor-
respond to a progressing ascent of hot asthenospheric material in a late-
to post-collisional environment (e.g., Jahn et al., 2015). Larger grani-
toid intrusions (with more pronounced S-type signatures) found in the
deposit area post-date reduced W skarn at Agylki and are accompanied
by weak Sn-W mineralization. This corresponds to a generally later
(than reduced W skarn deposits) development of Sn-W mineralization
in collisional orogenic systems (Soloviev, 2008).

Various models of the magma mingling and mixing can be

Fig. 13. Primitive mantle-normalized extended trace element spider diagrams (normalization with respect to Sun and McDonough, 1989) and rare earth element
chondrite-normalized diagrams (normalization with respect to McDonough and Sun, 1995) for the igneous rock from the Agylki deposit. The individual rock
compositions are from Table 2.
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suggested, particularly due to the presence of sharply zoned, locally
resorbed, plagioclase phenocrysts and rounded (resorbed) quartz phe-
nocrysts in granodiorite-porphyry (e.g., Hibbard, 1981). Thus, it can be
speculated that the granodiorite magma itself may represent a product
of mingling/mixing of more mafic and silicic magmas. This process
could be affecting solubility of fluid species and metals in the magma,
thus facilitating their transition to an exsolving hydrothermal fluid.
This would particularly affect solubility of carbonic and other species
(P, etc.) that are incompatible with granitoid compositions; this me-
chanism would be an efficient tool for liberating dissolved species
specifically in view of insignificant degree of fractionation, the latter
evidenced by relatively small Eu anomalies in the granodiorite-por-
phyry (Fig. 13; cf. Rasmussen et al., 2011). Nevertheless, progressing
magmatic differentiation could be responsible for W accumulation in
more fractionated rock varieties (Fig. 5F). Graphic and micropegmatitic
quartz-feldspar intergrowths as well as microvugs filled with quartz,
feldspars, and locally calcite observed in granodiorite-porphyry in-
dicate that the magma has reached saturation in respect with water and
possibly CO2.

9.3. Integrated vertical model of W skarn deposits: Structural and
lithological aspects

The structural setting of the Agylki deposit can be interpreted in the
context of spatial evolution of various structural types of mineralized
zones relative to a causative intrusion observed at W skarn deposits

(Fig. 14). Specifically, it may correspond to an upper, most distal
structural level occurring within 1–2 km above the main pluton contact,
where igneous rocks form dike swarms and occasional small stocks,
whereas larger intrusions are revealed by geophysical data at a depth.
At this level, flat-lying (“stratified”) lenticular and occasionally tabular
skarn zones can be formed in flat-lying to shallow-dipping lithologies.
Such flat-lying skarn zones are absent in steeper-dipping units, how-
ever, it appears that they may be associated with thrust-faults. Multiple
“horizons” of lenticular mineralized skarn zones replacing favorable
(Ca-rich) lithologies and alternating with barren layers can be formed.
Notably the deposit remains underexplored due to insufficient depth of
historical drill holes, which were terminated shortly after intersecting
the mineralized skarn zone. Meantime, flat-lying mineralized skarn
zones forming multi-level systems above an intrusion were demon-
strated at the Skrytoe reduced W skarn deposit (e.g., Soloviev and
Kryazhev, 2017). Distal shallow-dipping mineralized W skarn zones are
also known at oxidized and redox-intermediate W skarn deposits such
as Sangdong (South Korea; Kim et al., 1988).

Deeper, more proximal to a causative pluton, structural levels can
comprise steep-dipping tabular skarn zones as well as various contact
(frontal) lens-like and veined skarns evolving to, locally - branching and
other complex-shaped skarn zones (Fig. 14). They are associated with
steep pluton apophyses and stocks merging with the main pluton to a
depth and/or by local fault zones, steep dike swarms and other features
typically occurring above the main pluton. This complexity is further
complicated at yet deeper levels by an increasingly complex shape of a

