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Abstract—The paper discusses the sources of melts and their formation parameters for granitoids of the
Khokhol–Repyevka batholith that compose the Don terrane of the Volga–Don orogen in the East European
craton. The batholith is made up of granitoids of three types: Pavlovsk granitoids (quartz monzonites–gran-
ites, mostly without pyroxenes), Potudan granitoids (quartz monzogabbro–granodiorites containing pyrox-
ene), and hybrid ones (quartz monzodiorites, monzonites, and quartz monzonites). These three types of
rocks occur together and have a similar age of 2050–2080 Ma, similar geochemical characteristics (high con-
tents of Ba, Sr, and highly fractionated REE patterns with GdN/YbN = 2–11), but differ in petrographic and
isotopic geochemical parameters. The initial isotope characteristics of the sources of the Pavlovsk-type rocks
are εNd(t) = +0.2 to –3.7 and Sri = 0.70335, those of the Potudan type are εNd(t) = –1.7 to –3.8, Sri =
0.70381–0.70910, and the hybrid rocks have εNd(t) = –8.8, Sri = 0.70596. In addition to granitoids, the batholith
was found out to host two types of leucogranite dikes. One of them is characterized by εNd(t) = –3.8 and frac-
tionated HREE patterns (GdN/YbN = 2.1–3.8) and could be formed as a result of the deep differentiation of
Pavlovsk-type magma. The other type has εNd(t) = –7.8 and less fractionated HREE patterns (GdN/YbN =
1.1–1.6), which likely resulted from the melting of a crustal source at shallow depths. The Rb–Sr isotope-geo-
chemical characteristics of rocks of the Pavlovsk and Potudan types indicate that their melts were derived
from different sources. The melts of the Khokhol–Repyevka batholith were thus derived from at least three
sources: (1) lower (or buried oceanic) crust of predominantly mafic composition and/or enriched mantle,
which was metasomatized in the Proterozoic, whose involvement is reflected in the composition of the Pav-
lovsk granitoids; (2) an enriched mantle source, which was likely subcontinental lithospheric mantle (SCLM)
that had been metasomatized during an earlier stage of the geological development of the region, specific of
the Potudan-type monzonitoids; and (3) Archean crust consisting mostly of TTG gneisses and metasedi-
ments, which underwent melting and participated in the formation of some of the leucogranite dikes and
hybrid rocks. The results of thermodynamic modeling indicate that the mixing of two melts contrasting in
composition (Potudan-type mafic and Pavlovsk-type intermediate–felsic) could form only some of the
hybrid rocks. The others could be formed by mafic melt contaminated with anatectic melts derived from the
Archean crust of the Kursk block.
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INTRODUCTION
Geodynamic processes during the accretion of cra-

tons thickened the crust as a result of continental colli-
sion, produced juvenile crust by means of newly coming
portions of mantle magmas, thinned the lithosphere,
and brought about asthenospheric upwelling (Sylvester,
1989; Black and Liegéois, 1993; Bonin et al., 1998;
Zhao et al., 2002; Condie, 2013). The transition from
the compressional (syn- to postcollisional) to exten-

sional (postcollisional) regimes was associated with the
mixing of melts coming from several magma sources
and the contamination of these melts via melting
ancient metamorphic and sediment rocks. Subduction
and collision at cratonic peripheries formed orogenic
belts that hosted granitoids of different mineralogical
and geochemical composition depending on the pro-
portions of melted material from different sources
(Вrown et al., 1984; Sylvester, 1989; Frost et al., 2001).
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The Volga–Don orogen (VDO) was formed by the
accretion of Paleoproterozoic ensimatic and sialic arcs
(Vorontsovka, Losevo, and Don terranes) to the
Kursk continental block of Sarmatia during the accre-
tion of the Volga–Ural protocontinent at 2.1–2.07 Ga
(Shchipansky et al., 2007; Bibikova et al., 2009; Ter-
entiev, 2014; Shchipansky and Kheraskova, 2023)
(Fig. 1). The collision of Sarmatia and Volga–Uralia
was, in turn, a link in the chain of a global Paleopro-
terozoic event: the most ancient Archean crustal
blocks were combined into the Nuna–Columbia
supercontinent (Meert, 2012; Chaves, 2021).

The Khokhol–Repyevka batholith is one of the larg-
est batholiths in the western part of VDO. This batholith
is dominated by granitoids of the Pavlovsk complex.
Recently obtained petrographic–mineralogical and
geochemical data on the rocks and the U–Pb (SIMS)
zircon dates of the rocks (Petrakova and Terentiev, 2018;
Terentiev et al., 2020; Petrakova et al., 2022a) indicate
that the batholith is made up of rocks of three groups,
which are similar in age but different in petrochemistry.

(1) The granitoids of the Pavlovsk type (2076 ± 10 Ma)
broadly vary in composition (from quartz monzodio-

rite and granodiorite to quartz monzonite and gran-
ite). Zircon in these rocks shows thin oscillatory zon-
ing and occasionally contains inherited cores (Teren-
tiev et al., 2020). The rocks are mostly magnesian,
belong to the normal-alkalinity to mildly alkaline
series, are rich in LILE (first of all, Ba and Sr), and
have strongly fractionated HREE patterns and broadly
varying εNd(t) = +0.2 to –4.2. These rocks are thought
to have been formed via the melting of an enriched
mafic garnet-bearing source contaminated with the
material of the Paleoproterozoic and ancient Archean
crust, as follows from the inherited zircon cores (Ter-
entiev et al., 2020).

(2) Quartz monzogabbro–granodiorites of the
Potudan type (2056 ± 7 Ma), which are rich in iron and
alkalis (first of all, potassium in mafic types) and belong
to the mildly alkaline series, and this makes these rocks
different from the Pavlovsk-type granitoids. The rocks
have strongly fractionated HREE patterns, are rich in
LILE, and are strongly enriched in Ba and Sr. Their zir-
con shows coarse zoning or banding (Petrakova et al.,
2022a), as is typical of zircon crystallizing from mag-
matic gabbroid melts (Corfu et al., 2003).

