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Abstract—Geological and geochemical data indicate that the formation of the granulite-like rocks in the
contact aureole of the Yurchik gabbronorite intrusion of the Ganal Range, Kamchatka, was caused by the
contact metamorphism, metasomatism, and local melting of the initial volcanosedimentary rocks of the
Vakhtalka Sequence of the Ganal Group. The temperature in the inner part of the aureole reached 700—
800°C and caused the transformation of the basic volcanic rocks of the sequence into two pyroxene—plagio-
clase, clinopyroxene—amphibole—plagioclase, and amphibole—plagioclase hornfelses, while sedimentary
rocks were converted into garnet—biotite *+ cordierite hornfelses. The hornfelsed basic volcanic rocks were
locally subjected to metasomatic alteration and magmatic replacement with formation of biotite—orthopy-
roxene—plagioclase metasomatic bodies containing biotite—orthopyroxene—plagioclase * garnet veinlets
and aggregates. During these processes, sedimentary interlayers were converted into garnet enderbites at
700—800°C and 3.2—4.8 kbar. The comparison of the chemical composition of basic volcanic rocks of the
Vakhtalka Sequence and their transformation products indicates that the metasomatic alteration and mag-
matic replacement correspond to siliceous—alkaline metasomatism (granitization) and cause subsequent and
uneven influx of Si0,, Al,O3, Na,O, K,O, Rb, Ba, Zr, Nb, and CI and removal of Fe, Mg, Mn, Ca, Cr, Co,
Ti, Y, and S. REE data on basic metavolcanic rocks, hornfelses, and metasomatites suggest that the processes
of hornfelsation, metasomatism, and magmatic replacement of the initial volcanic rocks were accompanied
by significant increase in LREE and slight decrease in HREE. The Sr and Nd isotope study of the rocks in
the aureole showed that the initial basic volcanic rocks of the Vakhtalka Sequence are isotopically close to
both mature island arc tholeiites and mid-ocean ridge basalts. The metasomatic alteration and magmatic
replacement of volcanic rocks in the aureole lead to the decrease of '*Nd/!'**Nd and increase of 8Sr/%¢Sr
approximately parallel to mantle array. Pb isotopic ratios in the studied rocks become more radiogenic from
initial metavolcanic rocks to metasomatites.

It is suggested that the processes of metamorphism, metasomatism, and magmatic replacement were caused
by highly mineralized mantle fluids, which percolated along magmatic channels serving as pathways for gab-
broid magma.

Keywords: basic volcanics, hornfelses, gabbronorites, metasomatites, granitizaition, magmatic replacement,
Ganal Range, Kamchatka
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INTRODUCTION

The role of fluids in the transfer of chemical compo-
nents during magmatic and metasomatic processes is
one of hotly debatable problems in the modern geolog-
ical literature. New achievements in the framework of
this problem are publications dedicated to the forma-
tion of oceanic granitoids by fluid-assisted metasomatic
transformation of basic basement. Geochemically sim-
ilar high-temperature metasomatic transformations of
basic rocks are observed in the outer contact zone of the

Yurchik gabbronorite massif at Kamchatka, the charac-
teristics of which is considered in this work.

The find of high-temperature granulite-like meta-
morphic rocks (garnet enderbites) in the contact aure-
ole of the Yurchik gabbronorite intrusion of the Ganal
Range of Kamchatka gave rise to a long-term discussion
regarding their origin and facies affiliation [1—7]. Some
researchers considered these rocks as independent
ancient (mainly Precambrian) complex of sialic base-
ment of East Kamchatka [1—3], which served as the
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base for the formation of all subsequent rocks. Other
geologists suggest that these metamorphic rocks were
formed during contact reactions in response to the
emplacement of the large Yurchik gabbronorite intru-
sion into Cretaceous volcanosedimentary deposits of
the Ganal Group [4—8].

Our previous works in this region were devoted to the
study of the enderbitization, gabbroization, and mag-
matic replacement in the contact aureole of the Yurchik
gabbronorite intrusion [6, 9—13]. In this work, we
report new REE and Sr, Nd, and Pb isotope data on the
metamorphic rocks of the Vakhtalka Sequence of the
Ganal Group, which were subjected to metasomatism,
granitization, and magmatic replacement in the contact
aureole of the Yurchik intrusion, and discuss the prob-
lems of genesis of granulite-like rocks.

METHODS

REEs were analyzed by ICP-MS on Agilent 7500c at
the Analytical Center of the Far East Geological Insti-
tute of the Far East Branch of the Russian Academy of
Sciences. The SiO, and L.O.I. were determined by
gravimetry, while other petrogenic elements were ana-
lyzed by inductively coupled plasma atomic emission
spectrometry on an ICP-6500 at the Analytical Center
of the Far East Geological Institute of the Far East
Branch of the Russian Academy of Science. Some trace
elements were determined by XRF on an automated S4
Pioneer spectrometer at the Analytical Center of the
Far East Branch of the Russian Academy of Sciences.
Samples for elemental ICP-MS and ICP-AES analyses
were decomposed by fusion with lithium metaborate
(LiBO,) in a mixture sample : flux 1 : 3. Trace element
abundances were determined with standard deviation
less than 10%.

Sr, Nd, and Pb isotope compositions were analyzed
at the Institute of Geochemistry of the Siberian Branch
of the Russian Academy of Sciences on a Finnigan
MAT 262 mass spectrometer (Baikalian Analytical
Center of Collective Use of the Siberian Branch of the
Russian Academy of Sciences, Irkutsk). Measured Sr
isotope composition was corrected to ¥Sr/%Sr =
0.71024 = 1 in NBS-987 standard at recommended
87Sr/86Sr = 0.71025. The Nd isotope analysis was con-
trolled by JND-1 standard with '*Nd/'*Nd =
0.512100 % 5 at recommended value of 0.512116. The
values of Nd/'**Nd and ¥ Rb/%Sr ratios in samples
were calculated using ICP-MS data obtained at the
Analytical Center of the Far East Geological Institute of
the Far East Branch of the Russian Academy of Sci-
ences. Measured ¥7Sr/%¢Sr ratios in samples were not
normalized to the recommended value in the VNIIM
standard.

