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INTRODUCTION

Data obtained on inclusions in minerals are known
to provide the most reliable quantitative information on
the crystallization conditions and composition of the
mineral-forming medium [1–12 and many others]. The
world literature published over the past 15 years
includes more than 5500 publications presenting data
on inclusions in minerals. Recent years witnessed the
most active examination of melt inclusions, which are
unique in being able to preserve primary information of
the physicochemical parameters, composition, and iso-
topic signatures of the corresponding natural magmatic
systems. The reason for this extensive investigation of
melt inclusions (Table 1) was the availability (in addi-
tion to thermometric methods) of modern analytical
techniques of high spatial resolution, such as electron,
ion, and proton microprobes. 

We examined (using various analytical techniques)
melt and fluid inclusions in minerals from granites,
metasomatic rocks, and veins with tin ore mineraliza-

tion from the Industrial’noe deposit in the southern part
of the Omsukchan trough in northeastern Russia. The
results of this research indicate that the magmatic sili-
cate melt contained emulsion of salt melt globules,
which did not mix with the silicate melt. We also man-
aged to trace the evolution of the physicochemical
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Abstract

 

—The data obtained on melt and fluid inclusions in minerals of granites, metasomatic rocks, and veins
with tin ore mineralization at the Industrial’noe deposit in the southern part of the Omsukchan trough, northeastern
Russia, indicate that the melt from which the quartz of the granites crystallized contained globules of salt melts.
Silicate melt inclusions were used to determine the principal parameters of the magmatic melts that formed the
granites, which had temperatures at 760–1020

 

°

 

C, were under pressures of 0.3–3.6 kbar, and had densities of
2.11

 

−

 

2.60 g/cm

 

3

 

 and water concentrations of 1.7–7.0 wt %. The results obtained on the fluid inclusions testify that
the parameters of the mineral-forming fluids broadly varied and corresponded to temperatures at 920–

 

275°C

 

,
pressures 0.1–3.1 kbar, densities of 0.70–1.90 g/cm

 

3

 

, and salinities of 4.0–75.0 wt % equiv. NaCl. Electron micro-
probe analyses of the glasses of twelve homogenized inclusions show concentrations of major components typical
of an acid magmatic melt (wt %, average): 73.2% SiO

 

2

 

, 15.3% 

 

Al

 

2

 

O

 

3

 

, 1

 

.3% FeO, 0.6% CaO, 3.1% Na

 

2

 

O

 

,

 

 and
4.5% K

 

2

 

O at elevated concentrations of Cl (up to 0.51 wt %, average 0.31 wt %). The concentrations and distri-
bution of some elements (Cl, K, Ca, Mn, Fe, Cu, Zn, Pb, As, Br, Rb, Sr, and Sn) in polyphase salt globules in quartz
from both the granites and a mineralized miarolitic cavity in granite were assayed by micro-PIXE (proton-induced
X-ray emission). Analyses of eight salt globules in quartz from the granites point to high concentrations (average,
wt %) of Cl (27.5), Fe (9.7), Cu (7.2), Mn (1.1), Zn (0.66), Pb (0.37) and (average, ppm) As (2020), Rb (1850),
Sr (1090), and Br (990). The salt globules in the miarolitic quartz are rich in (average of 29 globules, wt %)
Cl (25.0), Fe (5.4), Mn (1.0), Zn (0.50), Pb (0.24) and (ppm) Rb (810), Sn (540), and Br (470). The synthesis of
all data obtained on melt and fluid inclusions in minerals from the Industrial’noe deposit suggest that the genesis
of the tin ore mineralization was related to the crystallization of acid magmatic melts.
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Table 1.

 

  Number of publications and analyses of melt inclu-
sions examined on electron and ion microprobes

Period of time
Number

publications analyses

1970–1974 6 99

1975–1984 43 408

1985–1994 160 1875

1995–2004 362 8350
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parameters of the fluids from the earliest magmatic to
late hydrothermal stages at this deposit.

