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INTRODUCTION

Recent years were marked by keen interest in sub-
volcanic and volcanic felsic rocks, that are often vola-
tile-rich and accompanied by productive ore mineral-
ization (Be, Sn, U, Mo, and W) (Kovalenko and Kov-
alenko, 1976; Burt et al., 1982; Christiansen et al.,
1986; Kortemeir and Burt, 1988; Chabiron et al., 2001;
Antipin et al., 2002). These rocks compose dikes,
stocks, and thin flows and show extremely wide compo-
sitional variations and different geochemical and met-
allogenic specialization. This extremely complicates
the classification of these rocks with known rock types:
ongonites, elvanes, ongorhyolites, and topaz rhyolites.
New varieties of subvolcanic rocks recently found at
numerous localities worldwide have no analogues in
the available classification schemes and are termed by
local names: selengite (Kozlov et al., 1983), djumalite
(Dergachev, 1989), kalgutite (Titov et al., 2001), macu-
sanite (Pichavant et al., 1987), xianghualingite (Zhu

and Zhang, 2003), and others. This highlights the need
for a more universal classification and nomenclature of
the rocks as compared with the earlier scheme based on
the degree of crystallization, Na/K ratio, and contents
of F, B, and P (Dergachev, 1992). Taking into account
the different contribution of magmatic and metasomatic
process to the formation of these rocks, two avenues
can be proposed to develop this classification. The
study of melt inclusions makes it possible to exclude a
metasomatic overprint (Naumov et al., 1984; Webster
et al., 1996), while the isotopic–geochemical approach
yields age relations between subvolcanic and volcanic
rocks, including granitoid magmatism, as well as reli-
able data on the melt source.

In this paper, this approach was applied for the first
time to specific subvolcanic rocks, ultrapotassic trachy-
rhyodacites, which occur in the Khangilay complex of
rare-metal ore deposits in eastern Transbaikalia. The
chemistries of these rocks are discussed in (Syritso et
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Abstract

 

—Dikes, stocks and/or sheet flows of felsic volcanic and subvolcanic rocks are typically observed in
the vicinity of rare-metal Li–F granite massifs. Their ubiquitous spatial association to rare-metal granites and,
often, geochemical affinity to them suggest their certain petrological relation. Compositionally unique ultrapo-
tassic trachydacites enriched in many rare elements were found among these rocks within the Khangilay com-
plex of ore deposits in Eastern Transbaikalia. Melt inclusions in rock-forming quartz were studied to reconstruct
the composition and evolution of parent melt. The obtained data demonstrated the existence of a super-potassic
peraluminous melt (K

 

2

 

O = 6.12 wt %, Na

 

2

 

O = 1.08 wt %) having elevated contents of rare lithophile elements
(730 ppm Rb

 

2

 

O and 900 ppm BaO). The ion-microprobe content of Li is 354.23 ppm at a relatively low F con-
tent (up to 0.5 wt %). The residual melt is characterized by the most unusual composition: extremely low con-
tents of mafic components and basicity (< 0.5 wt % femic oxides), a high Al index (A/CNK = 1.53) at compar-
atively low SiO

 

2

 

 (60 wt %), and high total sodic alkalinity (more than 10 wt % K

 

2

 

O + Na

 

2

 

O; 6.11 wt % Na

 

2

 

O).
Such a composition corresponds to ongonite magma. However, the melt contains no F but has a high Cl content
(0.34 wt %), which corresponds to the limit Cl saturation of haplogranite melt. SHRIMP-II U–Pb zircon dating
showed significant difference between rare metal granites and trachyrhyodacites of the Khangilay complex of
ore deposits: 139.9 

 

±

 

 1.9 Ma and 253.4 

 

±

 

 2.4 Ma, respectively. The geochemical similarity of these rocks, pri-
marily in terms of abundance of refractory elements, REE distribution patterns, and initial Sr ratio, indicates
their derivation from similar protolith.
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al., 2005). As was mentioned previously, their
geochemical specialization reflects the contrasting
enrichment, on the one hand, in rare lithophile elements
(Rb, Li, Cs, and F), as is typical of rare-metal granites
of the Orlovka Massif, and, on the other hand, in refrac-
tory elements (Zr, Nb, Ta, and REE), which are typical
of the subalkaline basaltic dikes of the ore cluster. The
geochemical affinity of these rocks with rare metal
granites and their spatial association not only in the
Khangilay complex but also in other groups of deposits
of Transbaikalia (Sherlovogorskoe, Shumilovka, and
Bukuka–Belukha), and even in other rare-metal Phan-
erozoic provinces (Voznesenka in Primorye) suggests
their unambiguous petrological relation. The knowl-
edge of this relation can provide insight into the condi-
tions under which felsic rare-metal magmas are
formed.

The Orlovka trachyrhyodacites have an unusual
chemical composition, in particular, an extremely high
K content. Therefore, in order to decipher their genesis,
we first estimate the composition of primary melt and
exclude the metasomatic overprint. To reconstruct the
composition and possible crystallization evolution of
the primary melt, we studied melt inclusions in the

rock-forming quartz. The results of this study are
reported below.

