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Geochemical modeling in the evaluation of ore-forming potential
of magmatic-hydrothermal systems

Quantitative geochemical modeling possibilities of ore-bearing aqueous fluids separation process’ from a
magmatic melt are considered. Suggested procedures allow calculation of fluid/melt distribution ‘coefficient
values for trace elements, their contents in a fluid, as well as its total resources in a genetically ‘related
metasomaticaly altered rocks. Application of this approach to the geochemical modeling .ofgreal “ore-
generating magmatic-hydrothermal system of the Korosten pluton granitoids (Ukrainian Shield), and“associ-
ated hydrothermal-metasomatic formations (Suschano-Perzhanskaya area) has confirmed its efficiency. The
purpose of present and future research is to obtain estimations of Ukraine and Kazakhstad'regionstineral re-
sources potential independent from a simple summation of previously conducteddegional works:
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Introduction

Within such a huge and diverse geological regions as Ukraine and Kazakhstan mineral resource poten-
tial is largely determined by magmatic-hydrothermal and magmatogenic systems of various ages. Regardless
from the later, as well as the declared mineragenous amount,%important role in the evaluation of ore-
generating potential of such systems had, have and will'haye'stuch means as the geochemical modeling. They
acquire a special role when in the first place thereds\the need for generalizing the data, independent in their
reliability from results of a primitive summatienmawhichyis regional, but routine research. At the same time,
geochemical modeling, studying of the magmatic ‘Seriespand related magmatogenic-hydrothermal systems
formation processes, which is the main problemyof this article, solves next tasks [1, 2, etc.]:

(1) determination of the leading #nagmatic series formation mechanism (fractional crystallization, par-

tial melting, etc.);

(2) determination of petrogenic andtrace element behavior in the magmatic evolution processes;

(3) evaluation of physice-chemical conditions of formation and functioning of magmatic systems;

(4) evaluation of its(lore=bearing fluids generation ability and to corresponding hydrothermal-

metasomatic gre;deposits formation;

(5) Independentfveritication of the modeling results.

Theoretical basisiand methodology of solving tasks (1) and (2) were developed in the works and are
widely used inghe study of magmatic complexes. As an organic supplement of this methodology for the
tasks (3)—(5) weproposed [1, 2, etc.] complex use in modeling of petrogenic and trace elements distribution
in the seri¢s offigneous rocks, experimental data of solubility in silicate melts of the common accessory min-
eralspg(CAM¢~— Apatite, zircon, monazite, etc.) as well as the data on the distribution of trace elements in
their associatients. But the solution of the problem (4) should be considered as incomplete without a quantita-
tive gvaluation of the elements supply from the melt in magmatogenic-hydrothermal system amount during
theimagmatic evolution.

The importance of obtaining such «total resource of magmatogene fluid» evaluations is emphasized by
the fact that they can be simultaneously considered as a value of the maximum mineralization potential mag-
nitude, what allows to use them with the searching purposes. Such task solving principle is known for a long
time, but given options still require the obligatory use of additional initial parameters, first of all inde-
pendently (experimentally) obtained fluid/melt distribution coefficients for the large number of elements and
wide range of physical and chemical conditions. That’s why modern insufficiency of the experimental data
significantly limited possibilities for quantitative calculations by proposed scheme.

The purpose of the work was to develop methods which allow to remove such limitations through the
use of model fluid/melt distribution coefficients which correspond to the real specific magmatic evolution
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systems conditions as they directly «derive» from the observed elements concentrations data in magmatic
complexes petrotypes and from the results of geochemical modeling of their formation processes (1)-(5).
Among the specific tasks of work, except for actual development of a model fluid/melt distribution coeffi-
cients calculation methodology and the supply amount of elements in magmatogenic-hydrothermal system,
authors have also considered its experimental approbation.

Object of research

The main principles of the proposed approach practical application are reviewed at the example of the
Precambrian (1.7 to 1.8 billion years) anorthosite-rapakivi-granite association Korosten Pluton (KP),'one of
the largest magmatic complexes of the Ukrainian shield (USh), localized in its Northen-Western part.\ The
advantegeous set of condition — good enough geological study and conservation level of the compléxma, Wide
range of petrotypes (granitoid and mafic series), as well as the presence of well-studieddgneous (Ti,\P),
pegmatitic (chamber pegmatites) and hydrothermal-metasomatitic (Li, Be, Nb, Ta, Zr, W;iSn, Mo, Zng¥Pb,
Cu, Bi, Cd) ore occurrences and deposits among the rocks of Pluton and its frame (Suschano<Rerzhanskaya
area — SPA), has allowed the authors earlier [2—4, etc.] to demonstrate ability to solge allytheimentioned
geochemical modeling problems. This justifies the rationality of the KPs use as an object of study during the
process of previously described tasks solving.