GEOLOGICAL OVERVIEW

The Industrial’noe tin deposit in the southern part of
the Omsukchan trough, northeastern Russia, is hosted by
the leucocratic granites of the Levo-Omsukchan Massif,
which is spatially restricted to a stratigraphic discontinu-
ity between the complicatedly deformed terrigenous
deposits of the Verkhoyansk Complex (T

 

3

 

–

 

J

 

2

 

) and the
gently dipping volcanic–sedimentary complex of the
Omsukchan trough. The massif was produced by a suc-
cession of magmatic injections. Phase I gave rise to
coarse- and medium-grained porphyritic biotite granites,
which dominate in the massif. These rocks are cut by
stocks and gently dipping bodies of phase-II fine-grained
granites. Both of these phases are intersected by veins of
aplites and aplitic granites. The phase-I granites were
dated by the K–Ar method at 

 

79 

 

±

 

 4

 

 Ma, and the basaltic
dikes that cut across the veins with tin ore mineralization
have an age of 

 

77 

 

±

 

 6

 

 Ma [13].
The orebodies of tin mineralization are zones of

metasomatically altered granites with thin filling vein-
lets in central parts. The rocks have a simple mineral-
ogy and are characterized by a small number of miner-
alization stages. The oldest rocks of the deposit com-
pose barren tourmalinization zones, which usually
contain magnetite, quartz, and fluorite. The second
stage was responsible for the formation of quartz, fluo-
rite, sericite, chlorite, hematite, cassiterite, and, occa-
sionally, pyrite. The minerals of the third (postmineral)
stage include the fluorite of the filling veins 3–5 cm
thick, late quartz, and the secondary minerals of the
altered granites [13]. Interesting material was obtained
from a mineralized cavity in the granite, which was
exposed close to a vein with tin mineralization and
reached 0.5 m across. The cavity contained large (up to
3–6 cm) crystals of quartz and tourmaline, and its walls
were intersected by tourmaline veinlets.

The ore-forming process at the deposit was charac-
terized by the active endogenic introduction of iron, as
follows from chemical analyses of the chlorite metamo-
matites, which contain up to 29 wt % FeO (compared
with 0.5–1.0 wt % FeO in the host granites). A notewor-
thy fact is the virtual absence of iron sulfides in the
metasomatic rocks. More detailed information on the
geology and mineralogy of the deposit are presented in
[14, 15].

INCLUSIONS IN MINERALS

 

Methods used in studying inclusions in minerals.

 

After the microscopical examination of polished plate-
lets of the granites, quartz grains with melt inclusions
were hand-picked from them. These grains were heated
in a micromuffle with a Pt heater [16] to temperatures
of 

 

750–1050°ë

 

 and were then rapidly quenched in air.
The samples were held for 5–50 h. The glasses of melt

inclusions thus obtained were exposed by polishing the
mineral grains and analyzed on a Cameca SX50 micro-
probe equipped with four spectrometers at the Univer-
sity of Tasmania. The analytical conditions were as fol-
lows: 15 kV accelerating voltage, 15 nA beam current,
and 5 

 

µ

 

m beam diameter. The microprobe was calib-
rated on the compositions of natural glasses and mine-
ral standards. To preclude Na losses during the analy-
sis, the samples were first analyzed for this element for
10 s, and Si was analyzed simultaneously by another
spectrometer.

The temperatures of fluid inclusions were measured
on a stage designed by Kalyuzhnyi [17] accurate to

 

±

 

2°ë

 

 (to 

 

400°ë

 

) and 

 

±

 

5°ë

 

 (at 

 

600–800°ë

 

).

The distribution of elements in inclusions and the
concentrations of some elements were determined by
micro-PIXE (proton-induced X-ray emission) at the
CSIRO laboratory in North Ryde, Australia, by the
method proposed in [18, 19]. This method makes use of
high-energy (3 MeV) protons focused as a beam ~2 

 

µ

 

m
in diameter at a low beam current (0.3–0.7 nA). The
concentrations were calculated with regard to the fol-
lowing parameters: size, geometry, and the overall den-
sity of the inclusions and the depth of the inclusions
from the sample surface. The concentrations were mea-
sured accurate to 15–30%, with the errors increasing
for light elements [20, 21] and depending on the inner
structure of the inclusions (for example, the presence of
daughter minerals) and their depth from the surface. It
should be mentioned that the use of concentration ratios
of elements with similar masses makes it possible to
diminish the errors in the calculations and is recom-
mended for geological interpretations. The composi-
tional maps show the distributions of the concentrations
of elements normalized to the maximum concentrations
of these elements measured in a given individual inclu-
sion. Because of this, the concentrations of various ele-
ments cannot be compared using the color composi-
tional maps.