PETROGRAPHY 
AND MINERAL COMPOSITION

Since the geology of the Khangilay complex
(Beskin et al., 1994; Syritso et al., 2001) and the min-
eral and chemical composition of trachyrhyodacites
and trachyrhyolites were reported elsewhere (Syritso et
al., 2005), below we consider only some structural and
compositional features, which were obtained later and
are of principal significance for discussing the formu-
lated problem. A geological map of the area with out-
lines of trachyrhyodacite bodies is shown in Fig. 1. It
should be noted that these rocks occur only near the
amazonite granites of the Orlovka Massif and were not
found near the parent Khangilay Massif and the
Spokoinoe satellite. The trachyrhyodacites have no
direct contacts with the granites of the Orlovka Massif,
but the light trachyrhyodacites are sometimes cut by
porphyroblastic granites with snowball quartz. More
detailed geological observations showed that the tra-
chydacite and trachyrhyolite bodies are not dikes in a
general sense; they have no distinct contacts and, in
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Fig. 1.

 

 Schematic geological map of the Khangilay ore cluster (modified after report Krivitskii et al., 2001).
(1) Quaternary deposits; (2) Upper Devonian–Lower Carboniferous gravelstones, sandstones, and siltstones; (3) Upper Riphean
sandstones and silty pelites; (4) Early Carboniferous (?) subalkaline gabbro (Inkizhin stocks); (5) Late Jurassic granites of the Kuku-
líbei Complex (Khangilay intrusion); (6–9) rocks of the dike complex: (6) Late Permian–Early Triassic trachydacites and trachy-
rhyolites; (7) Late Permian–Early Triassic (?) diabases; (8) Middle Jurassic (kersantite and spessartite); (9) Middle Jurassic doler-
ites, (10, 11) faults. Lamprophyres and dolerite dikes are shown beyond the scale.
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terms of relations with the host sandy–shaly rocks, can
be considered as a dike-shaped inclined body 70–90 m
in apparent thickness and up to 800 m long. In its cen-
tral part, these rocks resemble subvolcanic rocks in
having a porphyritic texture with phenocrysts of K-
feldspar (KFsp) and quartz, elements of a fluidal struc-
ture, and sandy–shaly clasts. The rocks are vitrophyric
with domains of weakly recrystallized glass. According
to their appearance, they are subdivisible into two vari-
eties showing gradual transitions: dark almost black
fine- to medium-grained rocks with phenocrysts of
light KFsp and light fine-grained rocks with ovoid phe-
nocrysts of quartz and KFsp. As will be shown below,
the dark rocks chemically correspond to trachydacite,
while the light rocks are classed with trachyrhyolite.
The dark trachydacite contains rounded perlites 0.08–
0.1 mm in size, which are in places recrystallized into a
microfelsitic quartz–feldspar aggregate. The rocks also
contain characteristic KFsp spherulites 0.05–0.1 mm in
size. In appearance (grain size, euhedrality), the KFsp
is represented by two varieties: large (0.7 cm) euhedral
phenocrysts with rudimentary microcline hatching and
small anhedral grains in association with quartz and
sodic plagioclase in the groundmass. The KFsp of the
rhyolites shows more distinct microcline hatching. The
crosscutting relations of fine granular groundmass to
KFsp phenocrsysts indicate the early crystallization of
the latter. This is also confirmed by the elevated Na con-
tent in the phenocryst KFsp as compared to that in the
groundmass mineral. In spite of the same mineral com-
position [Kfsp 40–45%, quartz 35–45%, plagioclase
(strongly sericitized) 10–15%, biotite, muscovite
2

 

−

 

3%, and glass up to 1%], the trachydacites and tra-
chyrhyolites have significant differences. In particular,
the trachydacites contain fine-flaked dark mica (Mg–Fe
biotite) and amphibole, whereas the trachyrhyolites
lack amphibole and contain light phengite–muscovite
instead of dark mica. They also differ in the composi-
tion of their accessory minerals. The trachydacites con-
tain apatite, zircon, monazite, and scarce titanite,
whereas trachyrhyolites are dominated by topaz with
subordinate amounts of apatite and zircon. The second-
ary minerals in both rocks are sericite, pelitic matter,
and carbonate.

The results of microprobe analysis of major rock-
forming minerals are listed in Tables 1 and 2. As is seen
in Table 1, the mafic mica from the inclusions in rhyo-
dacites corresponds to Mg–Fe biotite. Mica in the rock
is significantly less magnesian and has a low F content
(no higher than 0.33 wt %). The amphibole is repre-
sented by common hornblende (wt %): SiO

 

2

 

 – 49.96,

 

TiO

 

2

 

 – 1.27, 

 

Al

 

2

 

O

 

3

 

 – 4.83, 

 

FeO

 

tot

 

 

 

−

 

 15.54, MnO 

 

−

 

 0.39,
MgO 

 

− 

 

13.76, CaO 

 

− 

 

11.53, Na

 

2

 

O

 

 – 1.69, 

 

K

 

2

 

O 

 

−

 

 0.78.
The K feldspar (Table 2) in the inclusions and rocks is
similar in composition and contains a significant
admixture of W (up to 0.11 wt % WO

 

3

 

) and Ta (up to
0.08 wt % Ta

 

2

 

O

 

5

 

). Small unaltered plagioclase grains in
the groundmass are practically pure albite. Unlike
KFsp, plagioclase ubiquitously contains Rb, which can

be explained by its later crystallization with respect to
KFsp.