Fig. 1. Schematic geological map of the Precambrian basement of the Kursk block of Sarmatia and the Volga−Don orogen:
(1) Archean basement; (2) boundary between the Proterozoic Volga−Don orogen; (3) granite complexes; (4) metamorphic rocks
(modified after Terentiev, 2014; Savko et al., 2017; Terentiev et al., 2020). The inset shows the East European craton with its base-
ment inliers in the Archean Sarmatia block: VCM is the Voronezh crystalline massifs, and US is the Ukrainian shield (Gor-
batschev and Bogdanova, 1993, Bibikova et al., 2015; Fedotova et al., 2019).

100 km

East European craton

FENNOSCANDIA

FENNOSCANDIA

FENNOSCANDIA

VCM
US

Volga−
Uralia
Volga−
Uralia
Volga−
Uralia

SarmatiaSarmatiaSarmatia

Kursk block
of Sarmatia
Kursk block
of Sarmatia
Kursk block
of Sarmatia

Khokhol–Repyevka
batholith

Khokhol–Repyevka
batholith

Khokhol–Repyevka
batholith

Dnieper−Donets aulacogen

Pavlovsk
batholith
Pavlovsk
batholith
Pavlovsk
batholith

D
on  t e r r a n e

Vorontsovka
terrane

Voronezh

Moscow

L
o

s e
v o

 t
e r

r a
n

e

Pachelma

aulacogen

1

2

3

4



468

GEOCHEMISTRY INTERNATIONAL  Vol. 62  No. 5  2024

PETRAKOVA et al.

(3) Hybrid rocks (2068 ± 6 Ma), which are found
only sporadically, significantly vary in composition
from monzodiorite to monzogranite and granite, are
sometimes ferroan and sometimes magnesian, and
have trace-element compositions intermediate
between those in the rocks of the former two groups.
Zircon in the rocks hosts coarsely zoned cores over-
grown with thinly zoned rims (Terentiev et al., 2020;
Petrakova et al., 2022a). The rocks show evidence of
mixing of mafic and felsic magmas: the normal and
inverse zoning of their plagioclase, oikocrysts of
quartz and/or potassic feldspar, and schlieren of mafic
minerals (Petrakova and Terentiev, 2018). One sample
of the quartz monzonite was found out to have a low
εNd(t) = –8.7 (Terentiev et al., 2020).

The rocks of the three group occur near one
another, are similar in age, and crystallized under sim-
ilar parameters: pressures of 2.7–3.2 kbar, liquidus
temperatures of 1100–980°С, and subliquidus tem-
peratures of 800–700°С (Petrakova and Terentiev,
2018). The melts are thought to have been derived from
an enriched heterogeneous source with high concentra-
tions of alkalis, LILE, and LREE. A contribution of a
mantle component follows from that some of the rocks
are poor in SiO2, contain elevated concentrations of
MgO, Cr, Ni, and Ti, and have high Sr/Y, (La/Yb)N,
and (Dy/Yb)N ratios, which suggest that the magmas
were derived at significant depths and crystallized at
high temperatures (Petrakova et al., 2022a).

The Khokhol–Repyevka batholith also hosts gray
and pinkish gray aplitic leucogranite dikes. Their gen-
esis and relations to other rocks of the batholith are
uncertain.

Available geochemical and Sm–Nd isotope data are
still insufficient to unambiguously interpret the sources
of the granitoids of the Khokhol–Repyevka batholith.
To clarify these issues, we have studied the Rb–Sr iso-
tope systematics and applied techniques of thermody-
namic modeling of magmatic mineral-forming pro-
cesses with a control of isotope ratios in the magma
(a) at the crystallization of minerals in models for mix-
ing different melts and (b) at the contamination
with/assimilation of the host rocks. Our principal aim is
to test the validity of mixing and hybridism models with
reference to the origin of the Khokhol–Repyevka
batholith and to identify the probable melt sources.
Another aim of our study was to understand the nature
of the leucogranite dike suite. Detailed data obtained by
studying the granitoids and leucogranites should hope-
fully deepen our understanding of Paleoproterozoic
crust-building processes and the role of mantle pro-
cesses in the origin of the regional geological complexes.

GEOLOGICAL STRUCTURE
OF THE VOLGA–DON OROGEN

The Volga–Don orogen (VDO) was produced in rela-
tion to subduction–collision processes at 2.2–2.1 Ga. It

is thought that the hypothetical Paleoproterozoic
ocean included ensimatic and ensialic arcs, and their
mutual collision and accretion when the ocean closed
produced the Volga–Don orogen (Shchipansky et al.,
2007; Bibikova et al., 2009; Bogdanova et al., 2005;
Samsonov et al., 2016; Terentiev and Santosh, 2020).
The mergence of the Archean Sarmatia and Volga–
Uralia blocks that resulted from the closure of the
ocean induced folding and metamorphism of the
Paleoproterozoic rocks of the Kursk block and the
Losevo and Vorontsovka terranes.

The Don, Losevo, and Voronstovka terranes,
which are separated by large regional faults from one
another, were distinguished in VDO based on drilling
materials and geophysical data (Mints et al., 2017).
The Volga–Don orogen was traced for 700 km from
Ryazan to Volgograd. All VDO structures are uncon-
formably overlain by a cover of Phanerozoic sedimen-
tary rocks 0.5 to 500 m thick. VDO is bounded by the
Archean Kursk block in the west and by the buried
structures of the Archean Azov block in the south. In
the east, VDO is bounded by the Paleoproterozoic
Tersinskii belt of metamorphosed volcanic rocks and
the Southern Volga supracrustal complex of Volga–
Uralia (Bibikova et al., 2009; Bogdanova et al., 2005).
The northern limitation of VDO is uncertain, and
VDO may be truncated there by Mesoproterozoic
structures of the Central Russia belt. VDO structures
are overlain by Meso- to Neoproterozoic rocks of the
Pachelma aulacogen in the north and by rocks of the
Dnieper–Donets aulacogen and Caspian depression
in the south (Fig. 1).