Instrumental mass-fractionation during the Pb iso-
tope analysis was corrected using “zero-time correc-
tion” [14, 15]. The value of measured Pb isotope com-
position of NBS-981 standard was 2°Pb/?%Pb =
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16.939 + 2; 207Ppb/2%Pb = 15.492 £ 2; 2%Pb/2%Pb =
36.706 + 8 at the recommended 2°°Pb/?Pb = 16.937,
27pp,204Pp = 15.491, and 28Pb/2Pb = 36.721.

BRIEF GEOLOGICAL REVIEW

The Yurchik intrusion represents a phacolith-like
body around 22 km long, which intruded the vocl-
anosedimentary rocks of the Ganal Group and caused
their metamorphism (Fig. 1). The most significant
thickness of gabbroid rocks (up to 1500 m) identified by
the intensity of magnetic field was established in the
northern part of the massif (Fig. 2). In this area, the host
rocks of the Vakhtalka Sequence of the Ganal Group
experienced maximal heating and intense hornfelsa-
tion, which was overprinted by processes of metaso-
matic and magmatic replacement.

The Yurchik Massif is made up of early gab-
bronorites with small cortlandite bodies and later mag-
matic rocks varying in composition from lherzolites,
wehrlites, and troctolites to melanocratic clinopyrox-
ene—amphibole gabbros [5, 9]. Late postmetamorphic
gabbroids are exposed mainly in the southern and
southeastern portions of the intrusion, where they cut
across the early gabbronorites, host rocks of the Ganal
Group, and gneissose amphibole—biotite granitoids,
which we interpret to represent the acid derivatives of
the Yurchik intrusion. The late gabbroids are geochem-
ically similar to the derivatives of the island-arc alumi-
nous low-potassium tholeiites [16].

In the marginal zones, the early gabbronorites are
gneissose, cataclased, and diaphthorized up to forma-
tion of gabbro amphibolites due to superimposed
amphibolite-facies regional metamorphism [5, 7, 9],
which spanned also hornfels aureole, volcanosedimen-
tary rocks of the Ganal Group, and amphibole—biotite
granitoids. This regional metamorphism was likely
caused by intense thrusting and piling of different litho-
tectonic complexes into nappe package during forma-
tion of thrust-imbricated tectonic structure of the
Ganal Range [17]. It is suggested that this metamor-
phism occurred simultaneously with regional meta-
morphism of the sediments of the Kamchatka Median
Crystalline Massif (52—55 Ma). The timing of regional
metamorphism of the rocks of the Ganal Range is con-
strained between the emplacement of the early gab-
bronorites and peridotites of the Yurchik intrusion (U—
Pb SHRIMP age of 85 Ma [18]) and the formation of
postmetamorphic gabbroids with “°Ar/*Ar and U—Pb
SHRIMP dates within 20—25 Ma [16, 19].

The Vakhtalka Sequence (800—900 m thick) lying at
the base of the Ganal Group consists mainly of basic
metavolcanics (amphibolites, amphibole and clinopy-
roxene—amphibole schists) with boudined interlayers of
garnet—biotite * cordierite plagiogneisses from 10—
20 cm to 10—15 m and more thick, dacitic metavolca-
nics, quartiztes, and occasional marbles [13]. The basic
volcanic rocks of the Vakhtalka Sequence are dated by
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Fig. 1. Schematic geological map of the Yurchik gabbronorite intrusion, Ganal Range.

(1) Neogene tuffs and volcanic rocks, (2) siliceous shales, siltstones, tuffites, tuffs, altered basalts, shales, and sandstones of the
Late Campanian—Maastrichtian Irunei Formation; (3) greenstone altered felsic, intermediate and less common basic volcanic
rocks and their tuffs, and terrigenous rocks of the Late Cretaceous Stenovaya Group; (4—6) Cretaceous Ganal Group: (4) terrig-
enous—volcanogenic (D’yavol’skaya) sequence, (5) terrigenous (Voevodskaya) sequence, (6) essentially volcanogenic (Vakhtalka)
sequence; (7) zone of intense hornfelsation, metasomatism, and magmatic replacement of the rocks of the Vakhtalka sequence;
(&) gneissose amphibole—biotite plagiogranites; (9) gneissose gabbronorites and postmetamorphic clinopyroxene—amphibole
gabbro and peridotites of the Yurchik Massif (undivided), (/0) faults (a), thrusts (b). Inset shows the position of the Yurchik intru-

sion.

U—Pb SHRIMP zircon method at 116.2 = 1.3 and
120 = 1.5 Ma [20]. In addition, these volcanic rocks
contain numerous xenogenic zircons of the Triassic—

Carboniferous, Early Paleozoic, and Proterozoic
age [20].

GEOCHEMISTRY INTERNATIONAL Vol. 51

PETROGRAPHY AND MINERALOGY
OF THE METAMORPHIC ROCKS

The basic volcanic rocks of the Vakhtalka Sequence
in the inner portions of the contact aureole were con-
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Fig. 2. Geological scheme of the contact aureole in the northern part of the Yurchik gabbroid intrusive (heads of the Vaktan
Ganal’sky Levyi).