CHEMICAL COMPOSITION 
OF TRACHYDACITES 

AND TRACHYRHYOLITES

Petrochemically (Table 3), the rocks are classed
with acid (SiO

 

2

 

 62–76 wt %), low-Fe (Fe

 

2

 

O

 

3

 

 + MgO up
to 3.5 wt %), peraluminous (A/CNK = 1.28–1.53)
rocks, with extremely high potassic alkalinity (from 7.5
to 10.35 wt %) and the practical absence of Ca. It is
seen from Table 3 that the highest contents of mafic
components and K and Al saturation are typical of the
trachydacites with a relatively low SiO

 

2

 

 content
(67 wt % SiO

 

2

 

). These rocks show the narrowest chem-
ical variations, whereas the rhyolites widely vary in
composition, especially in contents of SiO

 

2

 

 (from 70.5
to 76.7 wt % SiO

 

2

 

) and K

 

2

 

O (from 9.66 to 4.96 wt %
K

 

2

 

O), which is presumably related to late silicification.
As was mentioned above (Syritso et al., 2005), an
increase in the SiO

 

2

 

 content is accompanied by a
decrease in the K

 

2

 

O content.
Geochemically (Tables 3, 4), these rocks, like the

Orlovka granites, have high concentrations of litho-
phile elements (up to 2400 ppm Rb, up to 950 ppm Li,
up to 85 ppm Cs), and, at the same time, are enriched in
incompatible elements, similarly to subalkaline basalts
of the group of ore deposits (1200 ppm Ba, 90 ppm Zr,
44 ppm Y, and up to 250 ppm total REE). Note that the
most homogenous petrochemical composition at wide
geochemical variations is typical of the dacites with the
lowest SiO

 

2

 

 content (up to 67.5 wt %). They demon-
strate the highest contents of K, rare and rare-earth ele-
ments, at the sharp predominance of LREE over HREE
[

 

(

 

La

 

/

 

Yb

 

)

 

n

 

 = 10–15], and a well expressed negative Eu
anomaly [

 

(

 

Eu

 

/

 

Eu

 

*)

 

n

 

 = 0.28].
The trachyrhyodacites are similar to the biotite

granites of the Khangilay Massif in terms of elevated
content of some rare lithophile elements, including Li,
Rb, Sc, Ta, Nb, W, Sn, Th, and U, whose content in the
trachyrhyodacites is either identical to or exceed those
in the biotite granites. In particular, they show a five-
fold increase in Li, Cs, and Rb and a four-fold increase
in Ba at similar contents of refractory elements (Nb, Ta,
REE, and Zr). The main evidence of their geochemical
affinity is the similar REE contents and patterns. Note
that, compared to the biotite granites of the Khangilay
Massif and trachyrhyodacites, the extreme derivatives
of the Khangilay Massif, the amazonite granites, are
strongly depleted in REE (up to 27.4 ppm), have a low

 

(

 

La

 

/

 

Yb

 

)

 

n

 

 ratio (2.2), and a clealry pronounced Eu
anomaly [

 

(

 

Eu

 

/

 

Eu

 

*)

 

n

 

 = 0.05].

DATA OBTAINED ON MELT 
AND CRYSTALLINE INCLUSIONS

Melt inclusions were studied in the most typical rep-
resentative samples in 0.5-mm thick doubly polished
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plates. Quartz phenocrysts account for up to 40 vol% of
all phenocrysts and occur as 0.5–2.5-mm rounded
grains that are resorbed by the groundmass in the form
of deep embayments (Fig. 2g) and occasionally have
cryptopegmatite rims. During cataclasis, the mono-
lithic quartz phenocrysts were broken into individual
fragments with the granulation and transformations of
their margins into a fine-grained (0.01–0.08 mm)
aggregate. The examination of quartz grains showed
that melt inclusions account for no more than 10% of

the total area. Quartz usually contains very small two-
phase fluid inclusions. Turbid, brownish, strongly fis-
sured grains with clastic material are scarcer. Quartz
with melt inclusions typically forms large (up to
2.5

 

−

 

3 mm) turbid irregularly shaped grains that have
distinct contacts with felsitic groundmass. The melt
inclusions occur as single, occasionally, paired segrega-
tions, mainly of rounded shape, from 10 to 100 

 

µ

 

m, in
most cases from 30 to 50 

 

µ

 

m in size (on average), and
are typically confined to the central parts of quartz

 

Table 1. 

 

 Compositions (wt %) of micas from melt and crystalline inclusions in quartz and from the trachyrhyodacites (sam-
ple O-902)

Component

Melt inclusions Crystalline inclusions Rock

Biotite Phengite–
muscovite Biotite Biotite Biotite Biotite Phengite–

muscovite
Phengite–
muscovite

SiO

 

2

 

41.60 53.68 32.89 39.38 35.79 36.36 46.25 44.33

TiO

 

2

 

0.26 2.08 0.56 1.66 2.20 2.23 0.00 0.00

Al

 

2

 

O

 

3

 

22.08 18.16 15.87 16.08 17.98 18.52 20.42 22.12

FeO 9.60 14.96 13.61 20.30 21.98 22.36 6.95 10.55

MnO 0.33 0.04 0.33 0.49 0.55 0.50 4.01 1.42

MgO 11.42 1.02 16.87 7.39 8.27 8.30 0.17 0.16

CaO b.d.l. b.d.l. 0.52 0.09 0.03 0.03 0.00 0.00

K2O 8.76 6.85 6.96 7.31 8.27 8.21 11.20 10.84

Na2O 0.24 0.20 0.14 0.10 0.04 0.06 0.23 0.50

Rb2O 0.04 0.05 b.d.l. b.d.l. b.d.l. 0.05 – –

Nb2O3 b.d.l. b.d.l. 0.15 b.d.l. b.d.l. b.d.l. – –

Ta2O5 b.d.l. 0.05 b.d.l. 0.11 b.d.l. b.d.l. – –

WO3 0.12 b.d.l. 0.21 0.12 0.05 0.05 – –

F 1.06 b.d.l. 1.23 0.28 0.33 0.25 – –

Cl b.d.l. 0.09 0.05 0.05 0.05 0.05 – –

Total 95.51 97.18 89.39 93.36 95.53 96.97 89.23 89.92

Numbers of cations normalized to 22 f.u.

