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GEOCHEMICAL MODEL OF PRECAMBRIAN GRANITOID MAGMATIC EVOLUTION
IN THE KOROSTEN PLUTON (UKRAINIAN SHIELD):
PETROGENETIC ASPECTS AND GENESIS OF COMPLEX ORE MINERALIZATION
IN METASOMATIC ZONES

(PexomeHdoeaHo YrieHOM pedaKuiliHol Kosezii 0-pom 2eos. Hayk, npogh. O.B. MumpoxuHum)

Preliminary geochemical dataset for the granitoids (rapakivi, granite-porphyries, veined granites) of Korosten anorthosite-rapakivi
granite pluton (Ukrainian Shield) was studied. The data set includes the results of all major and selected trace elements determinations
(XRF, >300 samples), and is compared with melt crystallization and partial melting models of trace elements behavior. Only the Rayleigh
model closely approximates the trace element data for granitoids. Typical incompatible behavior under approximately constant bulk
distribution coefficient is determined for Rb (Dg,= 0,5). Model f values (weight fraction of liquid in magma chamber) are calculated for each
granitoid type (residual melt portion) from Rayleigh equation and Rb content in rocks (Crs) assuming minimum concentration in granitoids
(169 ppm) as Rb content in parent magma (C,*°). C vs. f curves for trace (including P, Ti, S, Cl, F, Ca) and major elements are approximated
by means of equations of C=Cy?f>' form or polynomial ones respectively. This set of equations is an idealized model of element behavior
that demonstrates the depletion of Ba, Sr, Ti, Zr, P, S and enrichment of Th and Ga in the residual liquid as well as the inversion behavior
of LREE, Y, F, Cl, Nb, Zn and Pb during the melt fractional crystallization in magma chamber. Monotonous decrease of both Zr and P
content indicates melt saturation in zircon and apatite. Therefore, model temperature (Tnoqe) Of the melt is estimated from equations of
zircon and apatite solubility. The temperature evolution in magma chamber was presented as Tpoqe VS. f polynomial equation (T ,oqe range:
900-720°C). Inversion in LREE content (f = 0,185) indicates the apatite/monazite replacement in the crystallizing assemblage. Water content
in melt for this f value and corresponding T.q Was calculated from equation of monazite solubility which demonstrates its high H,O-
dependence. C,"?°=2,36 wt% was estimated on this basis (assuming Dy = 0,1) for the liquidus of initial granite melt (P ~6,3 kbar).
According to designed model water saturation limit was reached at f = 0,165 and H,O-fluid was extracted from the melt during its further
evolution. Synchronous inversion of C/C, vs. f curves shows the enrichment of fluid with F, CI, Nb, Zn, Pb etc. Such characteristics of fluid
are in agreement with geochemical data for ore-bearing altered rocks and might testify for their genetic unity.

Keywords: granite, rapakivi, trace element, magmatic evolution, apatite, zircon, monazite, xenotime, solubility, water in melt, fluid

extraction, altered rocks, ore mineralization.

Introduction. Korosten pluton (KP) is one of the largest
and best studied magmatic complexes of Ukrainian Shield
(USh). It occupies the northwestern part of it and covers an
area of approximately 12000 km? [21, 54]. Pluton (fig. 1)
comprises typical anorthosite-rapakivi granite association
(ARGA) and represents complex multistage intrusive body
with at least 50 Ma of emplacement history (=1,8-1,75 Ga [6,
8, 28, 39]). Three main groups of rocks are distinguished at
present erosional level: granitoids and related pegmatites (4
bodies that cover 75% of KP); gabbroids (3 large bodies);
hybrid rocks, which formed as a result of gabbroic and granitic
magma mixing according to [33]. Gabbroid and granitoid
bodies themselves represent polyphase intrusions composed
by rocks associations of different age [6, 10, 19, 20, 54 etc.].
Two anorthositic (A1, A2) and two gabbroic (G3, G4) phases
are distinguished among the gabbroids, the earliest phase
(A1) age is estimated as 1,8-1,784 Ga and later phases are
believed to be 1,763-1,758 Ga [6, 33, 39, 54]. Three phases
of granitic intrusions are confirmed for the KP [9, 18, 22, 27,
31]: y' — rapakivi granites and biotite-amphibole rapakivi-like
granites, y? — subalkali biotite leucogranites and granite-
porphyries, y® — vein rare-metal microgranites and granite-
porphyries, which are dated as 1767+5, 1752+16, 1737154
Ma respectively [22, 33]. Age of gabbro-monzonites and
granosyenites (hybrid rocks) is estimated as 1760,7+4,1 and
1763,8+2,6 Ma respectively [33].

Long history of KP research [1, 5-16, 18, 20-25, 27, 28,
31-36, 39, 43, 54 etc.] led to formation of two major models
of its formation. First model [1, 4 et al.] accepts fractional

crystallization of basic melt as leading mechanism of all
rocks formation (especially granitic and gabbroic
components). Model stands on the basis of evident spatial
association of granitoids and gabbroids with hybrid rocks as
transitional link as well as experimentally proved [51 etc.]
possibility of such scenario. Nevertheless, the model poorly
describes aforementioned datings and dominating position
of granitic rocks in KP. Second model implies bimodal
magmatism and lacks direct genetic relations between
granitoids and gabbroids [5, 23 etc.]. Model suggests partial
melting of granulitic substratum under the influence of
mantle melts as main mechanism, which resulted in
formation of peraluminous melts due to mixing of mantle and
lower crust material. Basic rocks formation was initiated by
intrusion of such melts in higher crust levels that was
followed by formation of transitional chambers and
differentiation in them. Granitoids are believed to be formed
as a result of middle level crust melting by high-temperature
basic magmas [21, 23 etc.]. Objective analysis points out
that second model is better grounded and is also proved by
data on deep crustal structure of northwestern part of USh
obtained by a complex of modern geophysical methods
modeling [14, 16, 54 etc.].