(I—3) metamorphic rocks of the Ganal Group: biotite and garnet—biotite plagiogneisses of the Voevodskaya sequence (/),
amphibole, clinopyroxene—amphibole, and two pyroxene—amphibole hornfelses after basic volcanic rocks of the Vakhtalka
Sequence, biotite—orthopyroxene—plagioclase metasomatites (2), interlayers of biotite and garnet—biotite plagiogneisses (3), (4)
garnet—orthopyroxene—cordierite—biotite enderbite bodies; (5) gneissose gabbronorites, (6) gneissose amphibole—biotite pla-
giogranites, (7) zone of intense pyritization of the intercalation unit of basic, intermediate, and felsic volcanic rocks, (&) strikes
and slips of schistosity, gneissosity, and banding, (9) observation points, (/0) faults. Horizontal lines are with a step of 100 m.

1
verted into fine-grained amphibole, clinopyroxene—  gasite (X), = 0.60—0.67) , plagioclase (X,, = 0.8—0.5),
amphibole, and two pyroxene—amphibole hornfelses
[12, 13] consisting of Mg-hornblende or Fe-rich par- ! Xyg = Mg/(Mg + Fe +Mn); X, = Ca/(Ca + Na + K).

GEOCHEMISTRY INTERNATIONAL Vol. 51 No. 11 2013
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Fig. 3. Metasomatic replacement of brownish—green hornblende (Hbl) by orthopyroxene (Opx) in the basic hornfelses of contact
aureole of the Yurchik gabbronorite intrusion. Sample 537-S, without analyzer. (Bf) biotite, (Mag) magnetite.

Fig. 4. Fine-grained biotite—orthopyroxene—plagioclase metasomatite. Sample 427-1, without analyzer. (Opx) orthopyroxene,
(PI) plagioclase, (Mag) magnetite.

GEOCHEMISTRY INTERNATIONAL Vol. 51  No. 11 2013



GEOCHEMISTRY OF GRANITIZATION AND MAGMATIC REPLACEMENT

901

Fig. 5. Leucocratic migmatite biotite—orthopyroxene—plagioclase veinlets in the fine-grained biotite—orthopyroxene—plagio-

clase metasomatites. (a) sample 535-K, (b) sample 574.

clinopyroxene (X,,, = 0.68—0.77), and less common
orthopyroxene (X, = 0.70—0.72). The maximum tem-

perature of contact metamorphism reached 700—
800°C [13].

Basic hornfelses were locally subjected to metaso-
matic transformations. At the initial stages of metasom-
atism, amphibole in hornfelses was replaced by individ-
ual small crystals and chains of orthopyroxene (Fig. 3).
As a result, practically all hornfelses from the northern
part of the contact aureole were variably metasomatized
and replaced by association of fine- and ultra-fine-
grained metasomatites (Fig. 4) consisting of orthopy-
roxene (X, = 0.58—0.63), plagioclase An,s, variable
amount of biotite (X, = 0.60—0.75), apatite, and Fe—
Ti oxides.

Intensification of the metasomatic processes gave
rise to the intense debasification of hornfelses and their
local magmatic replacement expressed in the develop-
ment of thin leucocratic biotite—orthopyroxene—pla-
gioclase + garnet migmatite veinlets and aggregates
(Fig. 5) with magmatic hypidiomorphic texture and
coarser (up to 1—2 and more millimeters) mineral crys-
tals. Detailed mineralogy of metasomatic transforma-

GEOCHEMISTRY INTERNATIONAL

Vol. 51  No. 11

tions and magmatic replacement of basic hornfelses
from this aureole is considered in [13].

The formation of biotite—orthopyroxene—plagio-
clase *+ garnet leucocratic veinlets and aggregates,
which are similar to the leucosome of typical migma-
tites, in metasomatites indicates a local melting (mag-
matic replacement) of the initial hornfelses preliminar-
ily altered by metasomatic processes. Metasomatic
rocks as well as migmatic veinlets and aggregates differ
in sharply elevated content of apatite, which indicates
the high concentration of volatiles (water, phosphorus,
chlorine, and fluorine) in metamorphosing fluids. Neo-
morphous orthopyroxene and biotite from metasoma-
tites and migmatite veinlets are characterized by the
higher Fe more fraction, while plagioclase has lower Ca
content as compared to the similar minerals from horn-
felses [13]. The content of garnet in the migmatite vein-
lets usually is no more than few %. It has the following
composition: Alm 60—63%, Prp 15—17, Sps 13—14,
Grs 8—10, Xy, = 0.17—0.18.

Further intensification of metasomatic processes
and magmatic replacement of hornfelses enforced
debasification of initial basic volcanic rocks and led to
the appearance of single thin garnet enderbite veinlets,
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Fig. 6. Petrochemical diagrams showing metasomatic transformation and magmatic replacement of hornfelsed basic volcanic and
sedimentary rocks of the Vakhtalka Sequence in the contact aureole of the Yurchik intrusion after [12, 13].

(I—2) hornfelsed volcanic rocks: clinopyroxene—amphibole—plagioclase (/) and amphibole—plagioclase (2) composition,
(3) biotite—orthopyroxene—plagioclase metasomatites, (4) garnet enderbites, (5) xenoliths of basic metavolcanic rocks (horn-
felses) in garnet enderbites, (6) charnockites, (7) metamorphosed felsic volcanic rocks (metadacites). Arrows show the variation
trend of hornfelsed basic metavolcanics of the Vakhtalka Sequence during granitization and magmatic replacement.

which in addition to orthopyroxene, biotite, and pla-
gioclase, contain quartz, cordierite, garnet, and rare K-
feldspar. The large bodies of the garnet enderbites are
formed only during magmatic replacement of boudined
terrigenous beds located among basic metavolcanic
rocks of the Vakhtalka Sequence (Fig. 2). Thermody-
namic conditions of the formation of the garnet ender-
bites determined using garnet—orthopyroxene geother-
mobarometer [21] correspond to 700—800°C and 3.2—
4.8 kbar [13].