The Don terrane was distinguished relatively
recently (Savko et al., 2014; Terentiev, 2018; Terentiev
et al., 2020). The volcanic–sedimentary rocks of the
Don Group are fine-grained biotite gneisses, amphib-
olites, marbles, and calciphyres. The metavolcanic
rocks (basalts and andesites) belong to the calc-alka-
line high-K series and are classified into high-Fe and
high-Mg types. The volcanic rocks of the Don Group
are similar to the calc-alkaline rocks of the Losevo
Group but differ from them in containing higher K
and Th concentrations (Terentiev, 2018). The sedi-
mentary material of the Don Group was accumulated
in a marine basin, as also follows from that beds of mar-
bles and calc-silicate rocks (whose protoliths were lime-
stone and marl) occur among these rocks. The rocks of
the Don Group are ubiquitously cut by the largest
batholiths of Paleoproterozoic (2076–2056 Ma) granit-
oids (Savko et al., 2014; Terentiev, 2016; Terentiev
et al., 2020; Petrakova et al., 2022a). Although no data
on the age of the sedimentary rocks of the Don Group
are available so far, similarities between them and the
metamorphosed calc–silicate rocks of the Paleopro-
terozoic Central Azov Group in the Azov block, as well
as the fact that the former group is cut by granitoids
dated at 2052 ± 5 Ma (Kuznetsov et al., 2019), suggest
that the rocks can be provisionally correlated. If so, the
Paleoproterozoic Sr chemostratigraphic age of the
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metacarbonate rocks (older than 2230 Ma) and the Nd
model age (2310–2340 Ma) of the Temryuk Forma-
tion can be used as a provisional date for the accumu-
lation of the sedimentary material of the Don Group.

The Losevo terrane is made up of a bimodal
metavolcanic rock series with tholeiites comagmatic
with the gabbroids of the Rozhdestvenskii complex and
the basalt–andesite–dacite series with variable propor-
tions of sedimentary and volcanic–sedimentary rocks
(~2.14 Ga; Terentiev et al., 2014, 2017). The metamor-
phic rocks of the Losevo Group are cut across by intru-
sions of tonalite–trondhjemite–granodiorite and
trondhjemite–granodiorite–granite composition.

The Vorontsovka terrane consists of turbidite-type
sediments, which compose f lyschoid sandy–shale
sedimentary sequences (Savko et al., 2011; Terentiev
and Santosh, 2016) that are, in turn, cut by numerous
bodies of ultramafic–mafic rocks and small S- and
A-type granite intrusions (Savko et al., 2014). All
intrusive rocks of the Vorontsovka and Losevo ter-
ranes have positive εNd(t) values.

The TIMS monazite age of the high-temperature
low-pressure (HT/LP) metamorphic processes in the
Kursk block and Vorontsovka terrane is 2067 ± 9 Ma
(Savko et al., 2018), which corresponds to the most
probable emplacement age (2050–2080 Ma) of a large
volume of the mafic and granite intrusions. The met-
amorphic temperatures and pressures were evaluated
at 430–750°С and 3–5 kbar, respectively (Savko et al.,
2015). No reliable and unambiguous estimates of the
P–T metamorphic parameters are still known for the
Don and Losevo terranes because their rocks contain
no mineral assemblages suitable for reasonably accu-
rate evaluations. As of now, it can only be declared that
the gneisses and amphibolites of the Don terrane are
metamorphosed to the amphibolite facies, whereas
the metamorphic grade of such rocks in the Losevo
terrane corresponds to the epidote-amphibolite facies
(Savko et al., 2015; Terentiev, 2018).

The Khokhol–Repyevka and Pavlovsk batholiths
together occupy an area of approximately 4000 km2

(Fig. 1). The Pavlovsk complex additionally includes a
group of spatially separated massifs in the central part
of the Don terrane and in the Kursk block (Fig. 1).
The rocks of this complex range from quartz monzo-
diorite to leucogranite.

The following three types of granitoids are distin-
guished in the Khokhol–Repyevka batholith accord-
ing to the structural setting and composition of these
rocks: (1) granitoids of the Potudan type, which are
mostly quartz monzogabbro–monzodiorite and gran-
odiorite containing clinopyroxene; (2) granitoids of
the Pavlovsk type, which are porphyritic quartz (mon-
zogabbro)–monzodiorite, quartz monzonite, granodi-
orite, and granite that commonly contain no pyroxenes;
and (3) granitoids of a hybrid type, which are rocks
with discernible evidence of magma mixing and that
show lineation or foliation.

The central part of the Don terrane hosts the Liski
complex of A-type granites, which was produced during
a later pulse of magmatic activity in the Paleoprotero-
zoic (2064 ± 14 Ma) (Terentiev, 2016). The massive
granites of the Liski pluton crosscut the Pavlovsk-type
granites and show cutting relations with them.

The final pulse of magmatic activity of the Kho-
khol–Repyevka batholith produced pink fine-grained
leucogranite dikes ranging from a few centimeters to a
few meters in thickness. These dikes cut across all
other geological bodies.

MINERALOGY AND PETROGRAPHY 
OF ROCKS OF THE KHOKHOL–REPYEVKA 

BATHOLITH

The Potudan type of rocks is represented by samples
from drillhole core material from the Potudan massif
(core material recovered by Drillholes 8003 and 6418)
(Figs. 2, 3a) and some massifs north of this pluton
(Drillholes 7577, 7578, 7569, 7580, 7583, and 7586). As
seen by the naked eye, the rocks are dark gray to gray
and pinkish gray massive fine- to medium-grained.
They typically contain well preserved clinopyroxene
or its relics, which are replaced by amphibole and/or
biotite (most commonly aggregates of amphibole and
biotite). The modal composition of these rocks and
the average anorthite concentrations in the plagioclase
of these rocks classify them as quartz monzogabbro,
quartz monzogabbro-diorite, monzodiorite, and gra-
nodiorite. The major rock-forming minerals are pla-
gioclase (An50 to An30, 32–54%; here and below, the
contents are given in vol %), potassic feldspar (mostly
microcline, 6–22%), biotite (9–22%), magnesian
hornblende (0.5–12%), quartz (5–12%), and clinopy-
roxene (diopside, 5–10%). The accessory minerals are
magnetite (up to 6%), ilmenite, apatite, titanite, tita-
nomagnetite, zircon and occasionally found pyrrho-
tite, pyrite, and chalcopyrite.