Fig. 14. Idealized model showing locations of various structural types of mineralized skarn zones relative to a causative intrusion (on the examples in the Eastern
Russia).
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multiphase pluton contact, with numerous roof pendants, crosscutting
intrusive apophyses, dike swarms merging to and splitting of the main
pluton, and other local features. Lens-shaped to tabular skarn zones can
be formed in metasedimentary sequences comprising contrasting
lithologies, particularly in steeply bedded units. Mineralized post-skarn
hydrothermal alteration can be structurally focused within the same
structures, thus further contributing to the overall metal grades. This is
well presented at the Vostok-2 reduced W skarn deposit (Sikhote-Alin),
where a subvertical skarn zone extends for over 1 km and is char-
acterized by high W, Au, Cu and Bi grades (Soloviev and Krivoschekov,
2011; Soloviev et al., 2017a). The contact (frontal) skarn settings are
also common at W skarn deposits including reduced W skarns such as
Lermontovskoe (Sikhote-Alin, Russia; Soloviev et al., 2017b) and In-
gichke (Uzbekistan; Soloviev and Kryazhev, 2018a), as well as at oxi-
dized and redox-intermediate W skarn deposits such as Pine Creek
(California; Newberry, 1982), Lyangar and Koitash (Uzbekistan;
Soloviev and Kryazhev, 2018b, 2019) and others.

These structural settings appear to be principally aligned with the
structural tension pattern occurring above a cooling intrusion
(Soloviev, 2008) and correspond to an evolution from a conductive to
convective intrusion-centered heat/fluid flow system (Johnson and
Norton, 1985). However, at individual deposits, one or two settings
(structural levels) typically occur, whereas all three settings are almost
never present together. Further “reduction” of the vertical extent and
limited variability of structural types of mineralized skarn zones occur
in the host sequences with dominant either subhorizontal dip of sedi-
mentary sequences (steep skarn zones are absent or negligible) or their
steep dip (subhorizontal skarn zones are absent).

9.4. Magmatic-hydrothermal evolution

Crystallization magmatic differentiation was responsible for the
progressive enrichment of the rocks in W (Fig. 5F) and increasing W
accumulation in the residual magmatic melt (Newberry and Swanson,
1986; Newberry, 1998). In its evolution, the magmatic melt has
reached saturation in water; this may have repeated at different in-
trusion phases thus causing cyclic/pulsed releases of magmatic-hydro-
thermal fluid, with correspondingly multiple development of hydro-
thermal alteration and related metal deposition (e.g., Li et al., 2017).

The fluid inclusions data (Table 4) indicate the involvement of low-
carbonic aqueous, dominantly magnesian-sodic-chloride, moderately-
saline (14.0–17.3 wt% NaCl-eq.), high-pressure (1.4 ± 0.2 kbars),
moderately-hot (~400–500 °C) fluid (type 1 fluid inclusions) in the
retrograde skarn formation at Agylki. This fluid could continue a trend

from hotter, higher-pressure fluid originating directly from crystallizing
magma at the prograde skarn stage (Fig. 15). No appreciable fluid en-
richment in Ca is observed, unlike that reported at many other W skarn
deposits (e.g., Kwak and Tan, 1981; Kwak, 1987); thus, fluid cooling
could be the main factor causing scheelite precipitation in retrograde
skarn at Agylki (Rafal’sky et al., 1984; Wood and Samson, 2000).

Similar low-carbonic, high-pressure (1.1–0.8 kbars), lower tem-
perature (~300–400 °C) fluid conserved in type 2 fluid inclusions was
responsible for the development of propylitic alteration assemblages.
However, in contrast to the retrograde skarn fluid, the propylitic stage
fluid was characterized by a strong enrichment in Ca. Propylitic al-
teration is a garnet/pyroxene-destructive process occurring after ret-
rograde skarn alteration, principally in the form of an amphibole-
chlorite-epidote-plagioclase-quartz ± sulfide assemblage (Zharikov,
1970; Einaudi et al., 1981; Newberry, 1982; Wilkinson et al., 2015).
Intense replacement of skarn pyroxene by the amphibole-dominant
propylitic assemblages could be the main mechanism of Ca sourcing
into mineralizing fluid (e.g., Soloviev et al., 2017b). The elevated Ca
content in type 2 inclusions indicates that, in addition to the fluid
cooling, scheelite deposition could be affected by strong fluid enrich-
ment in Ca, similarly to some other W skarn deposits (Kwak and Tan,
1981; Soloviev and Kryazhev, 2017b, Soloviev et al., 2017a,b). Sulfi-
dation of pyroxene in reduced conditions results in the deposition of
pyrrhotite (Burton et al., 1982; Gamble, 1982).

