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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 
 

(Рекомендовано членом редакційної колегії д-ром геол. наук, проф. О.В. Митрохиним) 
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 (DRb = 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 (CRb) assuming minimum concentration in granitoids 
(169 ppm) as Rb content in parent magma (C0

Rb). C vs. f curves for trace (including P, Ti, S, Cl, F, Ca) and major elements are approximated 
by means of equations of CC0?fD-1 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 (Tmodel) of the melt is estimated from equations of 
zircon and apatite solubility. The temperature evolution in magma chamber was presented as Tmodel vs. f polynomial equation (Tmodel range: 
900-720oC). 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 Tmodel was calculated from equation of monazite solubility which demonstrates its high H2O-
dependence. C0

H2O=2,36 wt% was estimated on this basis (assuming DH2O = 0,1) for the liquidus of initial granite melt (Ptotal ~6,3 kbar). 
According to designed model water saturation limit was reached at f = 0,165 and H2O-fluid was extracted from the melt during its further 
evolution. Synchronous inversion of C/C0 vs. f curves shows the enrichment of fluid with F, Cl, 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 km2 [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]: γ1 – rapakivi granites and biotite-amphibole rapakivi-like 
granites, γ2 – subalkali biotite leucogranites and granite-
porphyries, γ3 – vein rare-metal microgranites and granite-
porphyries, which are dated as 1767±5, 1752±16, 1737±54 
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°С for granitoids and 600-350°С 
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. 

 

 
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 (I – Suschano-Perga zone; II – 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, Al2O3, Fe2O3

total, MnO, MgO, CaO, Na2O, K2O, 
P2O5, S, Cl, 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 

Sample 
(rock type) No 
(No on Fig. 1) 

f  

range 

Rock type, 
locality 

Rock-forming and accessory minerals content 
(vol. %) 

Zr-P-LREE-Y 
accessory 
minerals 

association Fsp Pl Qtz Hbl Bt Ol+Px Acc 

95004 (4) 0,784-0,995 Rapakivi granite, village Mirnoye 48 18 21 7 3.5 0,5 2 Zrn+Ap 
95006 (6) 0,875-0,877 Rapakivi granite, Volynsk 

pegmatite field 
49 22 20 4,5 3 0,3 1,2 Zrn+Ap 

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 

Potievka 
54 14 24 4 1 n.d. 3 Zrn+Ap 

95012 (12) 0,520-0,580 Rapakivi granite, town Korosten 51 8 34 2 1,5 0,1 3,4 Zrn+Ap 
95011 (11) 0,406-0,426 Granite, village Schorsovka 59 7 29 0.9 1,2 0,4 2,5 Zrn+Ap 
95009 (9) 0,347-0,408 Granite, village Ignatpol 48 16 30 1 3,5 n.d. 1,5 Zrn+Ap 
96001 (1) 0,382-0,401 Granite, village Emelyanovka 50 15 29 1,5 3 n.d. 1,5 Zrn+Ap 
95008/1 (8/1) 0,199-0,251 Granite-porphyry, village 

Andreevka 
54 12 23 0,5 7 n.d. 3,5 Zrn+Ap+Mnz 

95007 (7) 0,124-0,194 Autometamorphic granite, village 
Lezniky 

52 14 28 1 3** n.d. 2 Zrn+Mnz+Xnt 

95008 (8) 0,029-0,038 Veined rare-metal granite, village 
Andreevka 

31 28* 31 n.d. 7.5*** n.d. 2,5**** Zrn±Xnt 

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):  

1
0 

DС С f   ,                             (1) 

  1

0 1С С D f f


        

and  

  1

0 1SС С D f f


       ,                   (2) 

   10 1 1
DSС С f f      ,                    (3) 

    1 1

0 1
DSС С D f

   ,                      (4) 

where C is the element concentration in the melt, 0 С  and 0
SС

– 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 (DRb=0.5, DSr=2), (2) partial melting at lower 
crustal level with plagioclase as the main restite phase 
(DRb=0.1, DSr=2). In case of partial melting at the upper 
mantle level (olivine and pyroxene as the main restite 
phases), DRb=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 DRb 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 DRb, DSr and DBa values during 
the process of fractional crystallization. Coefficients values 
in a corresponding linear equation for Sr and Rb (fig. 2, b) 
confirm that DRb=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 (rock type) 
No 

95004 95006 95002/2 95005 95012 95011 95009 96001 95008/1 95007 95008 

Major elements, wt% 
SiO2 71,73 72,88 72,84 73,69 73,22 75,45 76,81 75,16 75,72 76,35 78,16 
TiO2 0,335 0,384 0,286 0,368 0,284 0,291 0,193 0,202 0,182 0,122 0,012 
Al2O3 13,48 12,16 12,9 11,95 12,96 11,56 11,35 12,6 11,73 11,51 11,91 
Fe2O3

total 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 
Na2O 3,229 3,484 3,264 3,152 3,53 3,003 3,08 3,36 3,39 3,49 4,61 
K2O 5,263 5,181 5,228 5,372 5,31 5,304 5,22 4,93 4,77 4,91 3,63 
P2O5 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 (~H2O+) 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  0,784 0,876 0,865 0,721 0,579 0,406 0,408 0,382 0,199 0,193 0,038 

Notes: Fe2O3
total – all Fe as Fe2O3. 