The Pavlovsk-type granitoids are classified make
up two phases (Egipko, 1971; Terentiev and Savko,
2017). The Pavlovsk-type rocks of phase 1 were found
in large heterogeneous massifs and make up the bulk of
the batholiths. These are pink to gray fine- to medium-
grained and pink to red porphyritic, often coarse-
grained granitoids. The phase-2 granitoids cut the
phase-1 and supracrustal rocks and occur as small bod-
ies and veins of leucogranites, aplites, and pegmatites.
According to their modal composition, the Pavlovsk-
type rocks are classified with quartz monzodiorite,
quartz monzonite, monzogranite, granodiorite, and
more rarely, monzodiorite, monzonite, quartz syenite,
and syenogranite. The major rock-forming minerals of
these rocks are plagioclase (An35 to An25, 41–50%),
potassic feldspar (22–35%), amphibole (magnesian
hornblende and edenite; 3–10%), quartz (18–26%),
and biotite (3–10%). The accessory minerals (3–5%)
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are magnetite, titanite, apatite, zircon, ilmenite, and
epidote (Fig. 3b).

The rocks of the hybrid type consist of the same
rock-forming minerals as the granites of the former
two types and combine features of both the Potudan
type gabbro-diorites and the Pavlovsk-type granitoids
(Figs. 3c, 3d). The mineralogical and petrographic
indications of their hybrid nature involve oriented
grains of mafic minerals and phenocrysts set in a fine-
grained or often inequigranular groundmass.

The dikes are mostly made up of fine- to medium-
grained massive leucogranite, which is sometimes
aplitic. These rocks are dominated by quartz (25–45%),
plagioclase (30–40%), potassic feldspar (32–52%),
biotite (2–5%), and muscovite (+ chlorite) (0.2–1.3%)
and often contain myrmekites (Figs. 3e, 3f).

METHODS

The chemical composition of rocks (Supplementary 1)
was analyzed by XRF on a S8 Tiger (Bruker AXS
GmbH, Germany) at the center for Collective Use of
Research Equipment at the Voronezh State University
(analyst E.Kh. Korish). Samples were prepared for
their analysis for major components by melting 0.5 g of
the powdered rock sample with 2g Li tetraborate and
2 g metaborate in a muffle furnace and the subsequent
casting of glassy pellets. The spectrometer was cali-
brated and the quality of the analysis was controlled
using certified state reference standard samples for the
chemical composition of rocks: GSO №8871-2007,
GSO № 3333-85, and GSO № 3191-85. The analysis
was accurate to 1–2 relative % for concentrations

Fig. 2. Schematic geological map of the Khokhol–Repyevka batholith and the central part of the Don terrane.
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Fig. 3. Microphotographs of thin sections of granitoids of the Khokhol–Repyevka batholith: (a) Potudan type; (b) Pavlovsk type,
(c, d) hybrid type; (e, f) dikes. Mineral symbols (Whitney and Evans, 2010): Pl—plagioclase, Qz—quartz, Afs—alkali feldspar,
Cpx—clinopyroxene, Bt—biotite, Mag—magnetite.
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higher than 1–5 wt % and no higher than 5 relative %
at concentrations lower than 0.5 wt %.

Concentrations of trace elements and REE (Supple-
mentary 1) were determined by ICP-MS at a labora-
tory of Karpinsky Russian Geological Research Insti-
tute of Geology (VSEGEI), in St. Petersburg (analysts
V.A. Shishlov and V.L. Kudryashov). The samples were
preparatorily decomposed by acids in either closed or
open systems. The standard was an in-laboratory certi-

fied rock sample, which was decomposed by the same
technique as the samples to be analyzed. The detection
limits were 005–0.01 ppm for elements of intermediate
to high atomic weight (U, Th, REE, etc.) and up to
0.01–3 ppm for light elements (Ba, Rb, etc.).

Sm–Nd isotope analysis was carried out on a
TRITON TI thermal-ionization multicollector mass
spectrometer, in static mode, at a laboratory of
VSEGEI. The powdered samples (100–150 mg) were
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spiked with a 149Sm–150Nd tracer and then decom-
posed by mixture of HCl + HNO3 + HF at a tempera-
ture of 110°С. For the purposes of isotope analysis, Sm
and Nd were separated in two stages: (1) by cation-
exchange chromatography with AG1-X8 resin to sep-
arate REE from the mass of the rocks and minerals
and (2) by extraction chromatography with the use of
HDEHP solvent on Teflon. The correction for isotope
fractionation was introduced by normalizing the mea-
sured values to 146Nd/144Nd = 0.7219. The correction
for the systematic error of the tool was done by nor-
malizing to 143Nd/144Nd = 0.511860 in the La Jolla Nd
standard. The blanks were usually 0.03–0.2 ng for Sm
and 0.1–0.5 ng for Nd. The concentrations of Sm and
Nd were measured accurate to ±0.5%, and the isotope
ratios were determined accurate to ±0.5% for
147Sm/144Nd and ±0.005% for 143Nd/144Nd (2σ).

The parameter εNd(t) was calculated using isotope
ratios for CHUR: 143Nd/144Nd = 0.512638 and
147Sm/144Nd = 0.1967 (Jacobsen and Wasserburg,
1984). The model age (tDM) values were calculated
using the following isotope ratios for the depleted
mantle: 143Nd/144Nd = 0.513151 and 147Sm/144Nd =
0.2136 (Goldstein and Jacobsen, 1988).