 

Melt inclusions. 

 

Primary melt inclusions were found
in quartz from granites in all of our samples. The inclu-
sions are normally less than 10 

 

µ

 

m across but occasion-
ally reach 20–40 

 

µ

 

m. They consist (Fig. 1a) of a silicate
material (anisotropic phases, one of which was deter-
mined to be muscovite) and fluid (aqueous solution and a
gas bubble). The fluid phase of some melt inclusions con-
tains cubic crystals, possibly halite (Fig. 1b). The fluid
phase of some of the melt inclusions homogenizes to gas
(at 

 

310°ë

 

) or liquid (at 

 

318

 

−

 

415°ë

 

), which suggests that
the density of the fluid significantly varies, from 0.06 to
0.73 g/cm

 

3

 

 (Table 2). The silicate phases start to melt at

 

680–700°ë

 

, but their heating to 

 

650–660°ë

 

 for even 5

 

−

 

6 h
does not result in melting. Many melt inclusions contain
small amounts of crystalline phases and gas bubbles
even at 

 

850–900°ë

 

 (Fig. 1c). Complete homogenization
was achieved for 250 inclusions at 

 

760

 

−

 

1020°ë

 

, but
most of the inclusions completely homogenized at
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850

 

−

 

950°ë

 

. Upon their quenching, these inclusions con-
tained only homogenized silicate glass (Fig. 1d).

We also determined other parameters of the mag-
matic melts (Table 2) using the method in [22]. These
parameters indicate that the crystallization of the mas-
sif occurred not only at a temperature decrease but also
at variations of other parameters: the water concentra-
tion systematically varied from 1.7 to 7.0 wt %, the
fluid pressure changed from 0.3 to 3.6 kbar, and the
melt density changed from 2.11 to 2.60 g/cm

 

3

 

. We iden-
tified the following clearly pronounced tendency: the
lower the water concentration and fluid pressure in the
melt, the higher the homogenization temperature of the
inclusions.

Table 3 lists chemical analyses of twelve homoge-
nized melt inclusions from two granite samples (M-11
and M-20) from the lower and intermediate units, respec-
tively. The SiO

 

2

 

 concentration in the melt changed from
65.3 to 78.5 wt % at an average of 73.2 wt %. The con-
tents of other major components are also typical of acid
magmatic melts and are as follows (average, wt %):
15.3% Al

 

2

 

O

 

3

 

, 1

 

.3% FeO, 0.02% MgO, 0.60% CaO,
3.1% Na

 

2

 

O

 

,

 

 and 4.5% K

 

2

 

O. The P

 

2

 

O

 

5

 

 and S concentra-
tions are very low, no higher than 0.01 wt %, but the rocks
are characterized by elevated Cl concentrations (up to
0.51 wt % at an average of 0.31 wt %).

 

Fluid inclusions.

 

 The data obtained on fluid inclu-
sions are summarized in Table 4, which reports the
ranges of the principal parameters of these mineral-

 

e f

c d

‡ b

 

Fig. 1.

 

 Inclusions in quartz from granite: (a–d) melt inclusions; (a) Sample M-11, 20

 

°ë

 

, the inclusion consists of silicate crystals,
an ore mineral, and a fluid phase (gas bubble + aqueous solution); (b) sample M-11, 

 

20°ë

 

, the fluid phase contains a cubic crystal,
possibly halite; (c) sample M-11, 

 

850°ë

 

; (d) same inclusion, 

 

970°ë

 

; (e, f) fluid inclusions; (e) sample M-10, the solid phases include
halite, sylvinite, and magnetite; (f) sample M-11, complete homogenization temperature is equal to 

 

350°ë

 

. Scale bar is 20 

 