Therefore, conducted geological, petrologic and
geophysical research allowed to suggest realistic models of
KP formation and to assess conditions of leading rock types
crystallization. According to mineral thermobarometry data
[21], crystallization of A1 type anorthosites took place under
~1000°C temperature and depth of ~30 km or more. Similar
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data on A2 type anorthosites yields temperature of 800-
850°C and depth of ~18 km [21]. As for prevailing granites,
mineral thermobarometry [1, 23] and fluid inclusions study
[7, 13, 15, 25] suggests a wide range of depths (3 to 12 km)
and temperatures (850-600°C for granitoids and 600-350°C
for pegmatites) of crystallization, which corresponds to

upper continental crust level. However, introduced models
[1, 4,5, 14, 23, 54 etc.] suggest generation and subsequent
differentiation of granitic melts in much deeper conditions.
The problem is that mechanisms and conditions of such
processes are insufficiently studied.

Baltic
Shield Gulf

of Bothnia

Baitic Shield

\ Karsun.
\ Novomirgorod

Fig. 1. Geological position and structure of Korosten Pluton. (a) Position of the Korosten pluton in the East European
platform (after [1]). (b) Simplified geological map of Korosten Pluton [11, 27, 43], with this paper author's modifications:

1 — Early Proterozoic gneisses, migmatites, granites; 2 — sedimentary-volcanic rocks of the Ovruch group; 3 — altered rocks in tectonic
zones (| — Suschano-Perga zone; Il — Teterev zone); 4 — rare-metal granite dykes; 5 — granite porphyry; 6 — porphyritic coarse-grained
rapakivi granites with minor ovoides (Amph+Bt, Bt); 7 — rapakivi granites with micro to large size ovoids (Amph+Bt+Px+Ol);

8 — anorthosites, gabbro-norites, gabbro-diabases. 9 — faults (a—regional, b—local); 10 — sampling locations with their numbers

In present paper authors make an attempt to solve the
latter problem at an example of KP granitoid series by
means of representative set of geochemical data complex
analysis. Reaching the aim requires solving next tasks: (1)
development of KP granitoids evolution geochemical model,
(2) model evaluation of thermodynamic parameters and fluid
mode of magma chamber evolution (3) assessment of
granitic magma potential to generate high-temperature ore-
bearing fluids able to large-scale metasomatic alteration of
host rocks and mineral deposits formation.

Sampling and analytical techniques. All the granitic
rocks of the Korosten pluton, taking into account the results
of this paper as well as early published ones [12, 18, 20, 27,
31, 43 etc.] are classified into 11 main varieties (types) of
rocks that are widely distributed all over the pluton. Each
type is investigated in details, while main rock types
constitute a simplified but a representative description of
trace and major elements abundance variations within the
Korosten pluton granitoids.

Locations of sampling with their numbers are shown in
Fig 1. All the sampled types of rocks, with short description,
are listed below (see Table 1) in an order of f parameter
values reduction. A decrease of f parameter value obtained
as a result of geochemical modelling is in correlation with the
rock types relative emplacement ages. Each rock type is
investigated by a number of ordinary point samples (n=19—
25) to carry out element analysis and one bulk representative
sample to make a detailed geochemical and mineralogical
analysis. Bulk representative samples are additionally studied
through thin sections and heavy mineral concentrates to
establish complete mineralogical composition. The presence
of trace amounts (up to separate grains concentration level)
of accessory phases of zircon-apatite-monazite-xenotime
association is checked during the research. Mineralogical
investigation results are summarized in a concise description
of rock types added to the Table 1.

Both ordinary and bulk representative samples are
crushed, pulverized and analyzed by means of quantitative

X-ray fluorescence method (XRF) at the laboratory of
Institute of Geology, Taras Shevchenko National University
of Kyiv, Ukraine. Major oxides and selected trace elements
(SiO2, TiO2, Al203, Fe203*®, MnO, MgO, CaO, Na20, K20,
P20s, S, ClI, Zr, Sr, Ba, Rb, Y, La, Ce, Nd, Nb, Th, Ga, Pb,
Zn, Cu) are analyzed in each sample. The precision and
accuracy of XRF method is verified by a replicate analysis
of the rock standards of specially prepared reference
samples set. Final calculations for each powdered sample
are obtained as averages of individual powder pellets
analysis with 3-5 measurements in case of point samples
and 10-30 measurements in case of bulk ones. Thus, all 315
final calculations represent averages of more than 1500
analyses of powder pellets.

The latter analytical procedure made it possible to
minimize analytical uncertainties that may arise in case of
non-homogenous trace elements distribution in powdered
samples. The best results (decreased n-fold) are obtained
for P, LREE (La, Ce, Nd) and especially for Zr — the elements
that form their own accessory phases of apatite, monazite
and zircon. For all bulk samples total analytical uncertainty
with a confidence level of 95% is estimated to be (in relative
%): Si — 0.5-0.6%; Al, Fe, Na, K, Rb, Ba — 1.5-5%; Ti, Mn,
Mg, Ca, P, Zr, Sr, Y, La, Ce, Nd — 5-10%; Nb, Pb, Th, Cu,
Zn, Ga — 10-15% (up to 20-40% for ~20 ppm level); S, Cl —
15-30%. In case of point samples noticeable analytical
uncertainty is noticed only for Zr (up to 15-25%). Other
elements show lesser uncertainties (P, LREE etc.) or
insignificant ones (major elements).