The Rb–Sr isotope analysis was done in six samples
at the Institute of Precambrian Geology and Geochro-
nology, Russian Academy of Sciences, in St. Peters-
burg. Three of the samples were granite of the Pav-
lovsk type, one was Potudan-type granite, one was
hybrid granite, and another one was taken from a leu-
cogranite dike. The powdered samples were decom-
posed by mixture of concentrated acids in the pro-
portions HF : HNO3 : HClO4 = 5 : 1 : 1 in Savillex®
closed f luoroplastic vessels at 120oC for 24 h. Before
their decomposition, the samples were spiked with
mixed 85Rb–84Sr tracers (Gorokhov et al., 2007,
2019). Upon the evaporation of the solution, the sam-
ples were treated by mixture of concentrated HCl :
HNO3 for 24 h to get rid of f luorides. After this, the
solutions were evaporated and transformed to chloride
forms. Rb, Sr, and REE were extracted on BioRad®
ion-exchange resin. Rb and Sr were separated from
total REE on Ln-Resin (Eichrom®) ion-exchange
resin by the method in (Gorokhov et al., 2007, 2019).
The blanks were 0.05 ng for Rb, 0.2 ng for Sr, and
0.05 ng for REE.

Sr isotopic composition was determined on a Tri-
ton TI multicollector mass spectrometer. Concentra-
tions of Rb and Sr and the 87Rb/86Sr and 87Sr/86Sr
ratios were determined by isotope dilution. The repro-
ducibility of the determined Rb and Sr concentrations
was evaluated by multiple replicate analyses of the
BCR-1 standard and was ±0.5%. The analysis of the
standard sample (six analyses) yielded the following
results: [Sr] = 336.7 ppm, [Rb] = 47.46 ppm,
87Rb/86Sr = 0.4062, and 87Sr/86Sr = 0.705036 ±
0.000022. The reproducibility of the isotope analyses

was controlled by replicate analyses of the SRM-987
Sr standard. During the analytical session, the 87Sr/86Sr
ratio of the SRM-987 standard was 0.710274 ±
0.000006 (2σ, n = 11). The isotopic composition of Sr
was normalized to 88Sr/86Sr = 8.37521.

Thermodynamic numerical simulations of the mag-
matic mineral-forming processes was applied to evalu-
ate parameters under which the rocks were formed and
was based on the minimization of the Gibbs energy.
We studied the processes of fractional crystallization
(FC) and fractional crystallization with assimilation
(AFC) of the rocks and the probability of the mixing of
two magmas (RFC, recharge fractional crystalliza-
tion). The numerical simulations were carried out by
the MCS program modulus (Bohrson et al., 2014) of
the MELTS software (Ghiorso and Sack, 1995; Asi-
mow and Ghiorso, 1998).

The MELTS program package uses a model of
twelve-component silicate melt in the system SiO2–
TiO2–A12О3–Fe2О3–Cr2О3–FeO–MgO–CaO–Na2О–
K2О–P2O5–H2О. This model operates using the ther-
modynamic properties of magmatic rock-forming min-
erals: olivine (Mg, Fe2+, Ca), pyroxenes (Na, Mg, Fe2+,
Ca)M2 (Mg, Fe2+, Ti, Fe3+, A1)M1 (Fe3+, A1, Si) O6,
feldspars (Na, Ca, K), spinel (Mg, Fe2+) (Fe3+, A1,
Cr)2О4–(Mg, Fe2+)2 TiO4, and rhombohedral oxides
(Fe2+, Mg, Mn2+) TiO3–Fe2O3.

The MELTS program package has been calibrated
by its authors on more than 2500 experimentally
determined compositions of silicate melts that coex-
isted with the mineral association apatite ± feldspar ±
leucite ± olivine ± pyroxene ± quartz ± rhombohedral
oxides ± spinel ± whitlockite ± water at specified tem-
perature, pressure, and oxygen fugacity. The model is
applicable to natural magmatic systems (both hydrous
and anhydrous) ranging in composition from potassic
ankaratrite to rhyolite within the temperature range of
(T) 900–1700° C and pressures (p) up to 4 GPa.

The partition coefficients were compiled from the
EarthRef database (https://kdd.earthref.org/KdD/)
and are presented in Supplementary 2.

GEOCHEMISTRY AND ISOTOPE 
GEOCHEMISTRY OF ROCK

OF THE KHOKHOL–REPYEVKA BATHOLITH
The composition points of rocks of the Khokhol–

Repyevka batholith plot in the TAS diagram within
the fields of rocks ranging from monzogabbro to gran-
ite (Fig. 4). Representative chemical analyses of the
rocks are presented in Supplementary 1, which also
shows, for comparison, published petrochemical data
on the granites of the Liski complex in the central part
of the Don terrane (Terentiev, 2016).

Note that the highest Na2O + K2O concentrations
were found in the mafic rocks of the Potudan type and
more felsic types of the Pavlovsk and hybrid types,

TET
2
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which are classified with quartz monzonite, as well as
in some samples from the dike suite and Liski-type
rocks that plot within the granite field (Fig. 4a).

Most rocks of the Khokhol–Repyevka batholith
are metaluminous according to their A/CNK =
Al/(Ca + Na + K) < 1.1. The Liski-type granites are
metaluminous to peraluminous (Fig. 4b). According
to their Fe# (Frost et al., 2001), more mafic Potudan-
type granites, some granites of the dike suite, and the
Liski-type granites belong to the ferroan series,
whereas the Pavlovsk-type granites mostly affiliate
with the magnesian series (Fig. 4c).

Mineralogical features of the Potudan-type granites
(abundant Fe−Ti oxides and clinopyroxene) correspond
to their chemical composition. The monzonitoids are
richer in TiO2 (0.5–2.3, here and below in wt %), MgO
(1.5–6.1%), FeOtot (6.1–13.9%), and CaO (4–8.2%)

than the quartz monzonites, syenites, and granites.
The Pavlovsk-type granites contain slightly lower con-
centrations of ТiO2 (0.3–1.4%), MgO (0.5–3.5%),
FeOtot (1.8–8.7%), and CaO (2.2–5.9%) than in the
Potudan-type rocks because of the strong differentia-
tion of the compositions. The dike leucogranites con-
tain comparable concentrations of ТiO2 (0.08–0.30%),
MgO (0.06–0.51%), FeOtot (1.4–2.4%), and CaO
(0.4–1.5%) with those in the Liski-type rocks: ТiO2
(0.11–0.32%), MgO (0.07–0.39%), FeOtot (1.3–2.8%),
and CaO (1.0–1.4%). The hybrid rocks also show scat-
ters in concentrations of ТiO2 (0.02–1.82%), MgO
(0.7–3.8%), FeOtot (2.3–10.7%), and CaO (1.1–7.0%).