The early phyllic alteration assemblages at Agylki were formed from
a boiling high-carbonic fluid, with subsequent fluid separation into yet
a higher-carbonic gaseous phase (type 3A fluid inclusions) and a low-
carbonic aqueous phase (type 3B fluid inclusions) (Table 4). An ele-
vated carbonic and specifically methane content differs the fluids from
those, which formed skarn and propylitic alteration assemblages, and
indicates a new fluid influx from crystallizing magma (Fig. 15). A high
carbonic content and the fluid enrichment in Au, As, Bi, Sb, Te, P
suggest the fluid sourcing from a different, possibly mafic magma
chamber, or the fluid release due to mingling/mixing of mafic and si-
licic magmas (cf. Rasmussen et al., 2011). There is a possibility of a
long-lasting development of the mafic magma chamber(s) that re-
mained active before, during and after the emplacement of granitic
phases. This may have also caused the fluid enrichment in phosphorus,
and phosphate complexes could have been played a strong role in W
transport (Manning and Henderson, 1984), as evident by the associa-
tion of scheelite with apatite. In contrast, W could be supplied from
crystallizing silicic magma, as advanced magmatic differentiation pro-
moted enrichment of residual melt in W (e.g., Newberry and Swanson,
1986; Newberry, 1998). A greater depth of fluid separation from

Fig. 15. Estimated pressure and temperature con-
ditions and evolutional paths for different fluid in-
clusion types in hydrothermal assemblages at the
Agylki deposit, with composition of different fluid
inclusion types as a function of depth and tempera-
ture (the principal diagram after Bodnar et al., 1985;
Fournier, 1999). Vapor-pressure curves for H2O-
NaCl solutions at 0–70 wt% NaCl-eq. and the three-
phase (L + V + H) curve are shown after Atkinson
(2002) and Becker et al. (2008). Dashed line re-
presents line represents water-saturated granite so-
lidus (Holtz et al., 2001). The two-phase (L/L + V)
curves (dotted lines) for H2O-NaCl-CO2 fluid con-
taining 6 wt% NaCl and 4.08 mol.% CO2 (curve I),
10 mol.% CO2 (curve II), and 21.33 mol.% CO2

(curve III) (Schmidt and Bodnar, 2000) are pre-
sented. PT-fields for the major fluid inclusion types
and possible evolutional paths for fluids (arrows) are
shown. Due to lack of fluid inclusion data, the RT-
field for the prograde skarn is shown conditionally.
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magma (possibly corresponding to a deep-seated mafic magma
chamber) is consistent with moderate to low (~320–280 °C) fluid
temperatures at the level of mineralization, i.e., the fluids were cooled
before reaching the mineral deposition level. Additional Ca sourcing
could be also provided by replacement of Ca-plagioclase in igneous
rocks by sericite (muscovite) and Na-plagioclase (albite). Fluid cooling
and pH increase due to boiling (Drummond and Ohmoto, 1985) were
affecting W solubility that, together with dissociation of Ca-bearing
complexes liberating Ca, promoted scheelite deposition (Rafal’sky et al.,
1984; Wood and Samson, 2000). High CO2 and CH4 are common in
fluids at reduced intrusion-related Au deposits (e.g., McCoy et al., 1997;
Lang and Baker, 2001; Baker, 2002) and in late fluids at reduced W
skarn deposits (Fonteilles et al., 1989; Gerstner et al., 1989).

The late phyllic alteration assemblages comprising late sulfide and
sulfosalt minerals were formed from a homogenous low-carbonic,
moderately-saline (14.0–17.8 wt% NaCl-eq.) and low-temperature
(~200–250 °C) fluid. This temperature range is consistent with the
presence of native bismuth in this mineral assemblage
(Tmelting = 271.4 °C). Au transport at low temperatures corresponding
to phyllic alteration stage occurs mostly in the form of bisulfide rather
than chloride complexes (e.g., Gammons and Williams-Jones, 1997).
Consistently, following the native Bi/bismuthinite transition, transport
by and precipitation of gold from bisulfide complexes was most intense
due to reduced conditions and low salinity (low chloride content) of the
fluids (e.g., Seward, 1991). Close association of Au and Bi minerals
supports also possible scavenging of Au in Bi melt coexisting with the
hydrothermal fluid (Tooth et al., 2008; Acosta-Gongora et al., 2015).

Overall, hydrothermal alteration and mineralization at Agylki oc-
curred at lower temperatures, as compared to the other reduced W
skarn deposits (e.g., Mathieson and Clark, 1984; Gerstner et al., 1989;
Yuvan, 2006; Soloviev et al., 2017a,b, 2019; Soloviev and Kryazhev,
2017, 2018a). This is consistent with the lack of wollastonite in pro-
grade calcic skarn, abundance of epidote and prehnite in propylitic
alteration assemblages, and abundance of sphalerite and galena, to-
gether with Au, Te, Sb mineralization in phyllic alteration assemblages.
This complements the respective structural setting of the Agylki deposit
possibly corresponding to the most distal (from a causative pluton)
level in the integrated model of skarn deposits. This would be also
consistent with the dominant convective heat/fluid flow (Johnson and
Norton, 1985) in the distal settings and may imply a greater involve-
ment of meteoric water during the deposit formation.