Si 2.98 3.66 2.65 3.03 2.75 2.75 3.45 3.29

AlIV 1.02 0.34 1.35 0.97 1.25 1.25 0.55 0.71

Total Z 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Ti 0.01 0.11 0.03 0.10 0.13 0.13 0.00 0.00

AlVI 0.84 1.12 0.16 0.49 0.38 0.40 1.25 1.23

Fe 0.57 0.85 0.92 1.31 1.41 1.41 0.43 0.66

Mn 0.02 0.00 0.02 0.03 0.04 0.03 0.25 0.09

Mg 1.22 0.11 2.02 0.85 0.95 0.93 0.02 0.01

Total Y 2.66 2.19 3.13 2.78 2.91 2.90 1.95 1.98

Ca 0.00 0.00 0.05 0.01 0.00 0.00 0.00 0.00

K 0.80 0.60 0.72 0.72 0.81 0.79 1.07 1.03

Na 0.03 0.03 0.02 0.02 0.01 0.01 0.02 0.05

Total X 0.83 0.63 0.79 0.75 0.82 0.80 1.09 1.08

F 0.24 0.00 0.31 0.07 0.08 0.06 – –

Note: All iron is recalculated in the form of FeO; b.d.l. means concentrations below the detection limit; dashes mean not analyzed.
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Table 2.  Chemical composition (wt %) of feldspars from melt and crystalline inclusions in quartz and from trachyrhyodacite

Compo-
nent

K feldspar Albite

Sample O-902 Sample O-901 Sample O-902 Sample O-901

MI CI Rock MI CI Rock MI Rock MI

3* σ 3 σ 1 12 σ 1 1 1 1 1

SiO2 65.98 0.93 68.52 2.38 65.47 65.49 1.16 65.31 64.21 70.52 69.25 66.96

TiO2 b.d.l. b.d.l. b.d.l. 0.03 0.02 b.d.l. 0.02 b.d.l. 0.04 b.d.l.

Al2O3 18.68 0.25 18.58 1.23 18.82 18.63 0.66 18.67 18.35 20.35 20.39 20.67

FeO 0.04 0.01 0.07 0.10 0.05 0.03 0.04 b.d.l. 0.01 0.04 0.04 0.07

MnO b.d.l. 0.03 0.03 b.d.l. 0.03 0.01 0.03 b.d.l. 0.03 b.d.l. b.d.l.

MgO 0.03 0.01 0.09 0.15 0.03 0.16 0.36 0.08 0.01 b.d.l. 0.02 0.01

CaO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.46 0.56 0.24

Na2O 0.37 0.12 0.23 0.22 0.38 0.37 0.10 0.37 0.64 11.27 11.51 11.41

K2O 13.97 2.00 11.73 3.55 15.70 15.32 1.06 15.94 15.55 0.23 0.52 0.19

SrO 0.03 0.02 b.d.l. b.d.l. 0.03 0.03 0.03 b.d.l. b.d.l. b.d.l. b.d.l.

Rb2O b.d.l. 0.03 b.d.l. b.d.l. b.d.l. b.d.l. – – –

Cs2O b.d.l. b.d.l. 0.05 0.03 0.01 b.d.l. 0.03 b.d.l. 0.04 b.d.l.

WO3 0.11 0.07 0.02 0.02 – 0.09 0.11 – b.d.l. – – b.d.l.

Ta2O5 0.05 0.04 0.08 0.12 – 0.04 0.07 – b.d.l. – – b.d.l.

P2O5 0.03 0.02 b.d.l. b.d.l. 0.05 0.10 b.d.l. b.d.l. 0.02 b.d.l. 0.02

BaO b.d.l. b.d.l. 0.12 0.12 0.02 0.07 0.06 b.d.l.

Total 99.29 99.38 100.62 100.42 100.49 98.82 102.98 102.37 99.57

Note: All iron as FeO, (MI) melt inclusion, (CI) crystalline inclusion, * number of measurements. σ mean square deviation. b.d.l. means
concentrations below the detection limit, dashes mean not analyzed.

grain. The melt inclusions consist of glass (Fig. 2c) or
several phases (Figs. 2a, 2b, 2d, 2e): glass, a crystalline
phase of double-refracting minerals and a bubble with
a fluid phase occupying 10−15 vol %. It can be seen in
transmitted light that the melt inclusions from trachy-
dacites consist mainly of a crystallized aggregate and
contains brownish hardly discernible low-refraction
glass. As is indicated by microprobe analysis, the crys-
talline phases of the melt inclusions are KFsp, albite,
mica, and unidentified ore minerals (?). Dark micas
were identified only in the trachydacites. Melt inclu-
sions in quartz from the trachydacites are almost never
accompanied by fluid inclusions, whereas those in the
Orlovka granites have trails of fluid inclusions. This
presumably indicates that quartz in the trachydacites
crystallized in magmatic stage, from relatively dry
water-undersaturated melts. The crystalline inclusions
(from 10 to 30 µm in size) typically contain KFsp (Fig.
2f, 2g), albite, and flakes of mafic mica.

To determine the composition of the parent trachy-
rhyodacite melt, the partially or completely recrystal-
lized at room temperature melt inclusions were homog-
enized. For this purpose, the host grains were welded
into a gold ampoule, heated in cold-seal pressure ves-
sels, and quenched (rapid quench hydrothermal appara-

tus) (Badanina et al., 2004). The heating temperature
was determined experimentally; the complete homoge-
nization was attained at a temperature of 730–750°ë
and a pressure of 2 kbar. The experiments lasted for
24−28 h. After the experiments, the melt inclusions
consisted of silicate glass with a small bubble, usually
in the outer part of the inclusions.