Systematic negative correlations were found
between concentrations of TiO2, CaO, MgO, and
FeOtot and those of SiO2, and a notable feature of the

Fig. 4. Classification diagrams for rocks of the Khokhol–Repyevka batholith: (a) TAS diagram (Middlemost, 1994), (b) SiO2–ASI
(alumina saturation index) diagram, (c) SiO2–FeOtot/(FeOtot + MgO) diagram (Frost et al., 2001). The fields of Liski-type granites
are according to (Terentiev, 2016). The diagrams show major-component compositions normalized to 100% anhydrous residue.
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rocks is a change in the Na2O and Al2O3 concentra-
tions in rocks with SiO2 concentrations of about 60%
(Fig. 5).

The rocks of the Pavlovsk and Potudan types are
characterized by fractionated distributions of REE
with (La/Yb)N = 12.0–73.2, (Gd/Yb)N = 3.1–4.2
(Table 1) and weak Eu anomalies, Eu/Eu* = 0.67–
0.76 (Fig. 6). The primitive mantle-normalized trace-
element patterns of the rocks show enrichment in Rb,
Ba, U, and LREE at depletion in Nb, Zr, Ti, and Th.

The chondrite-normalized multielemental pat-
terns of the hybrid rocks are close to those of more fel-
sic types of the Pavlovsk granites, (La/Yb)N = 33–300
and (Gd/Yb)N = 4–11, show no Eu anomalies or positive
Eu anomalies in silicic derivatives (Eu/Eu*=0.7–1.6)
(Table 1, Fig. 6 а). The primitive mantle-normalized
trace-element patterns of the rocks display strong
enrichment in Rb, Ba, Th, and U and depletion in Nb,
Zr, and Ti (Fig. 6b).

The leucogranite dikes are characterized by mod-
erate REE fractionation with (La/Yb)N = 6.5–15.2
and (Gd/Yb)N = 1.1–1.6, with negative Eu anomalies,
Eu/Eu*= 0.4–0.96. The rocks of this type are strongly
enriched in Rb and U and have Nb−Zr−Ti minimum
(Fig. 6).

Sm−Nd and Rb−Sr Systems of the Rocks
The monzonitoids of the Potudan type in the Potu-

dan pluton itself have εNd(2.06) = –3.1 to –3.7 and a
model age of tNd(DM) = 2.7 Ga. Analogous rocks
from a massif in the northern part of the Khokhol–
Repyevka batholith (this massifs was drilled through
by Borehole 7577) (Fig. 2) yielded εNd(2.07) = –1.7
and a model age of tNd(DM) = 2.6 Ga. The initial iso-
tope ratios 87Sr/86Sr(i) of three samples are 0.70381 to
0.70910 (Table 1).

The Pavlovsk-type granitoids are characterized by
εNd(2.08) = +0.2 to –4.2 and tNd(DM) = 2.4–2.8 Ga

Fig. 5. Al2O3 vs. SiO2 and Na2O vs. SiO2 diagrams for rocks of the Khokhol–Repyevka batholith. Lines show composition trends
of the rocks of different type. See Fig. 4 for symbol explanations.
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(Terentiev et al., 2020). Our sample of the Pavlovsk
granodiorite (sample 7578/155) shows higher
εNd(2.07) = –1.7 than that of the Potudan-type quartz
monzogabbro with εNd(2.06) = −3.7. The initial isotope
ratio of this sample 87Sr/86Sr(i) = 0.70335 (Table 1) is
close to the range of 0.70269–0.70309 reported for
granitoids from the Pavlovsk batholith (Shchipansky
et al., 2007).

The hybrid rocks are characterized by a low radio-
genic Nd isotope composition with εNd(2.07) = –8.7
and a model age of tNd(DM) = 2.8 Ga, which indicates
that the source contained much ancient crustal mate-
rial. The initial isotope ratio 87Sr/86Sr(i) =0.70596
(Table 1).

The dike leucogranites show broad variations in the
isotope ratios. For example, sample 188/d yielded
εNd(2.08) = –3.8 and tNd(DM) = 2.7 Ga, which are
close to those of the Pavlovsk-type rocks. Sample
6435/77 from dike has εNd(2.07) = –7.8, tNd(DM) =
2.7 Ga, and the highest 87Rb/86Sr ratio at the lowest
initial 87Sr/86Sr(i) = 0.70177 (Table 1). The low εNd
values (–7.8) and the high Rb concentrations may
mean that the leucogranites were contaminated by
crustal material. This may perhaps occur later in the
geological history and resulted in an erroneous initial
87Sr/86Sr ratio. No other samples with such Rb−Sr
characteristics have been found (at least so far) in
VDO, and hence, this sample was rejected from all
other considerations.

In the age−εNd(t) diagram (Fig. 7), the rocks fall
within the field of the Nd isotope composition evolu-
tion of the Paleoproterozoic crust of the Don terrane,
except only the hybrid rocks and those of some dikes,
whose composition points plot between the field of the
Paleoproterozoic crust of the Don terrane and the
Archean continental crust of the Kursk block.

THERMODYNAMIC MODELING 
OF THE FRACTIONAL CRYSTALLIZATION, 
ASSIMILATION, AND MAGMA RECHARGE

Petrakova et al. (2022b) conducted numerical
thermodynamic simulations of the fractional crystal-
lization (FC) by means of varying additional criteria
(P−T parameters, water content, and oxygen fugac-
ity) to confirm the differentiation model for the Potu-
dan and Pavlovsk rocks along different evolution
branches, which indicates that the melts of the two
types were derived from different sources. With regard
to the newly acquired isotope data, herein we tested
the models of contamination (AFC) and mixing
(Recharge) to explain the origin of a wider rock spec-
trum composing the Khokhol–Repyevka batholith.