µ

 

m.
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forming fluids: temperature, pressure, density, and
salinity. Polyphase fluid inclusions were found in
quartz from the granites (Figs. 1e and 1f), quartz and
fluorite from the mineralized cavity in granite (Fig. 2),
quartz from the quartz–tourmaline metasomatites, and
in quartz and fluorite from veins with tin mineralization
and crystalline aggregates. Solid phases account for
5

 

−

 

80 vol % of the inclusions, and their amount varies
from one to ten. The only minerals identified in them
are halite, sylvinite, and magnetite. Some of the inclu-
sions were dominated by gas and were likely captured
during the heterogenizaton of the solutions. These
inclusions are most typical of quartz from the mineral-
ized veins (samples 2697 and 26104).

Most of the daughter crystals of the polyphase inclu-
sions dissolve at temperatures below 

 

300

 

−

 

350°ë

 

: the
first crystal usually dissolves at 

 

55

 

−

 

60°ë

 

, the second one
at 

 

130–150°ë

 

, and the third and fourth crystals dissolved
in the temperature range of 250–

 

350°ë

 

. The large isotro-

pic crystal (halite) dissolved in individual inclusions at
temperatures from 300 to 

 

625°ë

 

. It should be mentioned
that most inclusions, particularly large ones, decrepitate
before their complete homogenization, with this process
being the most active at 

 

570–580°ë

 

.

The overall range of the homogenization tempera-
tures of the fluid inclusions is unusually broad, from
920 to 

 

275°ë

 

, and Table 4 does not list data on obvi-
ously secondary two-phase inclusions in fluorite from
sample 26122, which homogenized at 

 

175

 

−

 

160°ë

 

. The
maximum homogenization temperatures of the fluid
inclusions in each group of the rocks are obviously
prone to decrease: 

 

920°ë

 

 for the granites, 

 

840°ë

 

 for the
mineralized cavity in granite, 

 

550°ë

 

 for the quartz–
tourmaline metasomatic rocks, and 

 

465°ë

 

 for the min-
eralized veins. Since the lower limit of the magmatic
melt temperature was assayed from melt inclusions at

 

760°ë

 

 (Table 2), it is reasonable to suggest that the sil-
icate melt coexisted with a hydrothermal fluid within a

 

Table 2.

 

  Principal parameters of magmatic melt: evidence from inclusions in quartz, Levo-Omsukchan Massif

Sample Characteristics of the sample

Characteristics of fluid in recrys-
tallized melt inclusions Parameters of melt

homogeniza-
tion tempera-

ture, 

 

°

 

C

density, 
g/cm

 

3

 

volume, 
vol %

water con-
centration, 

wt %

fluid pres-
sure, kbar

density, 
g/cm

 

3

 

tempera-
ture, 

 

°

 

C

M-11 Quartz from coarse- medium-
grained granite (lower unit)

310 0.06 22.5 1.7 0.3 2.11 1020–760

415 0.46 12.7 3.3 1.6 2.41

M-20 Quartz from medium-grained 
granite (middle unit)

345 0.67 20.7 6.8 3.1 2.28

318 0.73 20.0 7.0 3.6 2.31

M-2 Quartz from coarse- medium-
grained granite (upper unit)

388 0.55 4.6 1.9 2.0 2.60

 

Table 3.  

 

Chemical composition (wt %) of glasses from melt inclusions in quartz from granites of the Levo-Omsukchan Massif

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

SiO

 

2

 

69.90 70.92 73.12 73.97 74.98 75.55 76.06 76.74 65.33 67.81 75.32 78.45

TiO

 

2

 

0.17 0.06 0.13 0.11 0.10 0.04 0.09 0.11 0.01 0.00 0.24 0.20

Al

 

2

 

O

 

3

 

18.12 18.08 15.84 15.85 13.84 13.32 13.75 13.13 18.93 19.11 13.54 10.16

FeO 1.90 0.45 1.46 1.35 1.36 1.17 1.28 1.28 0.54 0.12 1.78 2.49

MnO 0.04 0.03 0.07 0.04 0.05 0.04 0.03 0.05 0.05 0.00 0.01 0.12

MgO 0.04 0.01 0.01 0.01 0.04 0.01 0.01 0.03 0.02 0.00 0.05 0.02

CaO 1.28 0.49 0.86 0.80 0.64 0.49 0.56 0.56 0.30 0.20 0.54 0.37

Na

 