 

  
Fig. 2. Sr, Ba and Rb geochemistry in Korosten Pluton granitoids. (a) Elements concentration vs. SiO2 content,  

(b) ln Sr and ln Ba as a linear functions of ln 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 KRb=0.5 and a minimum Rb 

abundance for all Korosten granitoids series (169 ppm) as 
initial Rb content in the parent magma (C0

Rb): 

     1 1 2

0 169 .
D

Rbf C C C
                  (5) 

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 1

0 
DС С f    

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 0 С  (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 
coefficients (stable composition of the crystallizing 

assemblage). Some elements (LREE=La+Ce+Nd, Y, F, Cl, 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.  

 
Tab le  3  

Major and trace element average composition of Korosten pluton main granitoids types (ordinary point samples) 
Sample (rock type) 

No 
95004 95006 95002/2 95005 95012 95011 95009 96001 95008/1 95007 95008 

Major elements, wt% 
SiO2 69,24 70,97 73,03 72,58 72,80 74,62 76,19 75,21 74,59 75,51 77,07 
TiO2 0,368 0,442 0,283 0,369 0,349 0,278 0,223 0,167 0,185 0,137 0,018 
Al2O3 14,29 13,26 12,77 12,74 12,22 12,50 11,85 12,52 12,65 11,79 12,87 
Fe2O3

total 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 
Na2O 3,47 3,39 3,29 3,26 3,46 3,19 3,01 3,415 3,45 3,38 4,96 
K2O 5,59 5,24 5,28 5,35 5,49 5,27 5,13 5,14 5,18 5,06 3,46 
P2O5 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 (~H2O+) 0,04 0,096 0,146 0,17 0,118 0,102 0,223 0,022 0,287 0,027 <0,01 

Тrace 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: Fe2O3
total – all Fe as Fe2O3, n.a. – not analyzed.  

 
Accessory minerals crystallization and estimation of 

the melt temperature. Monotonous decrease of Zr content 
(fig. 4, b, 7, a) indicates the saturation of the residual melt in 
zircon over the whole observed range of f values (f=1-0.01). 
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): 

 Zrc/L -1
Zrln D = -3,80-0,85 M-1 12900 T     ,       (6) 

 
 

Apt/L
P 2

-1
2

ln D = 3,1 12,4 SiO -0,5 +

+ 8400+26400 SiO -0,5 T ,

    
   

             (7) 

where Zrc/L Zrc L
ZrD Zr Zr , Apt/L Apt L

PD P P  and ZrcZr , AptP , 
L LZr , P  – Zr and P content (ppm, wt%) in stoichiometric 

zircon, apatite and melt respectively, AptP

Na+K+2Ca
M = 

Al Si
 (cation ratio of the melt), 2SiO  – weight 

fraction of silica in the melt, T  – absolute temperature (0K). 
TZr and TP 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, 
Tmodel value for apatite/monazite replacement point is 
estimated to be 825 20 °C (fig. 7, c). 
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Fig. 3. Comparison of the data on Korosten Pluton and other granitoids of Ukrainian Shield with the model trends of melt 
crystallization and partial melting. (a) Open circles, rhombs and squares – granitoid complexes of greenstone, gneiss-granulitic 

and gneiss-amphibolitic regions respectively; full squares – granitoid complexes of the regions of Proterozoic activation; 
crosses – some typical differentiated complexes of the Earth [5]. (b) Full squares – Rayleigh model (1) approximated granitoid 

complexes. All estimations of Earth mantle and crust trace element composition are taken from [50].  
See text for references and description of models (numbers in circles) and modelling procedure 

 

  

 
Fig. 4. P, Zr, Ti, Th, Ba, Sr, Ga concentrations in Korosten pluton granitoids vs. f 

 
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 H2O-
dependence of monazite solubility [49] is used:  

 0,5L -1
2lnREE =9,50+2,34 D+0,3879 H O -13318 T   ,  (8) 

where LREE  – LREE (La-Gd, excluding Eu) concentration 

(divided by atomic weight) in the melt, 
 

Na+K+Li+2Ca
D=

Al Al+Si
 

(cation ratio of the melt), 2H O  – water content in the melt 

(wt%), T – absolute temperature (K). 