External parameters for modeling the FC process
were chosen using the results of mineral thermoba-
rometry. The pressure in the magma chamber was
evaluated by the Al-in-Hbl geobarometer at 3 kbar
(Petrakova and Terentiev, 2018). The simulations were
carried out to a temperature of 850oC to avoid uncer-
tainties related to simulations with hydrous minerals,

Fig. 7. t (Ma)–εNd(t) diagram for rocks of the Khokhol–Repyevka batholith. (1, 2) Potudan-type rocks: (1) northern massif
(sample 7577), (2) Potudan pluton; (3) Pavlovsk-type (Terentiev et al., 2020); (4) hybrid type; (5) dike rocks. Fields show the Nd
isotopic composition evolution of the Paleoproterozoic crust of terranes in the Volga–Don orogen and Archean crust of the
Kursk blocks (Terentiev et al., 2017; Savko et al., 2018).
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whose thermodynamic properties are still poorly
determined. Water content in the magma was evalu-
ated from the composition of the amphiboles (Ridolfi
and Renzulli, 2010): it was 3–4 wt % for the magmas
of the Potudan-type granites, and 4.5−6 wt % for the
Pavlovsk-type ones. To analyze the AFC process, the
temperature of the wall rocks was assumed to be 400oC
with regard to the geothermal gradient in the upper–
middle crust (3-4 kbar) (Koronovskii and Yasamanov,
2012). The melt percolation limit (the percentage of
the anatectic melt) was assumed to be 10 vol %. The
wall rocks in the AFC model were assumed to origi-
nally contain 1 and 3 wt % H2O. To test the recharge
model, a new magma portion was introduced at 100oC
intervals of the starting magma fractionation, with the
addition of 10 to 200 g new portions of magma of other
composition.

In the models with contamination and mixing with
felsic melt, the starting composition was assumed to be
that of the least evolved monzogabbro of the Potudan
type (sample 8003/255). Considering that the rocks of
the batholith occur in contact with Archean rocks of
the Kursk block, the possible contaminant in the AFC
model was assumed to be TTG gneiss form this block
(sample 7516, Shchipansky et al., 2007). The models
of mixing (Recharge) were simulated using the com-
position of Pavlovsk-type granite and the average
composition of experimentally obtained partial melt
derived from rocks of the Kursk block (mixture of
metapelite and TTG; Savko et al., 2021). All used
compositions are listed in Table 2.

FC model. The early crystallization of the Potudan-
type melt is marked by the fractionation of olivine and
magnetite from the melt, and hence, the melt enriches
in alkalis. The early crystallization of the Pavlovsk-
type melt involves clinopyroxene and plagioclase frac-
tionation (see Petrakova et al., 2022b for detail).

These concentrations of Fe−Mg and K−Na com-
ponents in the melts at high temperatures (~1200°С)
still allow anhydrous minerals (Ol and Cpx) to crystal-
lize from these melts, but these minerals cease to crys-
tallize at 50−100°C lower temperatures and give way to
the assemblages found in the rocks: Pl + Cpx + Spl.
Once a temperature of 900oC is reached by the melt
and water content in it reaches 4.5% (or higher),
hydrous minerals (Bt) start to crystallize, and the late
crystallization of alkali feldspar is thought to begin.

The partial fractionation of Ol + Spl in the Potu-
dan-type melt occurs in all of the models (Table 3).
The absence of olivine-bearing rocks among those of
the Potudan type may be explained by the early frac-
tionation of this mineral from the melt. In this situa-
tion, olivine-bearing rocks may have been formed in
intermediate chambers or at deeper levels in the
batholith that were not reached by boreholes.

AFC model. The addition of 10% partial melt
derived from TTG to the Potudan-type magma results
in an increase in the SiO2 concentration (Fig. 8), a

decrease in the Ca concentration in the plagioclase,
and an increase in the percentage of fractionated alkali
feldspar (Table 3).

The Nd isotope ratios decrease to 0.51109, and a
deep Ti minimum is formed.

Recharge 1 model (with the addition of the Pavlovsk-
type magma). We have tested models with different
proportions of the added felsic melt to obtain the
required composition range of the hybrid rocks. We
have found out that the addition of a single portion of
the melt was insufficient, and the most suitable model
involved the addition of two portions of the felsic melt
in the mass proportion of 1 : 2. The model and real
compositions are compared in Fig. 8. The composi-
tions are shifted toward the field of normal alkalinity
and become notably enriched in Al2O3, as in the AFC
model, which is most likely explained by Spl accumu-
lation during early crystallization and the late crystal-
lization of Pl (of calcic to intermediate composition)
(Table 3).

The Nd isotope ratios decrease to 0.51104, and the
REE patterns correspond to those of some of the
hybrid rocks.

Recharge 2 model (with the addition of partial melts
from TTG gneisses). In this model, we assumed the
average composition of TTG gneiss from (Shchipan-
sky et al., 2007), for which the composition of the
derived granite melt (Table 2) was calculated using the
Perplex software (Connolly, 1990). We have also cal-
culated the average composition of partial melt
derived from rocks of the Kursk block (TTG +
metapelite) from Savko et al., 2021). All other param-
eters were as in the model Recharge 1. Both composi-
tions yield similar model trajectories, and Fig. 8 shows
the evolution of the composition of mixture of the
Potudan-type melt and the average composition of
partial melt from TTG + metapelite. This model does
not yield drastic jumps in the Al2O3 concentration,
which is explained by the early removal of Spl and the
early crystallization of sodic Pl and Opx (Table 3).

The Nd isotope ratios significantly decrease to
0.51078. The REE patterns are as in some of the hybrid
rocks.

DISCUSSION
Detailed petrographic−mineralogical observations

on the crystallization sequences of minerals in rocks of
the Pavlovsk and Potudan type have been discussed in
(Petrakova and Terentiev, 2018; Petrakova et al.,
2022a). It was pointed out that an increase in the SiO2
concentration negatively correlates with the MgO,
FeO, CaO, Cr, and Ni concentrations and reflects the
early removal of pyroxene and magnetite. The negative
correlations of TiO2, P2O5, and Zr with SiO2 indicate
that accessory minerals containing these elements
(zircon, apatite, and titanite) also early crystallized in
the magmas. At the same time, no adequate attention
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Table 2. Concentrations of major components (wt %) and trace elements (ppm) in the selected samples

* Average composition of experimental partial melt derived from mixture of TTG and metapelite of the Kursk block.