2

 

O 3.08 4.08 2.70 1.89 2.86 2.68 2.75 2.91 4.84 6.82 1.65 1.06

K

 

2

 

O 4.44 3.53 4.47 4.40 3.18 3.16 4.23 3.28 7.60 6.25 4.80 4.35

P

 

2

 

O

 

5

 

0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Cl 0.42 0.05 0.36 0.36 0.43 0.36 0.29 0.33 0.05 0.03 0.51 0.51

S 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.03 0.01 0.00

Total 99.37 97.69 99.03 98.80 97.40 96.76 99.06 98.35 97.76 100.36 98.46 97.74

 

Note: Platelets with melt inclusions were held in a muffle at 950

 

°

 

C for 20 h and were then quenched in air. Analyses 1–8 are from sample
M-11, analyses 9–12 are from sample M-20.
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temperature range of 920–760°ë. Hence, this was a
magmatic-stage fluid. These data also imply that min-
erals started to crystallize in the cavity in granite during
the magmatic stage but only from fluid.

When the temperatures of phase transitions in
polyphase fluid inclusions are examined, the gas phase
very often disappeared (partial homogenization) before
the complete dissolution of the solid phase (complete
homogenization). This situation makes it possible to
pinpoint the pressure during complete homogenization
by the method proposed in [23]. It should be mentioned
that the inclusions selected for these measurements had
identical phase composition but differed in size. Com-
plete homogenization could commonly be accom-
plished only for relatively small inclusions, because the
high internal pressures resulted in the decrepitation of
many inclusions long before their homogenization. As
can be seen from the data of Table 4, the overall pres-
sure range is quite significant: from 3.1 to 0.1 kbar.
Similarly to the homogenization temperatures, the fluid
pressures also tend to gradually decrease for rock
groups: 3.1 kbar for the granites, 2.5 kbar for the min-
eralized cavity in the granites, 2.0 kbar for the quartz–
tourmaline metasomatic rocks, and 1.1 kbar for the
mineralized veins.

In the polyphase fluid inclusions, the solid phases are
volumetrically dominated by Na and K chlorides. Using
the dissolution temperatures of sylvinite and halite and
data on solubility in the H2O–NaCl and H2O−NaCl–KCl
systems [24, 25], one can assay the salinity of the miner-
alizing fluid. The results presented in Table 4 indicate
that the salinity of most of the solutions is much greater
than 30 wt % equiv. NaCl and reaches 75 wt % equiv.
NaCl. Only one fluorite sample (sample 26122) con-
tained a fluid inclusion with a homogenization tempera-
ture of 325° which, according to our cryometric data,
contained solution with a salinity of 4.0 wt % equiv.
NaCl.

As was mentioned above, the mineralizing process at
the deposit was characterized by the active endogenic
introduction of iron. This was corroborated by the data
obtained on fluid inclusions in the quartz and fluorite.
Many samples (Table 4) had inclusions with strongly
magnetic daughter minerals, perhaps, magnetite, which
accounted for as much as 0.5–3.2 vol % of the inclusions.
The Fe concentration was estimated in the inclusions at
15–75 g/kg of solution by the method [26] (eight mea-
surements). It is pertinent to note that an equally high Fe
concentration (18 g/kg of solution) was documented in
chloride solutions at the Araca tin deposit in Bolivia and

Table 4.  Data on fluid inclusions in minerals from the Industrial'noe tin deposit