Methodology of research

Initial data for work tasks solution. Previously proposed geochemicalamodel of formation of the
granitoid KP series, is described in detail in [2—4, etc.]. As the dominant mechanism of magmatic evolution
for the current model was accepted deep magmatic chamber fractional crystallization of granitoid melt which
was provided with sufficient evidence. Additional used data: 1) originally observed data on the distribution
of petrogenic and trace elements in a granitoid series of KP; 2) experimental data on the solubility of apatite,
zircon, monazite [5, 6] and H,O [7] in granitoid melts; 3) temperatute dependence [3] of the distribution of Y
between paragenetic apatite and zircon. Trace elements bBehaviori(Fig. 1) dependence on f (mass fraction of
residual melt) was approximated by Rayleigh type equationsjThe model allowed to evaluate: P-T conditions
and fluid mode of magmatic evolution; f'= f;,, valae, which corresponds to the inversion in the behavior of
trace elements caused by the fluid segregation (Figyl); the effective value of their combined crystallized
fracton/melt distribution coefficients before (f™> f;,n)andyafter ( /< f;, ) inversion — D; and D;’ respectively.
The data which indicates genetic relationship between magmatic systems of the granitoid KP and ore-bearing
hydrothermal-metasomatic formations ofithe SPASvas also acquired [3, 4].

Model fluid/melt distribution ceefficientycalculation. The initial data which «magmatic model» and the
cited works provide (Fig. 1), especiallyathe beginning of the aqueous fluid segregation from the melt f value
estimation ( f;,,. = 0,123) and effective D'Walues in the range /> f;,, and /' < f;,,, allow calculate to values of
the effective fluid/melt distribution coefficient (important parameter), for elements with «inversion» type of
behavior (F, Cl, Nb, Zn, Pb, étc.);)which regulates the load of ore-bearing magmatic fluid and its deriva-
tives — hydrothermal4metasematic formations. Inheriting approach that has been proposed in our previous
works [3, 4], but modifying i, the following principle of calculation can suggested.

If the dominantyfactomin the magmatic system evolution is fractional crystallization, the trace elements
behavior is desenibed by the well-known Rayleigh equation provided their combined distribution coefficients
are constants

C=C- /7, (1)
where C —th@ concentration of the element in the residual melt; C, — the initial concentration of the ele-

menf in the primary melt, D — the effective combined distribution coefficient of the element (D=C® / C*,
C*"and C* — concentration of the element in solid phase and melt respectively), f — mass fraction of

liquid phase (residual melt) in the system. According to the «magmatic» model (Fig. 1, cited work), the
magmatic system of KP granitoids represents exact case.
The f parameter of equation (1), before the emergence of the fluid component in the system, can
defined as:
ML
S 2)
(M"+M°)
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where M* and M*® — the mass of the liquid and solid phases of the system respectively. The equation for the
combined distribution coefficient calculation of each of the elements under the same conditions as follows:

D=xk* + yk +..+ zk”, 3)
where x, y,... z — the mass fraction of each mineral (X, Y, ... Z, respectively) which forms the solid phase
of the system; k*,k', ...k’ — mineral/melt distribution coefficients of element i for these minerals

(k¥ =cCf / C!, where C* and C! are the concentration of element i in these minerals and the melt respec-
tively).
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a — seguegation of aqueous fluid from the melt during its crystallization conditions;
b —concentrations ofielements in residual melt of the magmatic system during its evolution shift

Figure T"R@sults of geochemical modeling of the KP granitoids magmatic systems

According toythe «magmatic» model (Fig. 1), the behavior of each «inversion» element is described by
two_equations’ofitype (1), which correspond to the sections of the magmatic evolution until (/> f, ) and

dfter (|f < fmpinversion, which coincides with the beginning of the fluid segregation (as the final f, value
wasgiccepted the Nb — element, segregated into a fluid phase last: f;"" =0,123). Concentrations of elements

in regidual melt, which are calculated by the first and second equations, are rationally denoted as C" and

C" and efficient combined distribution coefficients used in these cases — D and D’ respectively. In the
«magmatic model» for D and D’ values are fixed constant [2, 3, etc.].
After emergence of the fluid component in system ( f < f, ) the equation (1) retains valid, but on the