Representative  whole-rock data set used for
geochemical modelling is formed on the basis of analytical
results. Each Korosten granitoids rock type includes (1)
compositions calculated as averages of point samples
analyses (see Table 3); (2) the composition of bulk (see
Table 2) samples (22 whole-rock analyses in total).
Representative data for F average content in rock types [27]
is added to this set. Geochemical data set for altered rocks
includes only the ordinary samples analyses.
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Table 1
Localities and modal mineralogical composition of investigated granite types
s Rock-forming and accessory minerals content Zr-P-LREE-Y
ample
f Rock type, vol. %) accessory
(r':)ck ty;;fe) ’:o range locality F PI Hbl B OI+P A minerals
(No on Fig. 1) sp Qtz t X | ACC | association
95004 (4) 0,784-0,995 | Rapakivi granite, village Mirnoye 48 18 21 7 3.5 0,5 2 Zm+Ap
95006 (6) 0,875-0,877 | Rapakivi granite, Volynsk 49 22 20 4,5 3 0,3 1,2 Zm+Ap
pegmatite field
95002/2 (2/2) 0,613-0,865 | Rapakivi granite, town Malyn 45 21 20 8,5 3 0,3 2,2 Zrn+Ap
95005 (5) 0,721-0,734 | Rapakivi granite, village Guta 54 14 24 4 1 n.d. 3 Zm+Ap
Potievka
95012 (12) 0,520-0,580 | Rapakivi granite, town Korosten 51 8 34 2 1,5 0,1 3,4 Zm+Ap
95011 (11) 0,406-0,426 | Granite, village Schorsovka 59 7 29 09| 12 0,4 2,5 Zr+Ap
95009 (9) 0,347-0,408 | Granite, village Ignatpol 48 16 30 1 3,5 n.d. 1,5 Zr+Ap
96001 (1) 0,382-0,401 | Granite, village Emelyanovka 50 15 29 1,5 3 n.d. 1,5 Zr+Ap
95008/1 (8/1) 0,199-0,251 | Granite-porphyry, village 54 12 23 0,5 7 n.d. 3,5 Zm+Ap+Mnz
Andreevka
95007 (7) 0,124-0,194 | Autometamorphic granite, village 52 14 28 1 3** n.d. 2 Zrn+Mnz+Xnt
Lezniky
95008 (8) 0,029-0,038 | Veined rare-metal granite, village 31 28* 31 nd. | 7.5 | nd. |25 ZrnxXnt
Andreevka

Notes: Fsp — K-feldspar, Pl — plagioclase (* albite), Qtz — quartz, Hbl — hornblende, Bt — biotite (** Li- biotite, *** zinnwaldite), Px+Ol —
pyroxene+olivine (relic), Acc — accessory minerals (**** including <2.5% topaz and <0.1% other accessories), Zrn — zircon, Ap — apatite,

Mnz — monazite, Xnt — xenotime; n.d. — not detected.

Modelling procedure and results.

Model options. Five idealized models of trace elements
behaviour during melt crystallization and partial melting are
suitable for geochemical modelling of real magmatic processes
[29, 30, 38, 41, 44, 46, 50, 52 etc.]. These models, simplified for
the case of constant bulk distribution coefficient, are presented
below by equations (1) (Rayleigh fractional crystallization), (2)
(equilibrium melt crystallization and batch melting), (3)
(fractional partial melting with melt accumulation in magma
chamber) and (4) (strict fractional partial melting):

c=¢,-f"", (1)
Cc=c, [D-(l—f)+f]_l

and
c=Cs[D-(1-f)+ 1], 2)
c=(ci/r)[r-0-n"], @
Cc=(c;/p)-(1- )" @

where C is the element concentration in the melt, C, and C;

— initial element concentration in the parent melt and parent
solid rock respectively, D — bulk distribution coefficient for the
element, f — weight fraction of liquid (melt) in the system.

To apply the general forms of these equations [44, 46] the
value of D variations (dependent on the temperature,
pressure, melt and solid phase composition) during magma
evolution should be obtained. Due to absence of the latter
data in practice, only simplified equations could be used in
geochemical modelling. Generally, the models, designed on
this base, are semiquantitative, but they demonstrate close
approximation to magmatic evolution if D values for some
compatible and (or) incompatible elements are approximately
constant and might be determined.

Granitoids magmatic evolution is a typical example in
this case. The temperature range and variations in melt and
solid phase composition of granite-forming systems are less
studied than those of basalt-forming ones. Therefore,
approximately constant D values could be calculated for the
elements with the distributional pattern controlled only by
main rock-forming minerals. Rb and Sr are the typical
elements of this group. According to the data available [2,
30], a set of D values may be suggested to be used in
geochemical modelling of such typical geological

environments: (1) melt crystallization with K-feldspar and
plagioclase as the main phases of the crystallizing
assemblage (Dro=0.5, Dsr=2), (2) partial melting at lower
crustal level with plagioclase as the main restite phase
(Dro=0.1, Dsr=2). In case of partial melting at the upper
mantle level (olivine and pyroxene as the main restite
phases), Drob=0.1 and Dsr=0.1 values are the most realistic
estimations obtained. The latter set of D values is used in
further modelling procedure.

The data available confirms contrary role (compatible
and incompatible) of Rb and Sr (as well as Ba) during the
formation of Korosten pluton granitoids (Fig. 2, a). There-
fore, our data set for the Korosten pluton and the data sets
of other granitoids complexes of the Ukrainian Shield [9], ob-
tained by means of XRF and reported by [10, 12], were stud-
ied in comparison with the different model trends of melt
crystallization and partial melting in order to choose between
different models for the Korosten granitoid complex (Fig. 3,
a). Model trends calculated are based on equations (1) — (4)
assuming suggested Dsr and Drp values (vide supra) for f
that varies from 1.0 to 0.01. Both trends and granitoids data
are plotted in Srmax/Srmin—Rbmax/Rbmin coordinates, where
Srmax, Rbmax and Srmin, Rbmin are the elements maximum and
minimum concentrations within the granitoids series for
each complex or pluton. Only Rayleigh model (1), which is
the most applicable for the granitoids [17, 23, 30] represents
melt crystallization process on this plot. Other models (2) —
(4) represent partial melting processes.