 Sample Characteristics of the sample Mineral

Characteristics of mineral-forming fluid

tempera-
ture, °C

pressure, 
kbar

density, 
g/cm3 salinity*

M-11 Granite (lower unit) Quartz** 810–340 3.10–0.40 1.28–0.90 52.5–41.0

M-20 Granite (middle unit) Quartz** 920–485 2.40–0.87 1.63–1.16 71.0–45.0

M-10 Granite (middle unit) Quartz** 850–415 1.80–0.50 1.55–0.24 72.5–13.3

M-2 Granite(upper unit) Quartz** 680–365 2.30–0.77 1.70–0.54 74.0–43.5

M-17 Granite(upper unit) Quartz** 570–340 1.60–0.25 1.58–0.90 73.0–40.5

2541 Cluster of quartz, tourmaline, and fluorite crys-
tals from a cavity in granite (middle unit) 

Fluorite** 710–475 2.5 1.80–1.65 70.0–40.0

Quartz** 840–315 2.50–1.05 1.90–0.94 75.0–35.0

25140 Quartz–tourmaline aggregate from granite Quartz** 550–305 1.20–0.36 1.08–0.88 54.0–35.5

26116 Quartz–tourmaline aggregate from a vein with 
tin mineralization

Quartz 530–355 2.00–0.90 1.68–1.05 70.0–42.0

26115 same Quartz 490–370 1.60–0.75 1.47–0.92 66.0–39.0

2697 Quartz–cassiterite vein 5 Quartz 465–385 1.1–0.27 1.20–0.92 60.0–35.6

26104 Quartz–cassiterite vein 13 Quartz 360–275 0.35–0.12 1.08–1.00 36.0–35.6

2415 Quartz–tourmaline–fluorite aggregate Fluorite** 445–395 0.55 1.63–1.05 64.0–43.0

26122 Cluster of fluorite crystals from vein 7 Fluorite 420–325 – 1.73–0.70 65.0–4.0

25105 Cluster of fluorite crystals from a vein in the 
lower unit

Fluorite** 375–300 – 1.14–0.94 44.0–29.0

  * Wt % equiv. NaCl.
** Fluid inclusions contain daughter magnetite.
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in chloride solutions at the Tyrny-Auz deposit in the
Northern Caucasus (73 ± 21 g/kg of solution) [26].

The high salinity of mineral-forming fluids at the
Industrial’noe deposit unambiguously testifies to their
high density. Studying inclusions in minerals makes it
possible to assay this parameter on the basis of experi-
mentally determined densities of the gas, liquid, and
solid phases identified in the inclusions. Estimating the
densities and volumes of each of the phases, the
researcher can then calculate the density of the fluid
captured during the crystallization of the mineral. The
results of these estimates are summarized in Table 4.
The overall range of these estimates is quite broad,
from a relatively low density value of 0.24 g/cm3 to
extremely high ones, up to 1.90 g/cm3. Most of the indi-
vidual estimates exceed 1.0 g/cm3.

Salt melts. After the polished quartz platelets were
held for up to 20 h at a high temperature (950°C) and were
then rapidly quenched in air, they were examined under a
microscope (see above). In addition to melt inclusions
yielding homogeneous glass (Fig. 1d and Table 3), some
quartz grains were determined to bear melt inclusions with
variable amounts of salt globules (Fig. 3). This fact sug-
gests that the silicate melt contained droplets (emul-
sion) of salt melts when quartz crystallized from this

silicate melt. Droplets of the salt melts were more often
entrapped by growing quartz grains together with the
silicate melt (at variable proportions of the melts),
although salt globules could be occasionally conserved
in the quartz without silicate melt. Analogous (but
larger) salt melt inclusions were found in the core of a
quartz crystal from the cavity (Fig. 2).

The distribution of elements in the inclusions and
the concentrations of some elements were analyzed by
micro-PIXE. Figure 4a presents data on the distribution
of elements in a silicate melt inclusion with a salt glob-
ule in its central part, and Fig. 4b shows the distribution
of these elements in a fluid inclusion with numerous
daughter phases. Analogous distribution patterns of ele-
ments in other inclusions were published in our earlier
papers [27, 28]. We analyzed eight salt globules in
quartz from the granite and 29 salt globules in quartz
from the cavity in granite. The results of the analyses
are presented in Table 5. Note the significant differ-
ences in the concentrations of some elements in the salt
globules in quartz from the granite and in this mineral
from the cavity in these rocks. These concentrations are
as follows: 7.21 wt % (average of eight analyses) and
0.02 wt % (average of 29 analyses) for Cu, 2020 and
226 ppm for As, 1360 and 290 ppm for Ti, and 1090 and
253 ppm for Sr. At the same time, the concentrations of

10 µm

Fig. 2. Quartz crystal from a cavity in granite and a polyphase inclusion in the core of this crystal. Scale bar is 10 µm.
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Fig. 3. Melt inclusions in quartz from granite after heating to 950°C for 20 h and rapid quenching. The inclusions consist of silicate
glass and variable numbers of spherical salt globules. Scale bar is 20 µm.