GEOCHEMISTRY
OF THE METAMORPHIC ROCKS

The comparison of the chemical composition of
basic volcanic rocks from the Vakhtalka Sequence in the
contact aureole and their transformation products [12,
13] shows that the processes of metasomatism and mag-
matic replacement correspond to the siliceous—alkaline
metasomatism (granitization), which leads to the sub-
sequent but uneven input of SiO,, Na,0, K,O, Rb, Ba,
Zr, Nb, and Cl and removal of Fe, Mg, Mn, Ca, and
some trace elements (Cr, Co, Ti, Y, S), thus causing
intense debasification of initial rocks (Fig. 6). Similar
behavior of elements during granitization was noted in

GEOCHEMISTRY INTERNATIONAL Vol. 51

[22]. In spite of the fact that scales of granitization dur-
ing regional and contact metamorphism are different,
the behavior of chemical elements (input—removal) is
controlled by the same trends.

The comparison of REE contents in the basic volca-
nic rocks of the Vakhtalka Sequence, their hornfelsed
varieties, and metasomatites suggests that the metaso-
matic transformation and magmatic replacement of
initial rocks is accompanied by increase in LREE and
slight decrease in HREE (Table 1, Fig. 7). Primitive
mantle-normalized multicomponent discrimination
diagrams of the volcanic rocks of the Vakhtalka
Sequence and products of their metasomatic transfor-
mation and magmatic replacement show no any supra-
subduction geochemical features.

The results of Sr, Nd, and Pb isotope study of the
rocks of the Vakhtalka Sequence that enclose the
Yurchik gabbroid massif are presented in Tables 2, 3 and

2
in Figs. 8—10. Isotope Nd—Sr systematics of initial
volcanic rocks, hornfelses, and metasomatites (Fig. 8)

2 It was shown [4] that the Sr and Nd isotope compositions of the
studied rocks reveal no signs of the existence of ancient sialic
crust in the Ganal Range.

No. 11 2013
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Fig. 7. Chondrite-normalized [23] REE contents (Table 1) in the initial basic volcanic rocks of the Vakhtalka Sequence, amphib-
ole and amphibole—clinopyroxene hornfelses and biotite—orthopyroxene—plagioclase metasomatites (a). Fields of normalized
REE contents for basic volcanic rocks ( /), hornfelses (2), and metasomatites (3) from the contact aureole of the Yurchik intrusion
(b). (4) average composition of the tholeiitic basalt from the mid-oceanic ridge [24].

indicates that all the three rock groups are close to the
mantle correlation array. In the diagram (Fig. 8), the
compositions of the studied volcanic rocks are confined
to the fields of the mid-ocean ridge tholeiitic basalts
(eNd (0) =+ 10.1 [25], as well as to the fields of mature
island arcs such as Kamchatka (¢Nd (0) = +9.4 [26] or
Honshu (eNd (0) = + 4.5 [27, 28]. Variations in Nd iso-

GEOCHEMISTRY INTERNATIONAL VWl. 51 No. 11

tope composition of hornfelses fall in the region of the
highest positive values of these isotope ratios (€Nd (0) =
from +9.5to +10.7), whereas metasomatites have lower
values of eNd from +4.0 to +9.1.

Based on €Nd distribution, the metamorphic rocks
of the Vakhtalka Sequence are divided into two groups
(Table 2): (1) eNd(0) from +4.0 to +4.5, which com-
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Fig. 8. Sr—Nd isotope systematics of the metamorphic and metasomatic rocks from the contact aureole of the Yurchik gab-
bronorite intrusion (Table 2) as compared to the Pacific N-MORB [25]; Quaternary basalts of Kamchatka [26] and Honshu [27,
28]. Symbols: (/) basic metavolcanic rocks; (2) amphibole and clinopyroxene—amphibole hornfelses, (3) biotite—orthopyrox-
ene—plagioclase metasomatites; (4) metamorphic rocks of the Khavyven Upland, East Kamchatka [29].

prises both initial volcanic rocks and metasomatites and
(2) eNd(0) from +7.8 to +10.7, which includes volcanic
rocks, hornfelses, and metasomatites. Observed varia-
tions in Nd isotope compositions show no correlation
with metasomatic and metamorphic transformations
and could be explained by either different composition
of protolith, which produced the volcanic rocks of the
Vakhtalka Sequence, or by selective contamination with
crustal material having low eNd.

Variations of Pb isotope composition in the initial
volcanic rocks, hornfelses, and metasomatites (Table 3,
Fig. 9) are within the field of Quaternary volcanic rocks
of Kamchatka [26] and tholeiitic basalts of the Pacific
Ocean [25], lying closely to the depleted mantle Pb evo-
lution curve [31].

Examination of REE distribution (Table 1) shows
that the metasomatites as compared to the initial volca-
nic rocks and hornfelses demonstrate significant
increase in La/Yb ratio, i.e., metasomatic transforma-

GEOCHEMISTRY INTERNATIONAL Vol. 51

tions were accompanied by LREE influx. It is impor-
tant, in this regard, to consider the behavior of isotope
systems depending on variations of this parameter as
indicator of the transformation degree of host rocks.
Diagram eNd (0) versus (La/Yb)y (Fig. 10a) shows two
subhorizontal trends corresponding to the above distin-
guished rock groups 1 and 2, which indicates the
absence of relation between LREE influx during gran-
itization and variations in the initial Sm—Nd isotope
characteristics of the protolith.