As a result, CH2O in apatite/monazite replacement point 
(f=0.185, Tmodel=825 °C, D=1.148, LREE=404.6 ppm) is 
estimated to be 10.77 wt% (fig. 8, a). 2

0
H OC  is calculated 

from the equation (1) assuming DH20=0.1 and it equals 

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

According to Rayleigh equation (1) for the conditions of 
the designed model ( 2

0
H OC  = 2.36 wt%, DH20=0.1) and 

assuming both approximate temperature dependence on 
water solubility in albite melt [48]  and water solubility in 
granite melt under Ptotal=6.3 kbar reported by [30, 47], water 
saturation limit was reached at f=0.165 (fig. 8, a). After this 
moment H2O-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 (f=0.165) and f values estimated for 
model C/C0 vs. f plots 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 Cl content in extracted 
H2O-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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Fig. 5. LREE, Y, Nb, Zn, Pb, Cu, S, Cl and F concentrations in Korosten pluton granitoids vs. f 

 

  

 
 

Fig. 6. Selected major elements concentrations and values of M and D bulk composition parameters 
in Korosten pluton granitoids vs. f 

 

 
 

 
Fig. 7. Evolution of liquidus accessory phases assemblage during the crystallization in magma chamber according  

to the results of geochemical modelling (a) and modal composition of rocks (b). The estimations of melt composition  
and temperature in apatite/monazite replacement point are shown on plots (a) and (c) respectively.  

TZr and TP are calculated according to zircon and apatite solubility equations. Tmodel estimated as average of TZr and TP in range of 
f from 1 to 0,185 and extrapolated to f – 0,02. See text for equations and references 

 
Discussion. Elaborated geochemical model establish 

the key role of fractional crystallization in the Korosten pluton 
granitoids formation. It indicates the saturation of the initial 
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 (Ptotal ~6.3 kbar); (2) 
temperature of the initial melt (Tmodel = 900°C) and its 
decrease during the magma differentiation (total range: 900-
7200C); (3) water content in the initial melt (H2Omodel = 2

0
H OC  

= 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 

P values and water content estimations reported by [40] for 
initial melt of Fennoscandian rapakivi batholiths (P = 5-
6 kbar, H2O = 2.5 wt%). 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, Tmodel is the 
maximum magma temperature. However, higher T (Tmodel) 
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.  

 

 

 
 

Fig. 8. Conditions of the water-fluid extraction from the melt (a) estimated by assuming Rayleigh fractionation 
for DH2O=0,1. Water content (H2Omodel) in apatite/monazite change point were calculated from Tmodel and D bulk composition 

parameter values according to monazite solubility equation. Inversion in C/C0 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 (H2O = 
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+monazite 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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ГЕОХІМІЧНА МОДЕЛЬ МАГМАТИЧНОЇ ЭВОЛЮЦІЇ ГРАНІТОЇДЇВ  
КОРОСТЕНСЬКОГО ПЛУТОНУ (УКРАЇНСЬКИЙ ЩИТ):  

ПЕТРОГЕНЕТИЧНІ АСПЕКТИ І ГЕНЕЗИС РУДНОЇ МІНЕРАЛІЗАЦІЇ В МЕТАСОМАТИЧНИХ ЗОНАХ 
 
Було вивчено попередній набір геохімічних даних для гранітоїдів (рапаківі, граніт-порфіри та жильні граніти) Коростенського анор-

тозит-рапаківігранітного плутону (КП) Українського щита. Дані щодо мікроелементного складу гранітоїдів достатньо близько апрок-
симуються моделлю фракційної кристалізації Релея. Для Rb встановлено типову несумісну поведінку з постійним комбінованим коефі-
цієнтом розподілу (DRb = 0,5), що дозволило провести розрахунок значення f (масової частки рідкої фази в магматичній камері) для кож-
ного типу гранітоїдів (порції залишкового розплаву) приймаючи мінімальний вміст елемента в гранітоїдах (169 ррт) за його вміст у 
материнському розплаві (C0