Composition of Melt and Crystalline Inclusions

The composition of the crystalline phases and
glasses from partially and completely crystallized melt
inclusions (17 inclusions), homogeneous silicate
glasses from melt inclusions after the experiments
(19 inclusions), crystalline inclusions (14 inclusions) in
quartz, and trachyrhyodacite minerals were determined
on a Cameca SX-50 microprobe. The results are shown
in Tables 1 and 2. The operation conditions were as fol-
lows: the acceleration voltage was 15kV, the beam cur-
rent was 20 nA, the beam size was 5–30 µm, and the
counting time was 10 s. Silicate glasses were analyzed
with a maximally defocused beam to preclude the loss
of alkaline components. It was found out that the crys-
tallized aggregates of melt inclusions and crystalline
inclusions contain mainly KFsp and phengite-musco-
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Fig. 2. (a–e) Melt inclusions and (f, g) crystalline inclusions of K feldspar in quartz from trachyrhyodacites and (h) the glassy
groundmass forming deep embayment in quartz phenocrysts; (cr) crystalline phase of melt inclusions, (gl) glass, (G) gas bubble,
(FI) fluid inclusions.
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vite, less common albite, while biotite was identified
only in the trachydacites.

In the trachydacites, KFsp in melt inclusions, crys-
talline inclusions, and rocks has the same composition
(Table 2) with an insignificant sodic admixture, varying
from 0.23 to 0.81 wt % Na2O. The highest Na2O con-
tents were found in KFsp from trachyrhyolites. The
contents of Rb, Sr, and Ba in KFsp are at the detection
limit and were reliably measured only in KFsp from
melt inclusions in trachydacites (up to 0.04 wt %
Rb2O). KFsp from the melt inclusions is noted for ele-
vated contents of W and Ta: up to 0.19 wt % WO3 and
0.09 wt % Ta2O5 in the trachydacites and up to 0.34 wt %
WO3 and 0.18 wt % Ta2O5 in the trachyrhyolites. KFsp
of the crystalline inclusions in quartz from the trachy-
dacites has a lower W content (up to 0.03 wt % WO3)
and a higher Ta content (up to 0.21 wt % Ta2O5). KFsp
from melt inclusions in quartz from the trachyrhyolites
has elevated P2O5 contents (up to 0.33 wt %).

Both varieties of the trachyrhyodacites contain sub-
ordinate amounts of albite in melt inclusions and rock
but not as crystalline inclusions. The mineral contains
insignificant admixtures of Ca (from 0.24 to 0.56 wt %
CaO) and K (from 0.19 to 0.52 wt % K2O) (Table 2).

Biotite was found in the melt and crystalline inclu-
sions in quartz and in the rock only in the trachydacites.
As is seen in Table 1, biotite has a stable composition in
the rock but shows significant variations in the Mg, Fe,
and Al concentrations in the inclusions. The highest-
Mg biotite was found in the crystalline inclusions. It is
also distinguished for the highest contents of trace ele-
ments: W (up to 0.21 wt % WO3), Ta (up to 0.11 wt %
Ta2O5), Nb (up to 0.17 wt % Nb2O5), and Rb (up to
0.05 wt % Rb2O); the contents of these elements in
biotites from the groundmass are at the detection limit.
The F content in the biotite from melt inclusions
reaches 1.23 wt %, whereas biotite from the rock con-
tains only 0.31 ± 0.02 wt % F at up to 0.09 wt % Cl. It

Table 4.  Content of rare and rare earth elements (ppm) in the quench glasses (SIMS) and Orlovka trachyrhyodacites
and granites (ICP-MS)