The values of ¥Sr/%Sr in the studied rocks show
more complex behavior. It is seen in the diagram of
Sr—Nd correlation (Fig. 8) that some compositions of
hornfelses and metasomatites are clearly shifted to the
right from mantle correlation array, which may be
explained by the presence of seawater Sr in the fluid that
caused metasomatism and granitization. However, the
influence of this factor on the composition of rocks of
the Vakhtalka Sequence appeared less significant than

No. 11 2013
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Fig. 9. 207Pb/204Pb—206Pb/204Pb diagram for the metamorphic and metasomatic rocks from the contact aureole of the Yurchik

gabbronorite intrusion:

Symbols (1—3) are shown in Fig. 8. Fields of evolution of Pb isotope composition in the rocks of passive continental margins are
calculated using data from [30]. Fields of Pb isotopic composition shown according to literature data: (/) Quaternary basalts of
Kamchatka [26]; (2) N-MOR basalts of the Pacific Ocean [25]; (3) metamorphic rocks of the Khavyven Upland of East Kam-
chatka [29]; UC is the evolution curve of Pb isotopic composition of the upper continental crust, M, the same, in depleted

mantle [31].

in the metamorphic rocks of the Khavyven Upland of
East Kamchatka [29].

In the diagram ’Sr/%¢Sr — (La/Yb)y (Fig. 10 b), the
series of metavolcanic rocks—metasomatites of Group 1
defines a clear positive correlation, i.e., Srisotope com-
position becomes more radiogenic with metasomatic
transformations, which suggests the contribution of
seawater Sr in these processes. For Group 2, the radio-
genic increase in Sr isotope composition is observed in
the series of volcanic rocks—hornfelses with low
(La/Yb)y = 1.8—3.7 and Sr < 400 ppm, whereas horn-
felses and metasomatites with higher (La/Yb)y ratios
and high Sr contents are characterized by the same Sr
isotope composition as initial volcanic rocks. This is
likely related to the buffer effect of high Sr content in
protolith, which significantly decreases the degree of its
dilution by Sr introduced with metasomatic processes.

The Pb isotope composition of both these groups
becomes more radiogenic from initial volcanic rocks to
metasomatites (Fig. 10c¢), which may indicate insignifi-
cant input of radiogenic—“crustal” lead with metamor-
phosing fluid as compared to the Pb isotope composi-
tion of protolith.

GEOCHEMISTRY INTERNATIONAL VWl. 51 No. 11

Thus, the metasomatic transformations and graniti-
zation of the basic volcanic rocks of the Vakhtalka
Sequence, which encloses the Yurchik gabbroid massif,
were expressed in the Sr, Nd, and Pb variations in the
series of volcanic rocks (protolith)—hornfelses—meta-
somatic rocks. The Sm—Nd isotope system of the stud-
ied metasomatic process remains inert and reflects pri-
mary properties of the rocks. Sr isotope composition
becomes more radiogenic due to involvement of seawa-
ter Sr into fluid phase. However, high Sr content in pro-
tolith may buffer this effect. The more radiogenic Pb
isotope composition of metasomatites as compared to
the initial rocks is related to some input of “crustal” Pb
in metasomatic system.

DISCUSSION

The possibility of granitization of basic and ultraba-
sic rocks under the influence of highly mineralized flu-
ids with formation of granitoids was theoretically dem-
onstrated by D.S. Korzhinskii [32] and confirmed by
experimental and theoretical studies [33—35]. Accord-
ing to these concepts, granitization is referred to as
magmatic replacement of initial basic rocks under the
effect of highly mineralized alkaline-silicic mantle flu-

2013
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Fig. 10. Variations of eNd (0) (a), 8St/36Sr (b), and 2""Pb/>*Pb (c) versus La/Yby; for the host rocks of the Yurchik Massif: (7,
2) metabasic rocks and metasomatites of group (1); (3—5) basic metavolcanic rocks, hornfelses, and metasomatites of group (2).
Arrows show the trend of compositional variations of hornfelsed basic volcanic rocks of the Vakhtalka Sequence during graniti-

zation and magmatic replacement.

ids, which are formed in the course of mantle degassing
and cause debasification and “bleaching” of the rocks
with increasing melting (formation of shadow and
banded migmatites).

Experimental data confirm that mineralized aque-
ous—hydrocarbonic fluid generating in mantle incon-
gruently dissolve silica and alkalis as well as some litho-
phile elements (Rb, Li, REE, and others) in mantle
rocks [33]. The decrease in temperature and pressure
with ascent to the upper crustal levels leads to the
decrease of alkalis and silica solubility, thus causing
metasomatic change and nonisochemical partial melt-
ing of crustal protolith, and, finally, granitization.
According to [33], these processes require strong heat-
ing in zone of fluid influence (temperature in the zone
of fluid discharge should be higher than that of the gran-
ite solidus) and sufficient thickness of crustal protolith

(around 15 km), which provides the high solubility of
mantle matter by fluids.

Our studies showed that the strong heating of host
rocks of the Vakhtalka Sequence was noted for the
northern part of the contact aureole, where the Yurchik
Massif is characterized by the highest thickness (heads
of the Vaktan Ganalsky Levyi River) and its crystalliza-
tion occurred at depths around 15 km, which deter-
mined the development of intense hornfelsation, meta-
somatic transformations, and magmatic replacement
(granitization) of the initial basic volcanic rocks and
sedimentary intercalations (Figs. 1, 2). Similar phe-
nomena of high-temperature hornfelsation, metaso-
matic alteration, and magmatic replacement of basic
metavolcanic and metasedimentary rocks of the
Vakhtalka Sequence were also noted in the southern
part of the Yurchik intrusion (in the heads of the Vaktan

GEOCHEMISTRY INTERNATIONAL Vol. 51 No. 11 2013
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Table 2. Srand Nd isotope ratios in the basic metavolcanic rocks (amphibolites, amphibole schists), hornfelses, and meta-
somatites of the Vakhtalka Sequence from the contact aureole of the Yurchik gabbronorite intrusion of the Ganal Range,