According to Fig. 3, a the Korosten pluton granitoids as
well as all other granitoids complexes of the regions of
Proterozoic activation and some complexes of gneiss-
amphibolitic regions demonstrate a good agreement with
Rayleigh model in case of Drb=0.5, Dsr=2 (K-feldspar and
plagioclase fractionation during the melt crystallization).
Strong linear correlation (fig. 2, b) between the logarithms of
Rb, Sr and Ba concentrations testify to the same result, as
well as it shows the constant Dro, Dsr and Dga values during
the process of fractional crystallization. Coefficients values
in a corresponding linear equation for Sr and Rb (fig. 2, b)
confirm that Dro=0.5 and Dsr=2 values are correct in a case
of the Korosten pluton granitoids formation. Similar plot for
all present data on Ukrainian Shield granitoids approximated
to Rayleigh model (fig. 3, b) shows that these values are a
good estimation in a general case too.
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Table 2
Major and trace element composition of Korosten pluton main granitoids types (representative bulk samples)
Sample ﬁg‘:k tyPe) | 95004 | 95006 | 95002/2 | 95005 | 95012 | 95011 | 95009 | 96001 | 95008/1 | 95007 | 95008
Major elements, wt%
SiO, 71,73 72,88 72,84 73,69 73,22 75,45 76,81 75,16 75,72 76,35 78,16
TiO, 0,335 0,384 0,286 0,368 0,284 0,291 0,193 0,202 0,182 0,122 0,012
AlL,O3 13,48 12,16 12,9 11,95 12,96 11,56 11,35 12,6 11,73 11,51 11,91
Fe 05 3,46 3,642 3,19 3,491 2,81 2,685 1,97 2,06 2,44 2,06 0,929
MnO 0,045 0,049 0,042 0,039 0,039 0,037 0,033 0,033 0,03 0,027 0,032
MgO 0,134 0,147 0,134 0,196 0,233 0,138 0,107 0,104 0,079 0,056 0,039
CaO 1,639 1,476 1,445 1,142 1,03 0,945 0,63 0,766 0,888 0,853 0,074
Na,O 3,229 3,484 3,264 3,152 3,53 3,003 3,08 3,36 3,39 3,49 4,61
K,O 5,263 5,181 5,228 5,372 5,31 5,304 5,22 4,93 4,77 4,91 3,63
P,05 0,098 0,09 0,067 0,098 0,069 0,052 0,026 0,029 0,026 0,012 0,024
S 0,084 0,064 0,072 0,112 0,056 0,069 0,057 0,05 0,046 0,046 | 0,032
Cl 0,023 0,011 0,02 0,028 0,01 0,01 0,01 0,01 0,034 0,028 0,002
F 0,078 0,08 0,04 0,06 0,145 0,059 0,12 0,16 0,213 0,3 0,371
LOI (~H,0") 0,047 0,057 0,201 0,037 0,022 0,183 0,223 0,318 0,223 0,052 | <0,01
Trace elements, ppm
Cu 23 20 23 22 27 23 23 20 22 19 17
Zn 91 80 91 101 84 85 82 94 122 100 64
Ga 20 21 21 18 19 23 17 23 20 25 24
Rb 191 181 182 199 222 265 265 274 379 384 864
Sr 131 107 101 81 74 49 24 39 30 13 5
Y 46 41 49 48 57 54 48 67 121 176 58
Zr 645 511 482 572 555 405 304 360 380 316 140
Nb 31 25 29 28 33 25 25 36 42 45 45
Ba 1440 1130 877 833 929 574 222 318 217 35 20
Pb 27 27 44 34 33 35 31 27 49 51 50
Th 8 11 15 9 18 15 22 21 33 18 36
La 93 67 70 81 87 73 78 93 134 105 13
Ce 145 114 124 119 158 117 139 166 234 142 13
Nd 57 51 54 51 56 52 49 61 80 43 19
Weight fraction of liquid (melt) in the system
f | 0784 | o876 | o865 | 0721 | 0579 | 0406 | 0408 | 0382 | 0199 | 0193 | 0,038

Notes: Fe:05°% — all Fe as Fe20s.
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Fig. 2. Sr, Ba and Rb geochemistry in Korosten Pluton granitoids. (a) Elements concentration vs. SiO, content,
(b) In Sr and In Ba as a linear functions of In Rb

The opposite result was obtained for all granitoids
complexes of the greenstone, gneiss-granulitic regions and
some complexes of gneiss-amphibolitic regions of Ukrainian
Shield [9]. As it is seen at Fig.3,a the data of these
complexes is in a good agreement with (2) and (3) partial
melting models. According to the preliminary results of
semiquantitative modelling (fig. 3, b) the granitoids of these
complexes were presumably formed during the partial
melting of plagioclase-bearing lower crust originally derived
from mantle. Their crustal Sr and Nd isotopic composition,
reported by [3, 11, 32, 43 etc.] confirms this assumption.

Major and trace elements behavior during magma
evolution. Model f values for each granitoid type (residual
melt portion) are calculated from Rayleigh equation (1), Rb
content in rocks (Crb) assuming Krp=0.5 and a minimum Rb

abundance for all Korosten granitoids series (169 ppm) as
initial Rb content in the parent magma (CoR®):

f= (C/Co )1/(0 = (169/CRb )2 : (®)
All trace elements (including P, Ti, S, Cl, F, CaO) and major
oxides (including M and D bulk composition parameters
explained in the next paragraphs) are plotted against f (fig. 4-6)
and approximated by means of equations of C=C, - f b
type or polynomial ones respectively. Only some major
elements data for autometamorphic rocks (especially shown in
Fig. 6, a, 6, c and 6, d) are excluded from the approximation.
In such a way, geochemical data set is transformed in a
set of model equations (presented in Fig. 4-6), which
contains the information about D and C;, (ppm) values for

all determined trace elements. This set is an idealized model
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of elements behavior during the melt fractional
crystallization in magma chamber.