Component

O-902 O-901-2a O-901 O-133 O-230-4c O-230-4d O-230 O-626-4a O-626

Trachydacite Trachyrhyolite Bt-granite Ms-Mc-Ab granite Amazonite granite

rock Melt rock rock Melt rock Melt rock

Li 951.40 354 181.72 202.80 2397 2411 263.08 544 2288.79

Be 34.02 3.04 4.57 11.64 7.7 13.10 19.25 36 12.89

Ba 1264.28 – 951.79 188.22 – – 33.55 – 3.65

Nb 23.92 3.64 17.80 34.06 158 26.00 37.05 23.9 268.69

Zr 88.82 – 63.79 57.79 – – 45.74 – 33.26

Y 32.43 – 39.54 22.76 – – 49.41 – 3.30

La 45.03 10.74 33.41 36.48 1.25 1.01 11.23 0.18 3.62

Ce 81.87 21.47 58.77 58.35 2.62 1.95 23.90 0.99 13.24

Pr 13.07 2.61 9.56 8.81 0.34 0.3 4.37 0.12 2.16

Nd 46.00 10.98 31.61 29.07 1.24 0.99 15.83 0.34 4.96

Sm 11.40 2.76 7.94 6.61 0.92 0.65 6.48 0.25 2.03

Eu 0.91 6.58 0.77 0.42 0.05 0.03 0.05 0.003 0.00

Gd 8.41 3.53 7.03 5.83 0.96 0.61 6.62 0.18 1.25

Tb 1.37 0.67 1.14 0.93 0.34 0.22 1.41 0.06 0.29

Dy 7.69 3.42 7.5 4.40 1.86 1.44 9.44 0.37 1.36

Ho 1.48 0.72 1.6 0.86 0.34 0.24 1.86 0.05 0.19

Er 4.21 1.41 4.77 2.22 0.81 0.65 4.94 0.16 0.64

Tm 0.64 0.22 0.68 0.32 0.15 0.11 0.85 0.04 0.11

Yb 4.30 1.57 4.51 2.63 1.06 0.76 6.00 0.24 0.78

Lu 0.64 0.22 0.68 0.33 0.15 0.11 0.84 0.04 0.15

Σ REE 227.02 66.89 169.97 157.26 12.1 9.07 93.82 3.00 30.58

(La/Yb)n 6.42 4.19 4.54 9.78 0.82 1.45 1.18 0.52 2.13

Eu/Eu* 0.28 6.61 0.32 0.21 0.16 0.26 0.02 0.04 0

Note: dashes mean not analyzed.
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should be emphasized that the highest F contents were
found in the highest-Mg biotite (MgO = 16.87 wt %).
The highest Fe content was found in biotite from the
rock (FeOtot = 22.36 wt %, TiO2 = 2.23 wt %).

Composition of Melt Inclusions 
from the Trachyrhyodacites prior to and after Their 

Homogenization

Table 3 lists chemical analyses (including F and Cl)
of glasses from melt inclusions prior to and after the
homogenization of the glasses of melt inclusions from
the trachydacites and trachyrhyolites. Since homoge-
neous and residual glasses of melt inclusions have
extremely low contents of mafic components and cal-
cium, the compositional variations of glasses can be
explained within the scope of the Qtz–Ab–Or system
(Fig. 3). Three compositional types of glasses were
found (Table 3).

The residual glass in the partially crystallized inclu-
sions from trachyrhyolites prior to their homogeniza-
tion has the most unusual composition. The residual
glass presumably represents the pseudobinary albite–
orthoclase system, which preserved, owing to its rapid
quench, equilibrium between the Na-rich melt and non-
interacting KFsp. This glass contains only 60.25 wt %
SiO2 at high Al2O3 (22.87 wt %) and high Na2O
(6.11 wt % K2O) contents, which significantly predom-
inates over K2O (4.07 wt %). This glass is characterized
by extremely low contents of mafic components and
basicity but has a relatively high Cl content (up to
0.34 wt %) and contains no F.

The composition of homogenized glasses from the
trachyrhyolites and the trachydacites are petrochemi-
cally similar to the bulk rock composition: they are
highly silicic (66.90–76.17 wt % SiO2) and have a low
mafic index, with K dominating over Na (3.51–6.12 wt %
K2O and 1.08–1.18 wt % Na2O). Melts from both of
these rocks, like the rocks themselves, differ in compo-
sition: compared to the trachydacites the trachyrhyo-
lites, as have a higher SiO2 content, lower Fe and Mg
contents, and higher total alkalis at the strong predom-
inance of K (6.12 ± 0.24 wt % K2O).

In the Qtz–Ab–Or diagram (Fig. 3), the composi-
tions of the melts prior to their homogenization occupy
the extremal position, maximally approaching the Ab
corner, as compared to known natural and experimental
systems. The homogenized melts have a principally dif-
ferent composition, forming a compact field along the
Qtz–Or side. The compositions of melts from the tra-
chydacites are close to the Or corner, while melts from
the trachyrhyolites are shifted toward the Qtz corner.

The comparison of the Orlovka trachyrhyodacite
with the known rhyolites of the Streltsovka caldera
(Chabiron et al., 2001), which are spatially related to
the largest uranium deposit of eastern Transbaikalia,
shows a significant difference between the composi-
tions of their parent melts at a high degree of their frac-

tionation in both cases. Judging from the data in Table 3,
the melt of the Orlovka trachyrhyodacites is super-per-
aluminous (A/CNK = 1.53–1.81), whereas the melt of
the Streltsovka rhyolites is moderately agpaitic
(A/CNK = 0.88–1.10). The latter is characterized by
higher total alkalinity (Na2O + K2O ~ 10 wt %) as com-
pared to the former melt (Na2O + K2O < 8 wt %). The
melt of the Streltsovka rhyolites was relatively dry (no
more than 2.4 wt % H2O, direct determination) and had
a high F content (from 1.4 to 2.7 wt %), whereas the
melt of the Orlovka trachyrhyodacites had a low F con-
tent, around the detection limit (0.04 wt %), and was
water-rich, judging from the low analytical totals (with
a deficit of 6.4 wt%). The comparable melts differ in
geochemistry. The melts of the Orlovka trachyrhyodac-
ites contain up to 1000 ppm Rb, 354 ppm Li. In con-
trast, the melt of the Streltsovka rhyolites is enriched in
refractory elements incompatible with felsic melts: Nb
(up to 202.7 ppm) and REE (ΣREE = 299 ppm) as com-
pared to 66.89 ppm and 3.64 ppm, respectively, in the
Orlovka trachyrhyolites. Thus, the melt of the Orlovka
rhyolites geochemically corresponds to peraluminous
rare-metal granites, whereas the melt of the Streltsovka
rhyolites is close to rare-metal agpaitic granites.