9.5. Tungsten-gold association: regional context

The location of the Agylki W skarn deposit in an Au-dominant
metallogenic province and presence of Au mineralization at the deposit
suggest some regional- to local-scale genetic links of W and Au miner-
alization. This is supported by compositional similarity and coeval age
of the granitoid dikes at Agylki and the main Au deposits in the region.
Many Au-dominant deposits contain minor scheelite mineralization.

In particular, in the South Verkhoyansk metallogenic zone that
possibly extends over the Tompon metallogenic zone further to the
southeast, minor scheelite is present at the large (> 500 t Au, average
5.1 g/t Au) Nezhdaninskoe Au deposit (Fig. 2). The deposit is re-
presented by mineralized veins and linear stockwork zones that follow
tectonized zones and/or are coincident with altered dikes intruding
Permian and Lower Triassic terrigenous rocks. Two dike suites are
distinguished at the deposit, namely, (1) a Late Jurassic-Early Cretac-
eous suite of gabbro-diorite and diorite-porphyry (154–140 Ma), and
(2) an Early-early Late Cretaceous shoshonitic lamprophyre suite
(131–94 Ma after Bortnikov et al., 1998; 121 ± 1 Ma by U-Pb method
on zircons, after Chernyshev et al., 2012). Correspondingly, two main
mineralizing events are distinguished including (1) the early weakly
auriferous pyrite-arsenopyrite event, locally with scheelite, occurring
after the gabbro-diorite and diorite-porphyry dikes, and (2) the late,
most productive, Au-sulfide-sulfosalt event (with Bi, Ag, Sb minerals)

occurring after the shoshonitic lamprophyre dikes (Indolev, 1979) at
124–105 Ma (Bortnikov et al., 1998).

Significant scheelite mineralization is also present at some Au de-
posits in the Yana-Kolyma metallogenic belt, where a distinct group of
Au deposits is distinguished as the intrusion-related Au-Bi deposits or
“Au-rare metal deposits” (Gamyanin et al., 2000; Volkov et al., 2007;
Goryachev and Gamyanin, 2006; Voroshin et al., 2014; Vikent'eva
et al., 2018). These Au deposits are related to the Late Jurassic-Early
Cretaceous I-type, ilmenite-series granitoid suites (typically dikes and
small stocks) (Goryachev, 1998, 1999; Goryachev and Pirajno, 2014;
Vikent'eva et al., 2018). In particular, scheelite mineralization was re-
ported at the large (~100 t Au, average 7.7 g/t Au) Chepak Au deposit
considered within this group (Fig. 1). This deposit is represented by
numerous auriferous quartz-sericite veins and related zones of phyllic
alteration that are associated with granodiorite and granite-porphyry
dikes assigned to the Nera-Bokhapchin and/or Basugunyin dike suites.
Muscovite/sericite from the mineralized veins yielded the Ar-Ar radi-
ologic age of 146.5 Ma (Goryachev, 1998). Arsenopyrite and loellingite
are the dominant sulfide/arsenide minerals and typically form over
50 vol%, locally up to 80–90 vol% of the mineralized veins. Scheelite is
ubiquitous in the veins (0.5–1 vol%), and the deposit contains about 6
Kt WO3 (average 0.06% WO3). Other typical minerals include native Bi,
bismuthinite, tetradymite, and tellurobismuthite. Both sulfide-related
(fine-dispersed) and native gold (fineness 850-970‰) are present
(Volkov et al., 2007).

Overall, these signatures support possible genetic links of reduced W
skarn and vein/stockwork Au(±W) deposits within a broader re-
gional-scale magmatic-hydrothermal system, where reduced W skarn
deposits are formed in favorable (Ca-rich) lithologies and contain minor
Au mineralization, whereas intrusion-related Au(±W) deposits locally
contain minor W mineralization. Notably scheelite occurs at Au de-
posits containing abundant As and Bi minerals. It further appears that,
whereas minor Au mineralization can occur in paragenesis with
scheelite at W skarn deposits, most significant Au mineralization post-
dates scheelite-bearing mineralizing stages at the Au-dominant de-
posits. On the other hand, there could be some differences in coeval but
compositionally distinct fertile igneous suites, as it is suggested for the
Tungsten, Mayo, and Tombstone plutonic suites in similar tectonic and
metallogenic settings of Yukon-Alaska, with respectively different (W-
dominant vs. Au-dominant) reduced intrusion-related mineralization
styles (e.g., Hart et al., 2004a,b).