Idealized C vs. f plots (fig. 4, 5 and 6, a) demonstrate the
monotonous decrease of Ba, Sr, S, Ti, Zr, CaO concentrations
as well as P (almost over the whole range of f values) and the
monotonous increase of Th and Ga in the residual liquid caused

in both cases by their approximately constant bulk distribution

assemblage). Some elements (LREE=La+Ce+Nd, Y, F, CI, Nb,
Zn and Pb) demonstrate inverse behavior — their contents
increase at first and then decrease later during crystallization or
vice versa. The latter behavior can be explained by two
processes: (1) the appearance of new accessory minerals in
the crystallizing assemblage or (and) (2) metal-bearing fluid
extraction from the melt.

coefficients (stable composition of the crystallizing
Table 3
Major and trace element average composition of Korosten pluton main granitoids types (ordinary point samples)
Sample (rocktyPe) | 95004 | 95006 | 95002/2 | 95005 | 95012 | 95011 | 95009 | 96001 | 9500811 | 95007 | 95008
Major elements, wt%
SiO, 69,24 70,97 73,03 72,58 72,80 74,62 76,19 75,21 74,59 75,51 77,07
TiO, 0,368 0,442 0,283 0,369 0,349 0,278 0,223 0,167 0,185 0,137 0,018
Al,O; 14,29 13,26 12,77 12,74 12,22 12,50 11,85 12,52 12,65 11,79 12,87
Fe Qs 4,08 4,27 3,26 3,61 3,58 2,55 2,31 2,16 2,27 2,61 0,92
MnO 0,049 0,060 0,045 0,047 0,043 0,043 0,042 0,029 0,03 0,027 0,037
MgO 0,171 0,178 0,133 0,173 0,231 0,135 0,128 0,105 0,092 0,052 0,038
CaO 1,991 1,586 1,322 1,281 1,114 0,975 0,5 0,88 0,772 0,9 0,084
Na,O 3,47 3,39 3,29 3,26 3,46 3,19 3,01 3,415 3,45 3,38 4,96
K,0 5,59 5,24 5,28 5,35 5,49 5,27 5,13 5,14 5,18 5,06 3,46
P,0s 0,097 0,11 0,054 0,101 0,072 0,043 0,039 0,027 0,027 0,009 0,023
S 0,204 0,044 0,067 0,043 0,019 0,018 0,046 0,03 0,034 0,019 0,017
Cl 0,022 0,007 0,023 0,008 0,002 0,006 0,007 0,009 0,019 0,01 0,002
F 0,078 0,08 0,04 0,06 0,145 0,059 0,12 0,16 0,213 0,3 0,347
LOI (~H,0+) 0,04 0,096 0,146 0,17 0,118 0,102 0,223 0,022 0,287 0,027 <0,01
Trace elements, ppm
Cu n.a. n.a. 33 n.a. n.a. n.a. 23 n.a. n.a. n.a. n.a.
Zn n.a. n.a. 103 n.a. n.a. n.a. 81 n.a. n.a. n.a. n.a.
Ga n.a. n.a. 20 n.a. n.a. n.a. 19 n.a. n.a. n.a. n.a.
Rb 169 181 216 197 234 259 287 267 338 479 1000
Sr 145 121 95 65 64 37 50 50 23 12 3
Y 48 40 63 38 45 43 49 50 125 136 74
Zr 498 489 475 424 530 415 317 249 348 363 129
Nb 24 19 31 19 22 10 30 22 31 59 29
Ba 1363 1189 720 805 883 554 311 349 216 54 33
La 100 70 95 73 105 92 60 84 200 133 27
Ce 180 127 184 124 181 144 116 132 315 197 47
Nd 81 61 90 57 71 59 60 47 119 59 10
Pb n.a. n.a. 30 n.a. n.a. n.a. 32 n.a. n.a. n.a. n.a.
Th n.a. n.a. 16 n.a. n.a. n.a. 19 n.a. n.a. n.a. n.a.
Number of samples
N 20 | 19 [ 20 | 21 | 20 | 25 ] 20 [ 20 | 20 | 19 | 20 |
Notes: Fe:03°% - all Fe as Fe20s, n.a. — not analyzed.
Accessory minerals crystallization and estimation of In D?C/L _ [—3,80—0,8 5 ( M—l)] +12900-T" 6)
the melt temperature. Monotonous decrease of Zr content s
(fig. 4, b, 7, a) indicates the saturation of the residual melt in In Dth/L:[_3’1 — 1274.(5102_0,5)J+
zircon over the whole observed range of fvalues (f=1-0.01). (7)

The data on P content demonstrate more complicated
situation. Hence, similar monotonous decrease of P content
as well as saturation of the residual melt in apatite is noticed
only for f values lying within the range of 1-0.185 (fig. 4, a,
7,a). According to model C vs. f plots and modal
mineralogical composition of the investigated rock types
(fig. 7, a, 7, b), inversion in LREE and Y content indicates
the change of apatite to monazite and monazite to xenotime
in the crystallizing accessory minerals assemblage. The
most important parameters of the apatite/monazite
replacement point are presented on Fig. 7.