Composition of Bulk Rocks and Melt Inclusions

The composition of melt inclusions prior to their
homogenization principally differs from the bulk rock
composition in having a lower SiO2 content, extremely
high saturation with Al (A/CNK = 1.53), Na predomi-

Ab Or
Rock Melt Melt

prior to homogenization after homogenization

O-901

O-902

O-901 O-901

O-902

Qtz

0.5 kbar

10 kbar
4% F

Fig. 3. Compositions of rocks and melts in the Ab–Qtz–Or
diagram.
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nance over K (Na/K= 0.14), at high total alkalinity. The
homogenized melts are principally similar to the bulk
composition of the corresponding rocks: trachydacites
and trachyrhyolites. The homogenized melt inclusions
have a higher SiO2 content (66.90 wt % SiO2 in melt
inclusions from the trachydacites and 76.17 wt % SiO2
in melt inclusions from the trachyrhyolites) as com-
pared to the corresponding rocks (67.18 wt % SiO2 in
the trachydacites and 74.10 wt % SiO2 in the trachyrhy-
olites), which can obviously be explained by some
overheating of the inclusions and the dissolution of the
host quartz, although, the homogenized glass was ana-
lyzed in the central part of large inclusions to avoid the
trapping of melted material. As is seen in Table 3 and
Fig. 3, the homogenized melts of the trachydacites and
trachyrhyolites have a significantly lower K content as
compared to the bulk composition of the rocks. In par-
ticular, the K content in the trachydacite melt corre-
sponds to 6.12 wt % K2O, while the rock usually con-
tains >10 wt % K2O. The melts are higher in Na and
significantly lower in Al (by 2% Al2O3). The trachydac-
ite melt is more mafic than the rock, whereas trachyrhy-
olite melt has lower Mn and Fe concentrations than the
rock. However, the main difference is that the melt
shows low analytical totals, which are deficient for
about 6.4 wt % in the trachydacites, presumably due to
a water content in the melt. Raman spectroscopy deter-
mination of the water content in the trachyrhyolite melt
shows 4.2 wt % H2O. In this case, the totals of the anal-
yses are close to 100 wt %, which serves as indirect evi-
dence of the absence of other volatiles in the melt.

A significant fact is that the rock and melt strongly
differ in Rb and Li contents. As is seen in Table 3, the
trachydacites are almost one order of magnitude richer
in Rb than the melt (274 and 2401 ppm, respectively).
The melt of the trachyrhyolites is higher in Rb
(732 ppm), whereas the rocks do not accumulate it. The
ion-microprobe Li content (Table 4) accounts for
354 ppm in the trachyrhyolites, which is almost two
times more than its content in the rock (182 ppm). The
different distribution of Rb and Li, elements that
behave similarly, suggests that host quartz crystallized
from the melt inclusions after KFSp, which is the main
Rb carrier.

REE Content in the Melt, Trachyrhyodacite, and Rare 
Metal Granites of the Orlovka Massif

As was mentioned above (Syritso et al., 2005), the
trachyrhyodacites and biotite granites of the Khangilay
intrusion have similar LREE contents and distribution.
As compared to the biotite granites, the trachyrhyodac-
ites have higher HREE, while their distribution pattern
is similar to that of the porphyroblastic microcline–
albite granites, the late phase of the rare-metal granites.
The rocks of the vertical differentiates of the Orlovka
Massif form a series of REE patterns, which indicates a
subsequent decrease in the total REE (from 157.26 to
30.58 ppm) and increase in the Eu anomaly [(Eu/Eu*)n

from 0.21 to 0] at a similar shape of the REE patterns,
which are inherited from the porphyroblastic granites.
Such a significant range in the REE contents confirms
the intense fractionation of the parent melt of the
Orlovka massif. The melts of both trachyrhyodacites
and granites have low REE contents, which is presum-
ably related to early REE accumulation in accessory
minerals. This difference becomes especially signifi-
cant for granite melts (Badanina et al., 2006), whose
derivatives contain only 3 ppm REE. At the same time,
as is shown in Fig. 4, the melt of amazonite granites
shows a higher deficit in Eu2+ with distinct first and
third tetrads (T1, T3). This fact indicates that the tetrad
effect occurred in the silicate volatile-rich melt regard-
less of the hydrothermal–metasomatic processes, as
was suggested previously. As can be seen in Fig. 4, the
REE distribution pattern of the trachyrhyolite melt is
similar to that of the rock at somewhat lower REE con-
tents and a positive Eu anomaly [(Eu/Eu*)n = 6.61] in
the melt.

DISCUSSION AND CONCLUSIONS

Our study confirmed the existence of a high-K per-
aluminous silicate melt. Two independent types of
melts were identified: a felsic melt (76.2 wt % SiO2)
responsible for the formation of trachyrhyolites and an
intermediate melt (66.9 wt % SiO2) that produced tra-
chydacites. The petrochemical compositions of the
homogenized glasses appeared similar to those of the
corresponding rocks. It is worth noting that the highest
K content (K2O = 6.12 wt %, on average, at Na2O =
1.08 wt %) is typical of the low-Si melt, whereas the
felsic melts (76.17 wt % SiO2) contain no more than
4.51 wt % K2O. This difference becomes more con-
trasting while comparing the bulk rock composition. In
particular, the trachydacites contain up to 10 wt % K2O
at the practical absence of Na2O, whereas trachyrhyo-
lites contain no more than 7,25 wt % K2O. The main
difference of these melts from the bulk rocks is the ele-
vated water content (up to 4.2 wt % H2O) in the trachy-
rhyolite melt.