10. Conclusions

The Agylki deposit is a large (and possibly underexplored) and high-
grade reduced W (W-Cu-Au-Bi) skarn deposit that may represent part of
an unrecognized W-Au metallogenic belt. The latter extends along the
Verkhoyansk fold-and-thrust belt, which occurs in the outer part of the
Verkhoyansk-Kolyma orogenic system and was formed after a passive
continental margin adjoining the Siberian craton. The belt roughly
parallels the main metallogenic belts of the region comprising nu-
merous gold (Au, Au-Bi, Au-Sb, etc.) and W-Sn deposits. The deposit is
related to a swarm of Late Jurassic-Early Cretaceous monzodiorite-
porphyry to granitoid (granodiorite- to granite-porphyry) dikes that
intrude a Triassic terrigenous sequence.

The dikes comprise weakly reduced-weakly oxidized (ilmenite-ti-
tanite-bearing), high- to medium-K calc-alkaline, metaluminous to
weakly peraluminous, I-type rocks. The presence of igneous rocks with
contrasting composition may indicate different magma sources, with
further mingling/mixing of different magmas. This process could be
affecting solubility of fluid species and metals in the magma, thus fa-
cilitating their transition to an exsolving hydrothermal fluid. This
would particularly affect solubility of carbonic and other species (P,
etc.) that are incompatible with granitoid compositions; this me-
chanism would be an efficient tool for liberating dissolved species
specifically in view of a weak fractionation, the latter evidenced by
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relatively small Eu anomalies in the granodiorite-porphyry. However,
progressing magmatic differentiation could be responsible for W accu-
mulation in more fractionated rock varieties.

The deposit is represented by a single lenticular flat-lying to
shallow-dipping mineralized zone that was formed by the replacement
of a limestone horizon found in the Triassic terrigenous sequence. This
may correspond to a distal level in an integrated structural model of W
skarn deposits that occurs well above causative pluton. The deposit
bears signatures of reduced W skarn deposits, with dominant pyroxene
(hedenbergite-enriched) skarn containing pyrrhotite and scheelite.
Propylitic alteration assemblages (amphibole-chlorite-epidote-calcite-
quartz with abundant pyrrhotite, scheelite and minor chalcopyrite)
overprint skarn and are in turn overprinted by zones of phyllic altera-
tion (quartz-sericite-Fe-carbonate) comprising abundant apatite and
arsenopyrite followed by scheelite, chalcopyrite and other sulfides as
well as Bi, Te and Au minerals.

Fluid inclusions data indicate formation of retrograde (mainly pyr-
oxene-quartz-amphibole) skarn from aqueous, dominantly magnesian-
sodic-chloride, moderate-salinity (14.0–17.3 wt% NaCl-eq.), high
pressure (1.4 ± 0.2 kbars), moderately-hot (~400–500 °C) fluid.
Propylitic alteration assemblages were formed from homogenous, low-
carbonic, lower salinity (8.8–13.7 wt% NaCl-eq.), lower pressure
(1.1–0.8 kbars) and lower temperature (~300–400 °C) Ca-enriched
fluid. Early phyllic alteration assemblages were formed from a boiling
fluid, with separation of carbonic-rich (particularly methane-enriched)
gaseous fluid and coexisting low-carbonic aqueous fluid at
~320–280 °C and ~0.9 ± 0.1 kbar. Late phyllic alteration assem-
blages were formed from homogenous, low-carbonic, moderate-salinity
(14.0–17.8 wt% NaCl-eq.) low-temperature (250–200 °C) fluid. Fluid
cooling and pH increase due to boiling were affecting W solubility that,
together with dissociation of Ca-bearing complexes liberating Ca, pro-
moted scheelite deposition.

The deposit could be part of a broader regional-scale magmatic-
hydrothermal system comprising almost coeval intrusion-related re-
duced W skarn deposits and vein/stockwork Au(±W) deposits.
However, there could be some differences in coeval but compositionally
distinct igneous suites, with respectively different (W-dominant vs. Au-
dominant) reduced intrusion-related mineralization styles.
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