ML
(ML +MS +MF)

phase of the system. Certainly, D’ is taking place of D, which values, similar to expression (3), are defined as:

, where M” is the mass of the fluid

condition that the equation (2) takes the form: f =
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D'=xD+yK"", @)
where x and y are the mass fractions of the solid and fluid phases, respectively, in the system excluding the
liquid phase (x+y=1), a K"/* — fluid/melt distribution coefficient for element with inversion type of be-
havior (K" L =cr / C", C" u C* — concentration of the element in the fluid and the melt, respectively).
Since x=1- y, the final equation (4) becomes: D’=D—yD+ yK" 'L Hence:

K% _ D'—=D+yD '
y

®)

F,
Consequently there is a necessity in y parameter estimation to calculate K /L. The givénmmodel of

magmatic evolution provides such possibility (Fig. 1a, the works cited), which allows to estifnate model wa-
ter concentration value in the residual melt for any f and, upon reaching the solubility of'Wwater in it, to*de-

fine the segregation of the aqueous fluid beginning moment (Fig. 1a). This gives the opportunity to estimate
the «excessive» water concentration for the range of f'<f, (AC hf, o » Wt%) — aqueous fluid, formation re-

; n=1,2,3...n —g@mumberof conventional

n?o

source, which segregates during any period Af, (Af, =f, -
periods in the evolution of the system with the length of Af from the beg@inning of the,segregation of the
aqueous fluid): AC 15"20 =C 15"20 - C,Lizo , where C hf,"z o and C ézo — respeétively, modelsWwater concentration in
the residual melt at the certain moment f, and H,O solubility in granitictmelt (wt%) under current condi-
tions, which is buffering its actual concentration for the range ¢.<f, . Hence: AF, :0.0I-ACﬁzo A,

where AF, — the proportion of the fluid phase in the system, ségregatcdyduring period Af, .
The proportion of the solid phase in the system (S) foriaiy moment f, can be calculated by using the

expression: S, =1-(f, +F ), where S,,f,,F, (F, = ZAF;,) —— the fractions of solid, liquid and fluid phas-

n=l1
es in the system respectively. The quantity of solid phase/formed during the period Af, can be easily esti-
mated as: AS, =S, _, =S, . It is consequently(€asy tolestitmate y (mass fraction of fluid phase in the system
excluding the liquid phase) for each perigd of theyevolution of the system Af, :
AF
— n . 6
Y= AR 1A, (6)
Substituting (6) into equation(d) and performing simple transformations, we obtain the final equation
for calculation of inversion behavior clements fluid/melt distribution coefficient for any value of £, :
&7 _AS,(D'=D)+ D'AF,
AF,

n

(7
For the elements, with monotonous behaviour, such as Ba, Sr, Zr and Th (Fig. 1), the expression (7)

simplifies tosthe form K = D, their D’=D a-priory.

The [supply aolime of elements into magmatogenetic-hydrothermal system calculation. Developed and
presented magmatic and magmatic-hydrothermal systems model of KP granitoids allows to estimate the total
clemental resource of the fluid, i.e. the total weight of each element, extracted from the melt by the aqueous
fluid, which is segregated from the magmatic system during its evolution. This opportunity is based on the
factithat the proposed model provides data as about concentration of each element in the residual melt, so,
using the fluid/melt distribution coefficients, in the fluid, model also estimates the mass fraction of the fluid
segregated from magmatic system at any stage of its evolution:

ARFn :AF;t ’ CiF” 'Msist/IOG 4 (8)
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where AR, — the fluid’s resource, segregated from the magmatic system during the period Af, (billion

tons); C” — the concentration of the element i in the fluid (ppm) at the moment f,; M, — the mass of

ist

n
the system(billion tons). The total fluid resource can be estimated using the expression: R, = ZARFn .

n=1
As it follows from the expression (8), important and usually difficult for quantitative evaluation initial
parameter in such calculations is the total mass of the parental magmatic system M__ . In this case,

sist *
M, 2200000 billion tons was accepted the square of KP granitoids at the present level of erosion —
7800 km?, the average density of 2.6 g/cm’, the prevalent depth of ~10 km). According to the lack of data on
KP and its frame deep structure, the authors consider this estimation to be approximate, but realistic.
Additional, but quite an important parameter in the elements behavior analysis during gvaluation of ore-

generating potential of magmatic-hydrothermal systems is fotal resource of the parent magmatic syStem
(R,,), that is, the total weight of each element in the system at the beginning of its evolution. It§,calculation,
taking into account existing data, is straightforward:

R, =G,

i(0) 'Msist/loﬁ 4

where R,, — total resource of the parent magmatic system (billion tons); (C,,, &—&ongentration of the ele-

ment 7 in the initial melt (ppm); M

. — mass of the system (billion tohs)./Model‘estimations were used as
the initial concentrations of the studied elements used in the initial melt of parent magmatic system of the KP

granitoids.
The obtained results and their,discussion

The calculation results obtained by the proposed approdch, arg,presented in Figure 2. Thus, the total el-
emental resource comparison in the fluid, segregated from the magmatic system of the KP granitoids during
the process of its evolution with a total resource of all parent magmatic system allows to confidently distin-
guish three groups. among these elements.

The first group of elements (P, Ba, Sr) is charagterized by high magmatic system resource with a low
fluid-resource, i.e., their total fluid extraction degree,from the melt does not exceed 0.2 %.

Besides, they behave as typically compatible elements in the process of magmatic evolution (Fig. 1),
which results in their low concentrationsfin the'fesidual magmatic system melt at the moment of the segrega-
tion of fluid (most of them «sealed» in"the'e@omposition of crystallized material and are not available for ex-
traction by the fluid). Therefore, despite the high overall magmatic system resource and relatively high val-
ues of the fluid/melt distributionfeoefficients (>2), P, Ba and Sr under no circumstances show large-scale
concentrations in the form offoré-occutrences.

Opposite to the first, isithe'thitd group, which is composed of Th, Nb to Rb and F elements. All of them
are characterized by a highlextraetion to the fluid (>5 %), because of their typically incompatible behavior in
the process of crystallization differentiation. This grants their substantial accumulation in the residual melt
rate and high conéentrationgn the fluid efficiency even with moderate (<1) values of the fluid/melt distribu-

tion coefficientsi(F is also characterized by a high K 7 despite its inverse behavior). But as the total re-
source of @fluid, soithe magmatic system resource vary for them within a wide range (more than tenfold).

‘Lhelcorreldtion of these parameters (Fig. 2 a) proves that both potential and scale of accumulation in
industrial scalef1s dominant by primary concentration in the magmatic system (i.e. magmatic system re-
souree).

Finally, the second group, which includes a number of elements from Ga to Ca, is transitional between
the first and third groups. Regular decrease of the extraction to the fluid degree with increase of magmatic
system resource (Fig. 2 b) demonstrates a wide variety of the influence of considered factors with preserved
significant role of magmatic system resource as a factor that controls the potential of hydrothermal-
metasomatic deposits formation.

At the same time, the obtained evaluations of the total magmatic fluid resource might be considered as a
parameter that provides a maximum estimation of the mineralization likelihood potential extent of individual
elements and their natural groups. Such evaluations might be only used as the premise of differentiated
magmatic complexes potential ore-generation, because the possibility of its application is completely con-
trolled by the geological conditions.
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a — the comparison of the total elemental resource in fluid with the total elemental resource in a whole parent
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Figure 2. The total element wise resource of magmatic fluid segregated from the magmatic system
of the KP granitoids in the process of its evolution, and the extraction degree of elements
from the melt (model evaluation). Explanations see in the text
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Figure 3. Total element wise magmatic fluid resource as a criterion for the Mmaximum extent
of potential mineralization evaluation (the total resource Be was evaluated for stoichiometty of genthelvite — SPZ
dominant Be containing mineral). Black-filled bars correspond the elements which industrial mineralization
presence is confirmed by geological exploration works. See explanations,in the text

However it is supported by a rather positive correlation (Fig. 3) of the caleulated (model) data obtained
in this work results with existing information on real ore bodies that'are discovered within the SPZ, applica-
tion of such assessments, as long as the geochemical modeling(iis able'te greatly complement methodology
of regional geological surveys.

Conclusions

The calculation methodology of the model fluid/melt distribution coefficients, which directly derives
from the observed data on the contents of elementsyin magmatic complexes petrotypes and mostly corre-
sponds to the real conditions of the magmatig¢ievolution of specific magmatic systems, was developed. Ele-
ment wise total magmatic fluids resourcey(supply of elements in magmatic-hydrothermal system volume)
evaluation method based on geochemigal modelifig of parent magmatic systems was proposed. Obtained
positive developed methodology approbation, results, at the example of the Korosten Pluton and ore-bearing
hydrothermal-metasomatic Sushano-Pesganskaya area formations, allows to consider it as a promising way
of regional geological surveys. Possibility of the further proposed methodology application requires addi-
tional development of proposed geochemical modeling means and their extended approbation at the example
of geological objects such as'Ukrainian shield etc. Kazakhstan also represents an object of a great interest as
it possesses the huge find“of magmatic complexes of different age, formation conditions and metal-genetic
specializations, which have been studied in detail in material aspect and are supported with the wide specter
of ore deposits [8£10].
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MarmaToreHai-ruipoTepMaibl KyHesepaeri KeHKkacaymbl
NMOTEHIHAIAPABI 0aFrajiayJaFbl F€OXUMHUSJIBIK MO/I€JIb/1ey