Kamchatka
ngf?;_ Sample Rock RDb, ppm | S, ppm | ¥7Sr/%Sr+ 26 | Sm, ppm | Nd, ppm ['**Nd/'*Nd +2¢
1 425-V Basic metavolcanic | 25.11 547.4 0.703817 £ 20 3.71 14.62 0.513111 7
rocks
2 |426-B "’ 2.51 193.5 0.703053 £ 29 2.99 9.06 0.513156 £ 6
3 537-L "’ 4.35 762.2 0.703786 £14 6.29 21.73 0.512866 £ 6
4 593 " 6.69 376.7 0.703440 = 21 5.72 21.02 0.513115%£6
5 539 Hornfels 21.22 807.3 0.703670 £ 18 7.06 31.76 0.513111 £ 7
6 538 " 29.22 309.7 0.704494 + 25 4.12 16.53 0.513174 £ 6
7 427-V "’ 2.79 677.0 0,703742 £ 13 3.65 13.78 0.513152+9
8 427 "’ 15.34 368.0 0,704415 £ 15 4.56 19.99 0.513171 £ 7
9 427-L Metasomatite 47.74 743.7 0.704504 + 22 4.90 25.34 0.512825 +7
10 427-K "’ 5.12 729.8 0.704249 £+ 20 4.10 20.58 0.512863 £ 11
11 538-S "’ 7.92 1649.0 0.703291 + 27 5.80 29.14 0.513089 £ 6
12 538-K " 8.70 1523.0 0.703261 £ 22 4.43 21.70 0.513021 £ 5

Concentrations of Rb, Sr, Sm, and Nd (in ppm) were determined by ICP-MS at the Analytical Center of the Far East Geological Insti-

tute, Far East Branch, Russian Academy of Sciences.

Table 3. Pb isotope ratios in the basic metavolcanic rocks (amphibolites and amphibole schists), hornfelses, and metaso-

matites from the contact aureole of the Yurchik gabbronorite

intrusion of the Ganal Range, Kamchatka

Of(i)“al Sample Rock U Th Pb | 206ph/204pp | 207pp, 204pp, | 208pp, 204pp,
1 [425-v | Basic metavolcanic| 0.18 0.38 3.18 18.182 15.423 37.672
rocks
2 |426-B " 0.03 0.06 1.52 18.190 15.402 37.604
3 |537-L " 0.01 0.08 6.62 18.207 15.454 37.908
4 |593 " 0.25 0.77 2.60 18.272 15.387 37.634
5 1539 Hornfels 0.23 0.98 9.54 18.162 15.408 37.605
6 538 " 0.25 0.60 2.04 18.185 15.424 37.679
7 |427-v " 0.02 0.08 1.53 18.193 15.435 37.838
8 |427 " 0.17 0.70 1.97 18.105 15.406 37.638
9 |427-L  |Metasomatite 0.69 5.43 16.80 18.206 15.491 38.128
10 |427-K " 0.29 1.82 7.48 18.245 15.474 38.064
11 |538-s " 0.05 0.30 8.59 18.174 15.433 37.749
12 |538-K " 0.09 0.61 9.89 18.199 15.432 37.777

Pb isotope ratios were measured with accuracy no worse than 0.05 rel. %. Concentrations of U, Th, and Pb (in ppm) were analyzed by
ICP-MS at the Analytical Center of the Far East Geological Institute, Far East Branch, Russian Academy of Sciences.

Malkinskii River) at the contact with postmetamorphic
gabbroids, but scales of this process are limited by few
tens of centimeters [5, 9].

Thus, the study of altered rocks of the Vakhtalka
Sequence of the Ganal Group in the contact aureole of
the Yurchik gabbronorite intrusion indicates that their

GEOCHEMISTRY INTERNATIONAL VWl. 51 No. 11

transformation was caused by high-temperature horn-
felsation accompanied by superimposed metasomatic
alteration of the hornfelses and their local magmatic
replacement. All these processes are spatiotemporally
related in complementary way with each other, and
were caused by percolating highly mineralized fluids. It

2013
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is suggested that metasomatism and magmatic replace-
ment of basic volcanic and sedimentary rocks of the
Vakhtalka Sequences were assisted by highly mineral-
ized mantle fluids filtering through magmatic channels,
which served as pathways for gabbroid melt.

CONCLUSIONS

Presented geological and geochemical data testify
that the formation of the granulite-like rocks in the con-
tact aureole of the Yurchik gabbronorite intrusion in the
Ganal Range of Kamchatka was caused by contact
metamorphism, metasomatism, and local melting of
the initial volcanosedimentary rocks of the Vakhtalka
Sequence of the Ganal Group. In the inner part of the
aureole, where temperature reached 700—800°C, the
basic volcanic rocks of the sequence were transformed
into  two-pyroxene—plagioclase, clinopyroxene—
amphibole—plagioclase, and amphibole—plagioclase
hornfelses, while sedimentary rocks, into garnet—
biotitetcordierite hornfelses. Locally, hornfelsed basic
volcanic rocks were metasomatically altered into
biotite—orthopyroxene—plagioclase metasomatites.
Local magmatic replacement of the metasomatites in
the zones of most intense fluid filtration led to the for-
mation of biotite—orthopyroxene—plagioclase + garnet
migmatite veinlets and aggregates, while sedimentary
interlayers were converted into bodies of garnet ender-
bites, which were formed at 700—800°C and 3.2—
4.8 kbar.