‡

b 20 µm

20 µm

S Cl Ca Mn

Cu Zn As Br

Cl K Ca Mn

Zn Br Rb PbFeCu

Fig. 4. Compositional maps of various elements (PIXE imagery). (a) Melt inclusion in quartz from granite. The inclusion consists
of silicate glass and a salt globule. (b) Fluid inclusion in quartz from the cavity.
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Cl, K, Ca, Mn, Zn, and Pb are roughly equal in both
quartz types. The high Fe concentration in analyses of
the salt globules (from 5.4 to 9.7 wt % on average,
Table 5) are in good agreement with our earlier esti-
mates of the equally high Fe concentrations for fluid
inclusions in the quartz and fluorite (15–75 g/kg of
solution). It is also worth mentioning the high Sn con-
centrations in the salt globules: from 230 to 1700 ppm
(average 537 ppm).

The coexistence of silicate and salt melts was docu-
mented by many researchers for various natural magmatic
rocks [29–43 and others]. The paper by Roedder and
Coombs [29] seems to be the first (it was published in
1967) to present detailed data on inclusions in quartz and
feldspar from granite blocks at Ascension Island. These
materials provided convincing evidence for the possibility
of the coexistence of two immiscible phases: silicate and
chloride salt melts (with a density of ~1.4 g/cm3). Salt
melts of predominantly chloride composition were
found in many magmatic rocks together with silicate
melts [30, 32, 35, 37, 39, 43, and others]. The composi-

tion of the salt melts can broadly vary depending on the
geological setting. For example, the melts can be dom-
inated by fluorides [33]; phosphates and sulfates [34];
carbonates, sulfates, fluorides, and chloride [36]; phos-
phates and silicates [40]; fluorides with sulfate and
chlorides with sulfates [41]; and sulfates with carbon-
ates [42]. Note that while the predominant components
of the chloride melts are Na and K, salt melts of other
compositions are dominated by Ca.

In conclusion of the discussion of our results
obtained on melt and fluid inclusions in minerals from
the Industrial’noe deposit, it should be noted that these
data are completely consistent with our earlier conclu-
sion [15, 44–46] that the processes that produce rare-
metal ore mineralization are genetically related to the
crystallization of acid melts. The principal composi-
tional features and concentrations of the solutions par-
ticipating in the ore-forming process are undoubtedly
formed during the magmatic and early postmagmatic
stages.

Table 5.  Chemical composition of salt globules in quartz from granite and a cavity in granite at the Industrial’noe tin deposit