The melts were initially enriched in rare lithophile
elements. In particular, the microprobe Rb content is as
high as 1000 ppm, while the Li content determined by
ion microprobe accounts for 354 ppm. The difference
in the contents of rare elements and potassium between
the melt and rock is possibly related to the effect of the
Orlovka Massif on the studied rocks. However, the time
and character of this effect is controversial, because no
signs of intense metasomatic alteration were detected
in the contact aureole of the Orlovka Massif. Neverthe-
less, the Li distribution during evolution of the melt of
the Orlovka Massif is quite remarkable. As is shown in
Table 4, the highest Li contents (2397 ppm) were found
in the melt of deep-seated muscovite microcline–albite
granites, whereas the melts of amazonite granites from
the outercontact zone contain no more than 544 ppm Li.
The rocks show the opposite relations: strong Li accu-
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mulation in the amazonite granites (2288 ppm) at only
263.08 ppm Li in the least differentiated deep-seated
granites. Such an inversion in the Li distribution in the
rock and melt may indicate that a Li-rich melt or fluid
was exsolved and transported to upper levels, and this
caused secondary Li accumulation in the apical part of
the Orlovka Massif. Conceivably, some of these fluids
could also enrich the near-contact trachyrhyodacites
containing 951.4 ppm Li.

The melts of the Orlovka trachydacites are noted for
low F content (0.07 wt %), whereas the trachyrhyolite
melt does not contain F at the detection limit of 0.05 wt %.
As is seen in Table 3, the rocks show an opposite pat-
tern: the trachydacites are devoid of F, whereas the tra-
chyrhyolites contain 1800 ppm F. This trend was high-
lighted during the study of the F distribution in mica in
a series of melt inclusions–crystalline inclusions–rock.
As is seen in Table 1, the highest F contents were dis-
covered in the highest Mg early biotite from melt inclu-
sions in quartz from the trachydacites, while the F con-
tent decreases with increasing Fe mole fraction of
micas (from 1.23 wt % in biotite from melt inclusions
to 0.22 wt % in biotite from the rock). The trachyrhyo-
lites contain no biotite, but bear their own F carriers:
topaz and F-bearing phengite–muscovite.

The residual melt has the most unusual composition.
It is characterized by an extremely low mafic index and
basicity (< 0.5 wt % mafic oxides), high saturation with
Al (A/CNK = 1.53), comparatively low SiO2 content
(SiO2 = 60 wt %), high total alkalinity (> 10 wt %

K2O + Na2O) at significant Na2O predominance over
K2O (6.11 wt % Na2O). In the Qtz–Ab–Or diagram, the
compositions of these melts occupy an extreme posi-
tion, being the closest to the Ab corner compared to the
known natural and experimental systems. In contrast,
the compositions of the homogenized melts occupy a
principally different position, forming compact fields
along the Qtz−Or side. The compositions of trachydac-
ites are close to the Or corner, while trachyrhyolites are
shifted toward the Qtz corner. The comparison of the
compositions of residual glasses (prior to homogeniza-
tion) with those of homogenized quench glasses from
the rhyolites of the Orlovka Massif (this study), Strelts-
ovka caldera (Chabiron et al., 2001), Spor Mountain,
US (Tsareva et al., 1991) highlights similar trends,
which are expressed in a higher SiO2 content and,
respectively, a lower Al2O3 content in the quench
glasses. Note that this trend is accompanied by an
inversion in the alkali ratio: the residual glasses have
mainly sodic composition, whereas quench glasses are
dominated by K. The composition of the residual melt
of the Orlovka trachyrhyolites well corresponds to
ongonite magma, with the exception of the absence of
F and, in contrast, the presence of a high Cl content (up
to 0.34 wt %). The presence of such a rare-metal
enriched residual melt indicates that the magma differ-
entiation of the Orlovka trachyrhyodacites followed the
ongonite trend with the accumulation of volatiles, pri-
marily, water, chlorine, and rare metals in the residual
melts. In this case, the primary melt presumably corre-
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sponded to a more mafic dacite composition, whereas
the rhyolite melt was presumably produced by the par-
tial melting of a shale–schist sequence by dacite melt,
which led to an increase in SiO2 content, decrease in
K2O, rare alkali metals, REE, and F.

Our data demonstrated the potential possibility of
the appearance of an unusual residual Cl-bearing ongo-
nite-like melt during the fractional crystallization of the
trachyrhyodacite magma. However, these questionable
melts cannot be related to the rare-metal granites of the
Orlovka Massif, because their formation was separated
by a significant time gap of 90 Ma. The age relations
between the granites of the Khangilay intrusion and tra-
chyrhyodacite were estimated by U–Pb local dating on
zircons. The studies were conducted on a high-resolu-
tion SHRIMP-II secondary ion microprobe with mass-
spectrometric termination at the Center of Isotopic
Research of the Karpinskii All-Russia Research Insti-
tute of Geology. The results of these investigations will
be reported in another paper. Note only that the
obtained data showed that the biotite granites of the
Khangilay and Orlovka massifs were formed practically
simultaneously at 140.3 ± 2.6 Ma and 140.6 ± 2.9 Ma,
respectively. Their simultaneous formation is also con-
firmed by Rb–Sr dating (139.9 ± 1.9 Ma; Negrei et al.,
1995; Kovalenko et al., 1999; Kostitsyn et al., 2004),
whereas trachyrhyodacites were dated at 235.4 ± 2.4 Ma.
Nonetheless, the ubiquitous spatial association of the
Li–F granites with rhyolites, the similarity of their
geochemical composition, including REE contents and
distribution patterns, and the initial Sr isotopic compo-
sition suggest that the rare metal granites and trachy-
rhyodacites were derived from similar protoliths. The
rocks of the Khangilay complex could be generated
from the sand–shale sequences of the Upper Riphean
Onon Formation. This assumption could be made on
the basis of the fact that detrital grains and some nuclei
of the zircon from the rare-metal granites of the
Orlovka Massif and trachyrhyodacites define an age of
789 ± 13 and 530 ± 10 Ma, respectively.
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