Rb). Залежність концентрацій від f для мікро- (включаючи P, Ti, S, Cl, F, Ca) і петрогенних елементів апрокси-
мовані рівняннями виду C=C0 f D-1 або поліноміальними, відповідно. Одержаний набір рівнянь є ідеалізованою моделлю поведінки елемен-
тів, яка ілюструє характер еволюції розплаву в процесі фракційної кристалізації: виснаження Ba, Sr, Ti, Zr, P, S; збагачення Th, Ga; інвер-
сію поведінки LREE, Y, F, Cl, Nb, Zn и Pb. Монотонне зниження концентрації Zr і Р вказує на насичення розплаву цирконом та апатитом, 
що дозволило провести розрахунок модельних температур (Tmodel) користуючись експериментальними рівняннями розчинності циркону 
і апатиту в силікатних розплавах, а також отримати поліноміальне рівняння залежності Tmodel від f (діапазон Tmodel: 900-720oC). Вміст 
води у розплаві для моменту заміни апатиту монацитом у продуктах кристалізації (інверсія поведінки LREE; f = 0,185) розраховано з 
рівняння розчинності монациту. Оцінку вмісту води у вихідному розплаві (C0

H2O=2,36 wt%) і тиску в магматичній камері (Ptotal ~ 6,3 kbar) 
проведено, припускаючи, що DH2O = 0,1. Відокремлення водного флюїду внаслідок насичення системи водою, виходячи з розробленої мо-
делі, відбулося при f = 0,165. Синхронна інверсія C/C0 вказує на збагачення флюїду F, Cl, Nb, Zn, Pb тощо. Дані про склад флюїду відповіда-
ють геохімічним даним про склад асоціюючих з КП метасоматично змінених порід, що може свідчити про їх генетичну єдність. 

Ключові слова: граніт, рапаківі, мікроелементи, магматична еволюція, апатит, циркон, монацит, ксенотим, розчинність, вода в 
розплаві, відокремлення флюїду, метасоматити, рудна мінералізація.  
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ГЕОХИМИЧЕСКАЯ МОДЕЛЬ МАГМАТИЧЕСКОЙ ЭВОЛЮЦИИ ГРАНИТОИДОВ  

КОРОСТЕНСКОГО ПЛУТОНА (УКРАИНСКИЙ ЩИТ): 
ПЕТРОГЕНЕТИЧЕСКИЕ АСПЕКТЫ И ГЕНЕЗИС РУДНОЙ МИНЕРАЛИЗАЦИИ В МЕТАСОМАТИЧЕСКИХ ЗОНАХ 

 
Был изучен предварительный набор геохимических данных для гранитоидов (рапакиви, гранит-порфиры и жильные граниты) Ко-

ростенского анортозит-рапакивигранитного плутона (КП) Украинского щита. Данные о микроэлементном составе гранитоидов дос-
таточно близко аппроксимируются моделью фракционной кристаллизации Релея. Для Rb установлено типичное несовместимое по-
ведение с постоянным комбинированным коэффициентом распределения (DRb = 0,5), что позволило произвести расчет значения f (ма-
ссовой доли жидкой фазы в магматической камере) для каждого типа гранитоидов (порции остаточного расплава) принимая минима-
льное содержание элемента в гранитоидах (169 ppm) за его содержание в материнском расплаве (C0

Rb). Зависимости концентраций от 
f для микро- (включая P, Ti, S, Cl, F, Ca) и петрогенных элементов аппроксимированы уравнениями вида C=C0 f D-1 или полиномиальными, 
соответственно. Полученный набор уравнений является идеализированной моделью поведения элементов, которая илюстрирует ха-
рактер эволюции расплава в процессе фракционной кристаллизации: истощение Ba, Sr, Ti, Zr, P, S; обогащение Th, Ga; инверсию пове-
дения LREE, Y, F, Cl, Nb, Zn и Pb. Монотонное снижение концентрации Zr и Р указывает на насыщение расплава цирконом и апатитом, 
что позволило произвести расчет модельных температур (Tmodel) используя экспериментальные уравнения растворимости циркона и 
апатита в силикатных расплавах, а также получить полиномиальное уравнение зависимости Tmodel от f (диапазон Tmodel: 900-720oC). 
Содержание воды в расплаве для момента замены апатита монацитом в продуктах кристаллизации (инверсия поведения LREE; f = 
0,185) рассчитано из уравнения растворимости монацита. Оценка содержания воды в исходном гранитном расплаве (C0

H2O=2,36 wt%) и 
давления в магматической камере (Ptotal ~6,3 kbar) проведена, предполагая, что DH2O = 0,1. Отделение водного флюида вследствие 
насыщения системы водой, исходя из разработанной модели, произошло при f = 0,165. Синхронная инверсия C/C0 указывает на обогаще-
ние флюида F, Cl, Nb, Zn, Pb и т. д. Данные о составе флюида соответствуют геохимическим данным о составе ассоциирующих с КП 
метасоматически измененных пород, что может свидетельствовать об их генетическом единстве.  

Ключевые слова: гранит, рапакиви, микроэлементы, магматическая эволюция, апатит, циркон, монацит, ксенотим, раствори-
мость, вода в расплаве, отделение флюида, метасоматиты, рудная минерализация. 

 
 

  