Sample
wt % ppm

Cl K Ca Mn Fe Cu Zn Pb As Ti Br Rb Sr Sn

1 54 – 0.53 0.71 – 3.71 0.49 0.47 1220 – 1080 2050 970 –

2 15 – 0.78 0.73 – 6.02 0.48 0.34 467 – 1450 – – –

3 43 – 2.68 1.17 – 15.4 0.43 0.17 4300 – 900 3480 – –

4 53 – 0.90 1.05 – 22.2 0.47 0.23 6550 – 800 3620 3290 –

5 7 1.6 0.90 0.76 4.04 2.47 0.48 0.21 1160 – 590 510 400 –

6 12 2.9 1.88 1.35 7.38 3.61 0.82 0.37 2030 – 1040 1770 590 –

7 24 5.0 1.51 2.06 19.3 2.90 1.34 0.71 281 – 1300 3260 869 –

8 12 2.9 0.88 1.24 7.89 1.31 0.80 0.48 161 – 786 1180 427 –

9 40.5 5.8 1.60 0.96 5.10 0.03 0.42 0.21 – 110 382 637 98 264

10 55.3 19 3.10 1.90 8.70 0.03 1.00 0.50 – 137 703 1000 309 626

11 24.9 5.4 0.72 1.14 4.86 0.02 1.81 6.98 502 151 2000 641 – 421

12 39.5 6.8 3.56 1.75 9.81 0.05 0.96 0.38 16 400 751 1190 446 586

13 31.9 4.4 0.46 0.70 4.62 0.03 0.34 0.44 – 278 250 808 – 231

14 34.5 3.0 0.41 0.86 6.00 0.02 0.42 0.18 533 109 383 1100 – 860

15 44.5 10 3.86 1.63 7.20 0.04 0.80 0.15 190 28 582 317 164 388

16 12.7 3.6 0.69 0.58 2.74 0.01 0.32 0.13 45 40 269 339 120 392

17 39.2 13 1.80 3.05 19.6 0.09 1.58 0.74 1100 354 1500 3400 – 1700

18 47.7 6.1 1.75 1.42 7.61 0.03 0.63 0.33 – 147 255 357 212 604

19 35.3 6.7 0.78 1.16 8.06 0.07 0.70 0.25 124 305 511 1400 – 1200

20 27.5 3.1 1.26 1.13 9.66 7.21 0.66 0.37 2020 1360 993 1850 1090 –

21 25.0 5.4 1.30 1.00 5.40 0.02 0.50 0.24 226 209 472 807 253 537

Note: (1–8) Salt globules in quartz from granite (1–4—salt globules in melt inclusions in quartz from granite, 5–8—salt globules in quartz
from granite); (9–19) salt globules in melt inclusions in quartz from the cavity; (20) average composition of eight salt globules in
quartz from granite; (21) average composition of 29 salt globules in quartz from a cavity in granite.
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CONCLUSIONS

1. The data obtained on silicate melt inclusions in
quartz from the granites allowed us to determine the
principal parameters of the magmatic melts: tempera-
tures of 760–1020°ë, fluid pressures of 0.3–3.6 kbar,
densities of 2.11–2.60 g/cm3, and water contents of
1.7−7.0 wt %. Electron-microprobe analyses of glasses
from twelve homogenized inclusions show major-element
concentrations typical of acid magmatic melts (wt %, on
average): 73.2% SiO2, 15.3% Al2O3, 1.3% FeO, 0.6%
CaO, 3.1% Na2O, and 4.5% K2O at elevated concentra-
tions of Cl (up to 0.51 wt %, 0.31 wt % on average).

2. Our data on fluid inclusions in quartz and fluorite
suggest broad variations in the parameters of the min-
eral-forming fluids at the deposit: the temperature var-
ied from 920 to 275°ë, pressure from 3.1 to 0.1 kbar,
density from 1.90 to 0.70 g/cm3, and salinity from 75.0
to 4.0 wt % equiv. NaCl.

3. It was established that, when quartz crystallized
from the silicate granitic melt, the latter contained
emulsion of salt melt droplets. These droplets were
more often captured by growing quartz crystals
together with the silicate melt, and the proportions of
the two melts varied, with salt droplets (globules) occa-
sionally entrapped in quartz alone, without silicate
melt. The concentrations and distributions of 13 ele-
ments in polyphase salt globules found in quartz from
both the granites and a cavity in them were determined
by PIXE. Analyses of eight salt globules in quartz from the
granites show high concentrations (wt %, average) of
Cl (27.5), Fe (9.7), Cu (7.2), Mn (1.1), Zn (0.66), Pb (0.37)
and (ppm, average) As (2020), Rb (1850), Sr (1090), and
Br (990). The salt globules in quartz from the cavity are
also rich in (wt %, average of 29 globules) Cl (25.0), Fe
(5.4), Mn (1.0), Zn (0.50), Pb (0.24), and (ppm) Rb
(810), Sn (540), and Br (470). The data obtained on
melt and fluid inclusions in minerals from the Indus-
trial’noe deposit led us to conclude that the genesis of
the tin ore mineralization was related to the crystalliza-
tion of the acid magmatic melts.
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