The comparison of chemical composition of the
Vakhtalka Sequence and products of their transforma-
tion indicates that metasomatic alteration and mag-
matic replacement chemically correspond to siliceous—
alkaline metasomatism (granitization) and cause subse-
quent and uneven influx of SiO,, Na,O, K,O, Rb, Ba,
Zr, Nb, and Cl and removal of Fe, Mg, Mn, Ca, and
some trace elements (Cr, Co, Ti, Y, and S) from
replaced rocks. The comparison of REE contents in the
initial volcanic rocks, their hornfelsed varieties, and
metasomatites revealed significant increase in LREE
contents and slight decrease in HREE during metaso-
matic alteration and magmatic replacement of the
metavolcanic rocks. The study of Sr and Nd isotope
compositions in the rocks of the aureole showed that the
initial basic volcanic rocks of the Vakhtalka Sequence
are isotopically close to the tholeiites of mature island
arcs and basalts of mid-ocean ridges. The metasomatic
alterations of initial volcanic rocks and their hornfelsed
varieties lead to the decrease of '“*Nd/'*Nd ratio and
increase of ®’Sr/%Sr in compliance with a common
mantle array. Lead isotope composition of metasomatic
rocks is more radiogenic as compared to initial volcanic
rocks, which may indicate that metamorphosing fluid
contained insignificant amount of more radiogenic,
“crustal lead” as compared to the Pb composition of
protolith.
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It is suggested that metasomatism and magmatic
replacement of the rocks from the contact aureole of the
Yurchik intrusion was caused by highly mineralized
mantle fluids, which percolated along magmatic chan-
nels that served as pathways for gabbroid magma.

ACKNOWLEDGMENTS

This work was supported by the Far East Branch of
the Russian Academy of Sciences (project no. 09-111-
A-08-409).

REFERENCES

1. L. L. German, “Structural position of granulites of the
Ganal Range of Kamchatka,” Sov. Geology, No. 7, 118—
126 (1975).

2. L. L. German, V. I. Shul’diner, and S. A. Shcheka,
“Metamorphic complexes of the Ganal Ridge of Kam-
chatka,” Izv. Akad. Nauk SSSR, Ser. Geol., No. 2, 25—
35 (1976).

3. V. I. Shul’diner, S. V. Vysotskii, and A. I. Khanchuk,
“Crystalline basement of Kamchatka: structure and evo-
lution,” Geotektonika, No. 2, 80—93 (1979).

4. V. 1. Vinogradov, M. 1. Bujakaite, G. A. Goroshchenko,
A. O. Lukanin, B. G. Pokrovskii, “Isotopic and geochro-
nological features of high-grade rocks of the Ganalsky
Inlier of Kamchatka,” Dokl. Akad. Nauk SSSR 318 (4),
930936 (1991).

5. A. 1. Khanchuk, “Geological position of the granulite-
facies rocks and gabbronorites of the Ganal range of
Kamchatka,” Geol. Geofiz., No. 8, 45—51 (1978).

6. I.A. Tararin, “Origin of granulites of the Ganal Range of
Kamchatka,” Dokl. Akad. Nauk SSSR 234 (3), 677—
680 (1977).

7. S. A. Shcheka, “Near-gabbroid hornfelses and granulite
rocks of Kamchatka,” in Petrology and Geochemistry of
Far East Magmatic and Metamorphic Rocks, Ed. by
S. A. Korenbaum et al., (DVNTS AN SSSR, Vladivos-
tok, 1975), pp. 167—196 [in Russian].

8. V. K. Kuz’min, V. A. Glebovitskii, B. V. Belyatskii,
A. B. L'vov, and Yu. M. Puzankov, “Cenozoic granulites
of the Ganal Ridge, eastern Kamchatka,” Dokl. Earth
Sci. 393A (9), 12111214 (2003).

9. 1. A. Tararin, “Magmatic replacement at the gabbroid—
plagiogneiss contact in the Ganal Range of Kamchatka,”
Dokl. Akad. Nauk SSSR 247 (1), 179—184 (1979).

10. 1. A. Tararin, “Formation of charnockite-type rocks in
the metamorphic complex of the Ganalsky Ridge of
Kamchatka,” Izv. Akad. Nauk SSSR, Ser. Geol., No. 6,
45—-57 (1982).

11. I. A. Tararin, V. M. Chubarov, and T. 1. Filosofova, “Bas-
ification of plagiogneisses at the contact with the gab-
broids of the Yurchik Massifin the Ganal Range of Kam-
chatka,” Tikhookean. Geol. 21 (1), 29—47 (2002).

12. 1. A. Tararin, “Granitization of the basic volcanic rocks
in the contact aureole of the gabbronorite intrusion
(Ganal Ridge, Kamchatka),” Dokl. Eath Sci. 425 (2),
231-234 (2009).

13. 1. A. Tararin and V. M. Chubarov, “Granitization and
magmatic replacement in the contact aureole of the

No. 11 2013



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

GEOCHEMISTRY OF GRANITIZATION AND MAGMATIC REPLACEMENT

Yurchik gabbronorite massif (Ganal Ridge, Kam-
chatka),” Russ. J. Pac. Geol. 3 (1), 40—63 (2009).

Y. Koide and E. Nakamura, “Lead isotope analyses of
standard rock samples,” Mass. Spectroscop. 38, 241—
252 (1990).

J.-1. Kiritani and E. Nakamura, “Precise isotope analysis
of nanogram-level Pb for natural rock samples without
use of double spikes,” Chem. Geol. 186 (1-2), 31—43
(2002).

E. G. Konnikov, A. N. Nekrasov, N. V. Rodionov,
A. V. Travin, V. A. Poletaey, E. G. Sidorov, and
V. M. Chubarov, “Yurchik massif in Kamchatka: age
and affiliation to magmatic associations,” Geochem.
Int. 47 (11), 1125—1136 (2009).

A. V. Rikhter, “Structure of metamorphic complexes of
the Ganal Ridge, Kamchatka,” Geotektonika, No. 1,
98—108 (1991).

A. B. Osipenko, E. G. Sidorov, and A. P. Kozlov, “U—
Pb SHRIMP geochronology of zircons from the ultra-
maficrocks of the Ganal Ridge, Kamchatka,” Izv.
Vyssh. Uchebn. Zaved., Geol. Razvedka, No. 1, 67—69
(2009).