In any cases, monotonous decrease of Zr and P content
indicates saturation of the residual melt in both zircon and
apatite over a wide range of f values (1-0.185). Therefore,
temperature of the melt in magma chamber at moment of
each residual melt portion (granitoids rock type) extraction
is calculated using experimentally determined [45, 56] zircon
(6) and apatite (7) solubility equations on a basis of melt
composition obtained for Zr (ppm), P (ppm), M and D from
the designed model equations (fig. 4 and 6):

+[ 8400+26400-(8i0,-0,5)]- T,
where DZ" = 71 /7r" , DA™ = P*"/P" and Zr™, P,

Zr“, P“ — Zr and P content (ppm, wt%) in stoichiometric

zircon, apatite and melt respectively, pA
Na+K+2C .
=% (cation ratio of the melt), SiO, — weight
-Si

fraction of silica in the melt, T — absolute temperature (°K).
Tz and Te are the temperatures calculated from the
equations (6) and (7) respectively. Tmodel is an average of Tzr
and Tp in a range of f from 1 to 0.185 and extrapolated to f
= 0.02. Tmodel during the fractional crystallization within the
estimated range of 900-720°C is presented in Fig. 7, c as
Tmodel VS. f polynomial equation. According to this equation,
Tmoder Value for apatite/monazite replacement point is
estimated to be 825 20 °C (fig. 7, c).
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Estimation of water content in melt, liquidus point
total pressure and the conditions of water-fluid extraction
from the melt. The residual melt in apatite/monazite
replacement point is characterized by saturation in both
apatite and monazite accessory phases. Therefore, the
occurrence of this replacement within the Korosten pluton
granitoids evolution creates the possibility for water content
estimation in melt under the certain conditions for this
replacement point (fig. 7). For reaching the goal, a monazite
solubility equation (8) which demonstrates a high H20-
dependence of monazite solubility [49] is used:

INREE"=9,50+2,34- D+0,3879-(H,0)"” -13318-T", (8)
where REE" — LREE (La-Gd, excluding Eu) concentration
Na+K+Li+2Ca

Al-(AI+Si)

(cation ratio of the melt), H,O — water content in the melt

(divided by atomic weight) in the melt, D=

(Wt%), T — absolute temperature (K).

As a result, Crzo in apatite/monazite replacement point
(=0.185, Tmode=825 °C, D=1.148, LREE=404.6 ppm) is
estimated to be 10.77 wt% (fig. 8, a). C/=° is calculated
from the equation (1) assuming Du20=0.1 and it equals

12.36 wt%. The latter water content at the liquidus of initial
granite melt corresponds to total pressure (Ptota) oOf
approximately 6.3 kbar [30, 47].

According to Rayleigh equation (1) for the conditions of

the designed model (C,”° = 2.36 wt%, Dr20=0.1) and

assuming both approximate temperature dependence on
water solubility in albite melt [48] and water solubility in
granite melt under Pwta=6.3 kbar reported by [30, 47], water
saturation limit was reached at f=0.165 (fig. 8, a). After this
moment H20-fluid was extracted from the melt during its
further evolution.

Water-fluid composition and its comparison with
composition of altered rocks. The beginning of water-fluid
extraction from the melt (=0.165) and f values estimated for
model C/Co vs. fplots inversions are almost synchronous for
F and Cl as well as for such typical polymetallic and rare
elements as Zn, Pb and Nb (fig.8,b). The latter
phenomenon testifies to high F and CI content in extracted
H20-fluid and shows its enrichment in these elements. Such
characteristics of extracted fluid as well as expected high Rb
and low Sr and Ba content are in agreement with
geochemical data obtained for ore-bearing altered rocks
from metasomatic zones associated with Korosten pluton
[19, 24, 36 etc.] and testify to their genetic unity.
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Discussion. Elaborated geochemical model establish granitoids formation. It indicates the saturation of the initial
the key role of fractional crystallization in the Korosten pluton rapakivi granite melt in both zircon and apatite as well as the
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latest differentiates in monazite or xenotime. Some
important parameters of magmatic evolution are estimated
on this basis. These parameters include: (1) total pressure
(Ptotal) of initial melt generation level (Ptwta~6.3 kbar); (2)
temperature of the initial melt (Tmoder = 900°C) and its
decrease during the magma differentiation (total range: 900-

720°C); (3) water content in the initial melt (H2Omodel = C.2°

= 2.36 wt%) as well as water content during further
magmatic evolution up to the moment of aqueous metal-
bearing fluid extraction from the latest differentiates
(H2Omodel = 10.77 wt%). Finally, the ability of the granitic
magma to be the source of high-temperature ore-bearing
fluids is demonstrated.

The evaluations obtained are in a good agreement with

20

P values and water content estimations reported by [40] for
initial melt of Fennoscandian rapakivi batholiths (P = 5-
6 kbar, H20 2.5wt%). The only differences are in
maximum T values reported in this paper (900 and 780°C
respectively). In general, it is in order, because zircon,
apatite and monazite saturation temperatures are consistent
with the residual melts temperatures at the moment of their
partition off the solid phase in magma chamber during initial
melt fractional crystallization. Therefore, Tmoder is the
maximum magma temperature. However, higher T (Tmoder)
values obtained in this work could be caused by partly
inherited (relict) origin of zircon and apatite. Inherited
accessory minerals concentrations must be taken into
account in further saturation temperatures evaluations.