Makanama MarManblK OankbpIMagaH KeHai cy (IougiH Oejim any NPOICCIHIH CAHABIK TCOXMMMSIIBIK
MOJICTIBICY MYMKIHIITT KapacThIpbUIFaH. ¥CHIHBUIFAH PACIMACP MHKPOIIEMECHITCPAIH (IO 1/ epiTiHIire
6oy k03 duirenTiH, omapasiH (QIFOMATEri CaHbIH, COHBIMEH KaTap OHBIH JJEMCHTTCPMIH JKHBIHTHIKTAFbI
pecypchlH  ecenteyre MyMKiHAIK Oepeli. ['€OXMMHANBIK MoOJenbicyh HaKIbl KeHKAJBINTACTHIPYIIBI
Kopocrenck mnytonsl (YKpauH KalKaHbl) MarMalibl-THIPOTEPMAaabl KYHeCIHAERimEPaHUTOUATAD JKOHE
OHBIMEH accoLuanus 60JIaThIH FHAPOTEPMaNbl-MeTacoMaTHKabIK Ty3inimMaep (Cymano-TlepxkaHck aitmarbl)
KOJIIaHyFa YCBIHBUIFAH TOCULNIH THIMALTITIH pactambl. OChl Ke3fieri oHipIiK MXYMBICTapIbIH KapanaibiM
ecebiHe KapamacTaH, OepuIreH >KYMBICTHIH Ka3ipri oHe Oonamfak(3eprreynepi MakcaThl YKpaWHa MeH
Ka3zaxkcraHHbIH MUHEPaJIIbI-IINKI3aT 6a3aChbIHBIH dJIeyeTi 00BN Ta0bUIA I

C.E. llInrokos, N.N. JlazapeBa, B.C. HeprHOB, A.I'. AnekcuelieHko,
JLU. T'aBpunus, . KéMakat,"A.I". MapaTtoBa

I'eoxumMuuecKoe MoIeIMPOBAHITE,BOIIEHKE PY/TI0TeHEPUPYIOIIETO
MOTEHINAJIA MATMATOTeHHO-TTAPOTEPMATbHBIX CHCTEM

PaccMOTpeHBI BO3MOXHOCTH KOJHIECTBEHHOTO TEOXUMUYECKOTO MOJIEIMPOBAHMS IPOIecca OTAEIEHHS Py-
JOHOCHOTO BOJHOTO (uronja oT MarmMarideckoro paciuiaBa. [IpeaoskeHHBIE IPOIERaypsl HO3BOJISIOT pac-
cuuTaTh 3HaueHUS Kod(duuuenTa pacnpeneneHus (IION/paciulaB UIT MUKPOIJIEMEHTOB, X COJCp)KaHHE
BO (trousie, a Takke ero CyMMapHbIii MOd1eMeHTHbIH pecypc. [IpuMeHeHHe npeIoKeHHOro MoAX0/1a K reo-
XUMHYECKOMY MOZACTHPOBAHUIO PEATHHON PYIOreHEPUPYIOLICH MarMaTOreHHO-THAPOTEPMAIIbHOH CHCTEMBI
rpanuTou1oB KopocT@HCKOTO tutyToHa (YKpPaMHCKUN LIUT) U aCCOUMHMPYIOIUX C HUM THIPOTEPMAJIbHO-
MetacoMarnueckuxmodpaszoBannii (Cymano-Ilepixanckas 30Ha) moaTBepawio ero 3¢ ¢dexruBHocTh. Llensio
HACTOSIIUX U OyIyIMNX)NCCICIOBAaHNH SBIIETCS MOTyYSHHE OIEHOK MHHEPAIbHO-CHIPHEBOTO MOTECHIHANA
perunonoB Ykpauns! n Ka3axcrana, HE3aBUCHMBIX OT IIPOCTOTO CyMMHPOBAHHS YXKE BBINOJHEHHBIX PETHO-
HATLHBIXPA0OT.
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