State Geological Map of the Russian Federation. Scale
1:1000000 (Thirdt Generation). Koryak—Kurile Series.
Sheet N-57— Petropavlovsk-Kamchatskii. Explanatory
Notes (VSEGEI, St. Petersburg, 2006) [in Russian].

V. K. Kuz’min, S. P. Shokal’skii, N. V. Rodionov, and
S. A. Sergeev, “New U—Pb age data on the metabasic
rocks of Kamchatka,” in Volcanism and Geodynamics.
Proceedings of 4th All-Russia Conference on Volcanology
and Paleovolcanology, Peropavlovsk-Kamchatskii, Rus-
sia, 2009 (IVIiS DVO RAN, Petropavlovsk-Kam-
chatskii, 2009), vol. 1, pp. 388—391..

O. V. Avchenko, Mineral Equilibria in Metamorphic
Rocks and Problems of Geobarothermometry (Nauka,
Moscow, 1990) [in Russian].

V. L. Levitskii, Petrology and Geochemistry of Metasoma-
tism during Formation of Continental Crust (GEO,
Novosibirsk, 2005) [in Russian].

W. E McDonough and S.-S. Sun, “The composition of
the Earth,” Chem. Geol. 120 (3—4), 223—253 (1995).

R. Arevalo and W. E. McDonough, “Chemical variations
and regional diversity observed in MORB,” Chem. Geol
271 (1-2), 70—86 (2010).

M. W. White, A. W. Hofmann, and H. Puchett, “Isotope
geochemistry of Pacific mid-ocean ridge basalts,” J.
Geophys. Res. 92 (B6), 4881—4893 (1987).

T. Churikova, E Dorendorf, and G. Worner, “Sources
and fluids in the mantle wedge below Kamchatka, evi-
dence from across-arc geochemical variation,” J. Petrol.
42 (8), 1567—1593 (2001).

J.-1. Kimura, W. I. Manton, C. -H. Sun, S. lizumi,
T Yoshida, and R. Stern, “Chemical diversity of the
Ueno basalts, central Japan: identification of mantle and

crustal contributions to arc basalts,” J. Petrol. 43 (10),
1923—1946 (2002).

GEOCHEMISTRY INTERNATIONAL VWl. 51 No. 11

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

2013

911

J.-1. Kimura and T. Yoshida, “Contribution of slab fluid,
mantle wedge and crust to the origin of Quaternary lavas
in the NE Japan Arc,” J. Petrol. 47 (11), 2185—-2232
(2006).

1. A. Tararin, S. 1. Dril’, G. P. Sandimirova, Z. G. Badre-
dinov, S. A. Tatarnikov, T. A. Vladimirova, “Isotopic sig-
natures of strontium, neodymium, and lead in metamor-
phic rocks of the Khavyven Upland in Eastern Kam-
chatka,” Dokl. Earth Sci. 431 (1), 356—360 (2010).

M. W. White, B. Dupre, and P. Vidal, “Isotope and trace
element geochemistry of sediments from the Barbados
Ridge—Demerara Plain Region, Atlantic Ocean,”
Geochim. Cosmochim. Acta 49 (9), 1875—1886 (1985).

R. E. Zartman and S. M. Haines, “The plumbotectonic
model for Pb isotopic systematics among major terres-
trial reservoirs—a case for bi-directional transport,”
Geochim. Cosmochim. Acta 52 (6), 1327—1339 (1988).

D. S. Korzhinskii, “Granitization as magmatic replace-
ment,” Izv. Akad. Nauk SSSR, Ser. Geol., No. 2, 56—69
(1952).

V. A. Zharikov, “Some aspects of the problem of granite
formation,” Vestn. Mosk. Univ,, Ser. Geol., No. 4, 3—12
(1987).

V. A. Zharikov, M. B. Epel’baum, M. V. Bogolepov, and
A. G. Simakin, “Experimental study of possibility of
granitization under the effect of deep fluids,” Dokl.
Akad. Nauk SSSR 311 (2), 462—465 (1990).

E. N. Gramenitskii and P. V. Lukin, “Approaches to
experimental modeling of magmatic replacement,”
Vestn. Mosk. Univ,, Ser. Geol., No. 4, 16—26 (1996).

E A. Letnikov, S. O. Balyshev, and V. V. Lashkevich,
“Interrelations among the processes of granitization,
metamorphism, and tectonics,” Geotectonics 34 (1), 3—
22 (2000).

S. P. Korikovsky, “Granitizaton as universal mechanism
for anatectic granite formation under amphibolite- and
granulite-facies conditions,” in Proceedings of Confer-
ence on New Prospects in Study of Magma and Ore Forma-
tion, Moscow, Russia, 2010 (IGEM RAS, Moscow,
2010), pp. 96—97 [in Russian].

S. P. Korikovsky and L. I. Khodorevskaya, “Granitiza-
tion of Paleoproterozoic high-pressure metagabbro-
norites of the Belomorian Group in Gorelyi Island, Kan-
dalaksha Bay Area, Baltic Shield,” Petrology 14 (5),
423—451 (2006).

A. A. Marakushev, “Magmatic replacement and its
petrogenetic role,” in Essays on Metasomatic Processes,
Ed. by V. A. Zharikova (Nauka, Moscow, 1987), pp. 24—
38 [in Russian].

A. A. Marakusheyv, Origin of the Earth and its Endogenous
Activity (Nauka, Moscow, 1999) [in Russian].

A. A. Marakushev and N. I. Bezmen, Evolution of Mete-
oretic Matter, Planets, and Magmatic Series (Nauka,
Moscow, 1983) [in Russian].

Translated by M. Bogina