Hz0 in melt

(wit%)
15

‘Water solubility in granite melt under the model total pressure (Py., =6.3 kbar)
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Initial melt: HyO,, e = 2.36 Wt%, T, .00 = 90
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Fig. 8. Conditions of the water-fluid extraction from the melt (a) estimated by assuming Rayleigh fractionation
for Dy20=0,1. Water content (H,Omodel) in apatite/monazite change point were calculated from Ty,o4e1 and D bulk composition
parameter values according to monazite solubility equation. Inversion in C/C, curves (b) demonstrates the enrichment of water-
fluid with Cl, F and ore elements (Zn, Nb, Pb etc.). Similar curves for Sr, Ba and Rb show the low (Sr+Ba)/Rb ratio in fluid.
See text for equations and references

In addition, our data must be compared with
determination of trace elements and all volatile components
content in melt inclusions reported by [7, 15, 25] for
pegmatites of the Korosten pluton region. Reported in [15]
precise determinations constitute the most correct direct
information about the pegmatite melt composition (H20 =
7 wt%, F = 5.1 wt%, Cl = 0.3 wt%, enrichment in Li, Rb, Cs,
Sn, Nb, U, Th and depletion in Ti, P, Zr, Sr, Ba, REE). This
data lies in agreement with our model evaluations for the
water, other volatile and trace elements content in the latest
differentiates of Korosten granitic magma.

Conclusions. (1) Some important parameters of
magmatic evolution were estimated for the Korosten pluton
granitoids on a basis of geochemical modelling. Model
evaluations are in a good agreement with authentic data
independently obtained for Korosten pluton and similar
rapakivi granite complexes by other researchers.

(2) Not only whole-rock but equilibrated widespread
accessory minerals assemblages  (zircon+apatite,
zircon+tmonazite etc.) trace elements geochemistry
investigations are necessary to increase modelling
procedure precision [26, 34, 37]. Also the inherited
accessory minerals concentrations must be taken into
account in further saturation temperatures evaluations.

(3) Similar geochemical modelling may serve as a
powerful tool for other granitoid complexes investigations
and economic mineralization prospecting [42, 55].

Authors consider results published in this paper to be
preliminary. Reliability enhancement requires involvement
of significantly larger amount of geochemical data, which
accounts for all major rock types of KP.
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FEOXIMIYHA MOAENb MArMATUYHOI 3BQJ1IOLI,I'I' [PAHITO'III,'I'B
KOPOCTEHCbLKOI'O MINYTOHY (YKPAIHCbKUW LLINT):
NETPOrEHETUYHI ACNEKTU | TEHE3UC PYOHOI MIHEPANI3ALUII B METACOMATUYHUX 30HAX

Byno sue4eHo nonepedHili Habip 2eoximiyHux aHux Ons 2paHimoidie (panakiei, 2paHim-nopgipu ma xunbHi 2paHimu) KopocmeHcbKko020 aHop-
mo3um-panakigizpaHimHoao nnymoHy (KI) YkpaiHcbkoz2o wyuma. [aHi u4000 mikpoesnemMeHmMHoz20 cknady epaHimoidie docmamHbo 6/1u3bKO arnpok-
cumyrombcsi Modesto ¢hpakuyiliHoi kpucmanisayii Penesi. nsi Rb ecmaHoeneHo munoey HecyMicHy nogediHKy 3 mocmiliHum KoM6iHoeaHuM Koegi-
yieHmom po3nodiny (Drs = 0,5), wjo do3eonusio Npoeecmu po3paxyHoK 3HavyeHHs1 f (Macoeoi Yacmku pidkoi ¢gpazu 8 MacmMamuyHili kKamepi) ONs1 KOX-
Ho20 muny 2paHimoidie (nopuyii 3anuwkoeo2o posnsasy) npuliMarodu MiHiManbHuUli eMicm elemenma e 2paHimoidax (169 ppm) 3a lio2zo emicm y
mamepuHcbkomy po3nnasi (CoRP). 3anexHicmb koHUeHmpauyil eid f dns mikpo- (ekmoqaroyu P, Ti, S, Cl, F, Ca) i nempoz2eHHUX enieMeHmie anpokcu-
MoeaHi pieHsiHHsiMu eudy C=Co f°-' a6o noniHomianbHuMu, eidnoeidHo. OdepxaHuli Ha6ip pieHsiHb € idearnizoeaHolo MOdesno MoeediHKU eremMeH-
mis, sika intocmpye xapakmep esosroyii po3nnasy e npouyeci hpakyitiHol kpucmanizayii: eucHaxeHHsi Ba, Sr, Ti, Zr, P, S; 36azayeHHs1 Th, Ga; iHeep-
cito noeedinku LREE, Y, F, Cl, Nb, Zn u Pb. MoHOmoHHe 3HWXeHHs1 KoHueHmpauii Zr i P eka3ye Ha Hacu4eHHs1 po3rJiagy YUPKOHOM ma anamumom,
w0 0360J1Us10 IPO8ECMU PO3PaxyHOK ModesibHuUx memmnepamyp (Tmode)) KOPUCMYIOYUCH €KCIIEPUMEHMaslbHUMU Pi8HSHHSIMU PO34YUHHOCMI YUPKOHY
i anamumy e cunikamuux po3nyiasax, a MakoX ompumamu rnoJsliiHoMianbHe PieHSIHHS 3aneXHOCcmi Tmode 80 f (Giana3oH Tmoder: 900-720°C). Bmicm
8odu y posnnaei 0nsi MOMeHmy 3aMmiHU anamumy MoHauyumom y npodykmax kpucmanisauii (iHeepcisi noeediHku LREE; f = 0,185) po3paxoeaHo 3
PiGHsIHHSI pO34UHHOCMI MOHayumy. OuiHKy emicmy eodu y euxiOHomy po3annaei (Co'?°=2,36 wt%) i mucky e mazmamuyHiil kamepi (Pt ~ 6,3 kbar)
nposedeHo, npumnyckaroydu, wjo Duzo = 0,1. BidokpeMneHHs1 800H020 ¢hs1t0idy 8Hac1idoK HacUYeHHs1 cucmemu 80300, 8UX00sTHU 3 PO3PO6IIEHOT MO-
Oeni, sidbynocs npu f = 0,165. CuHxpoHHa iHeepcisi C/Co eka3ye Ha 36a2ayeHHs1 ¢pnroidy F, Cl, Nb, Zn, Pb mowo. aHi npo cknad ¢nroidy eionoeida-
romb 2eoxiMiyHUM daHuM npo cknad acouyitoroqux 3 K[ Memacomamuy4yHo 3MiHeHUX opiod, W0 Moxxe ceidyumu npo ix 2eHeMu4Hy €OHicmb.

Knroyoei cnoea: epaHim, panakiei, MikpoeneMeHmu, Mazmamu4Ha e8oJIroyis, anamum, YUPKOH, MOHayum, KCeHOmuM, po34uHHicmb, eoda e
poa3nnasi, sidokpemsieHHs1 hn1r0idy, Memacomamumu, pyOdHa MiHepanisayisi.
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FEOXMMWYECKAA MOLOENb MArMATUYECKOM 3Boiounn rrAHMTONAOB
KOPOCTEHCKOI'O MNIYTOHA (YKPAUHCKWUU LLNT):
NETPONEHETUYECKUE ACMNEKTbI U TEHE3NC PYOHOU MUHEPAJITU3ALUN B METACOMATUYECKNX 30HAX

Bbin usyyeH npedeapumernbHbili HA60P 2e0xXUMUYeCKUX OaHHbIX Ol 2paHUMoudoe (panakueu, 2paHuUM-nopgupbl U XusbHble 2paHumsi) Ko-
POCMeHCKO20 aHopmo3um-panakusuzpaHumHozo rsiymona (KI) YkpauHckozo wyuma. [JaHHbie 0 MUKPO3/IeMEHMHOM cocmase epaHumoudos Aoc-
mamoyHo 6/1uU3Ko annpoKcumupyromcsi Mooesibio hpakyuoHHolU Kpucmannu3sayuu Penesi. nsi Rb ycmaHoeneHo munu4yHoe HecoeMecmumoe no-
eedeHue ¢ MocmosiHHbIM KOM6UHUPOBaHHLIM KO3ghghuyueHmom pacnpedeneHusi (DRP = 0,5), umo noseonuno npouseecmu pacyem 3HaveHus f (Ma-
ccoeoli donu xudkoli ¢hasbl 8 MazaMamuyeckol kamepe) O Kaxx0o20 muna 2paHumoudoe (nopyuu ocmamoYyHo20 pacrnsaea) MpuHUMasi MUHUMa-
nbHOe codepxaHue anemeHma e epaHumoudax (169 ppm) 3a e2o codepxaHue e MamepuHcKoM pacrinaee (CoRt). 3aeucumocmu KoHUueHmpayui om
f dns mukpo- (ekmoyasi P, Ti, S, Cl, F, Ca) u nempozeHHbIX 3/1eMeHMOo8 annpoKcuMupoeaHbl ypaeHeHusimu euda C=Co f°! unu nonuHomuanbHbIMU,
coomeemcmeeHHo. [Tony4eHHbIlU Habop ypasHeHull siensiemcs udeanu3uposaHHol Modesbio noeedeHusi 35IeMeHIMo8, Komopasi urcmpupyem xa-
pakmep 3eoJIroyuu pacnsaea e npouyecce ppakyuoHHol Kpucmannusayuu: ucmouweHue Ba, Sr, Ti, Zr, P, S; o6o2aweHue Th, Ga; uHeepcuto noege-
OeHusi LREE, Y, F, Cl, Nb, Zn u Pb. MoHomoHHoe cHUXeHue KoHyeHmpauyuu Zr u P yka3bieaem Ha HacbiWeHue pacrniasa YupKoHOM U anamumom,
4mo 1o3eos1usio npoussecmu pacyem modesibHbix memnepamyp (Tmode) UCTIONB3YS IKCMNEPUMEHMabHbIe ypagHEeHUs1 PacMeopUMOCMU YUPKOHa U
anamuma e cuslukamHbIX pacriaeax, a maKxe fnosy4ums NoJlUHOMuUasnbHoe ypasHeHue 3agucumocmu Tmodel om f (Ouana3oH Tmodei: 900-720°C).
CodepxaHue 800bl 8 pacnnase 0519 MOMeHmMa 3aMeHbl anamuma MoHayumom e npodyKkmax Kpucmannusayuu (uHeepcusi nosedeHusi LREE; f =
0,185) paccyumaHo u3 ypaeHeHuUsl pacmeopumocmu MoHayuma. OyeHka codepxaHusi 600bl € UCXOOHOM 2paHUMHOM pacnaee (Cq"?°=2,36 wt%) u
OdaesieHUs1 8 Mazmamuyeckol kamepe (Ptotal ~6,3 kbar) nposedeHa, npednonazasi, Ymo Duzo = 0,1. OmOeneHue 8odHo20 ¢hirouda ecnedcmeaue
HacblujeHusi cucmembl 8000U, Uucxo0ds1 u3z paspabomaHHol modenu, npousowsio npu f = 0,165. CuHxpoHHasi uHeepcusi C/Cy yka3bieaem Ha o6o2auje-
Hue ¢pnrouda F, Cl, Nb, Zn, Pb u m. 0. fJaHHble o cocmase ¢hiirouda coomeemcmeayrom 2eoXumu4eckuMm 0aHHbIM 0 cocmase accoyuupyroujux ¢ Kil
Memacomamu4ecku U3MeHeHHbIX Mopod, Ymo Moxem ceudemesibcmeosams 06 ux 2eHemMu4Yeckom eduHcmee.

Knroyeenie cnoea: epaHum, panakueu, MUKpoasieMeHMbl, MacMamu4eckasi 380JIl0yusi, anamum, YUPKOH, MOHayum, KCeHomuM, pacmeopu-
mocmb, 8o0a e pacnnase, omdeneHue ¢gpouda, MemacoMamumal, pyOHasi MUHepanu3ayus.