Sample Potudan type
(original magma)

Pavlovsk type
(Recharge 1)

TTG
(AFC)

TTG melting 
 Perplex simulation, 

3 kbar

Experim. melting, 
4 kbar*

(Recharge 2)

Composition sample 8003/255 average composition sample 7516 average composition average composition

SiO2 49.05 74.68 70.62 80.79 72.39
TiO2 2.01 0.21 0.32 − 0.43
Al2O3 14.09 12.39 14.59 8.33 13.70
Fe2O3(tot) 13.89 1.38 2.62 1.92 1.65
MnO 0.14 0.01 0.12 − 0.96
MgO 6.11 0.55 0.88 0.70 0.12
CaO 6.64 1.49 3.05 0.96 0.63
Na2O 2.87 3.20 4.64 4.85 2.59
K2O 3.27 5.18 3.03 2.45 5.86
P2O5 0.84 0.05 0.13 − 0.10
Total 98.91 99.14 100.00 100.00 98.43

Trace elements in ppm
Rb 75.0 148.6 84.27 − 345.0
Sr 723.0 727.6 368 − 266.0
Y 24.1 15.8 4.57 − 21.8
Zr 56.3 166.4 199.3 − 42.4
Nb 27.0 15.5 4.0 − 36.2
Ba 1340 1787 1265 − 1300
La 67.50 56.57 54.67 − 62.70
Ce 135 111 99.95 − 98
Pr 16.30 12.68 10.33 − 9.80
Nd 60.7 45.8 34.26 − 36.0
Sm 10.40 7.26 4.63 − 7.70
Eu 2.36 1.68 0.58 − 4.27
Gd 8.01 5.05 2.55 − 6.61
Tb 0.99 0.64 0.26 − 0.98
Dy 5.09 3.21 1 − 5.31
Yb 1.65 1.32 0.28 − 2.12
Lu 0.26 0.19 0.05 − 0.39
Hf 2.29 5.93 5.09 − 1.10
Ta 1.38 0.94 0.17 − 1.38
Th 6.47 18.69 20.24 − 14.90
143Nd/144Nd 0.51114 0.51098 0.51033 0.51033 0.51033

was paid to the atypical decreases in the concentra-
tions of LILE, K2O, and Na2O with an increase in the
SiO2 concentrations in the rocks of the Potudan type
(Figs. 4, 5). These concentrations usually increase
with ongoing melt fractionation. The Pavlovsk-type
granite series was originally more differentiated, and
the concentrations of the oxides decrease as the SiO2

concentration increases from 60 to 74%. Our model-
ing of the fractional crystallization to a level when
hydrous minerals start to crystallize (850°С) shows
that the probable reason for this may have been the
accumulation of alumina-bearing minerals (Spl and
Pl) and the subsequent decrease in the role of Spl
(magnetite) and its later fractionation from the melt,
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Table 3. Sequence of mineral fractionation in the model

Mineral symbols specify which minerals crystallized from the melt at its fractionation, numerals are the relative masses (in g) of these
minerals. The composition of plagioclase is specified in parentheses (as the percentage of the anorthite end member). Rhm-Oxide is
rhombohedral oxides, (Fe2+, Mg, Mn2+) TiO3–Fe2O3.

FC
(8003/255)

AFC
3 kbar (TTG)

1192°C: Ol 4.4 −
1127°C: Ol 4.7 + Spl 0.39 −
1057°C: Ol 8.13 + Spl 4.97 −
1052°C: Cpx1.1 + Spl 5.3 −
1022°C: Cpx 6.01 + Spl 6.98 + Ap 0.08 −
902°C: Cpx 15.08 + Spl 9.84 + Ap 0.78 + Pl 0.33 (An67) −
857°C: Spl 10.06 + Pl 5.17 (An56) + Bt 0.03 −
787°C: Spl 11.35 + Pl 12.6 (An37) + Bt 0.54 + Kfs 0.82 −

→ 752°C: Spl 11.8 + Pl 20.2 (An21) + Bt 0.66 + Kfs 15.3 + Ap 0.04
FC

(8003/255)
Recharge 1

(+ Pavlovsk type)

1204°C: Ol 0.39 −
1129°C: Ol 5.8 + Spl 0.13 −
1099°C: Ol 7.4 + Spl 2.6 −

→ 1031°C: Opx 1.69
− 936°C: Opx 11.64
− 931°C: Cpx 0.88
− 911°C: Cpx 4.30 + Rhm-oxide 0.36
− 896°C: Spl 1.22 + Cpx 6.10
− 846°C: Spl 3.49 + Cpx 9.97 + Pl 13.14 (An33)
− 871°C: Spl 2.23 + Cpx 8.89 + Pl 1.73 (An37)

FC
(8003/255)

Recharge 2
(+ melt from metapelite−TTG)

1204°C: Ol 0.39 −
1129°C: Ol 5.8 + Spl 0.13 −
1099°C: Ol 7.4 + Spl 2.6 −

→ 992°C: Opx 8.46
− 936°C: Opx 13.46 + Pl 27.1 (An19)
− 913°C: Pl 47.6 (An37) + Opx 16.1 + Kfs 0.3 + Rhm-Oxide 0.64
− 893°C: Pl 49 (An18) + Opx 18 + Kfs 30.3 + Rhm-oxide 2.04 + Qz 3.2
− 888°C: Spl 1.9 + Pl 51 (An19) + Kfs 39 + Qz 9.2
− 863°C: Pl 57 (An25) + Kfs 75 + Qz 29 + Rhm-Oxide 2.5

the beginning of crystallization of clinopyroxene, bio-
tite, potassic feldspar, and hence, a decrease in Ca
concentration in the plagioclase.

High Ba and Sr concentrations in rocks are usually
thought to indicate that feldspars accumulated in the
course of differentiation (White et al., 2009). However,
the absence of positive Eu anomalies in the monzodio-
rites and monzonites, the occurrence of an Eu mini-

mum in the more felsic derivatives, and the negative cor-
relations of Ba and Sr with increasing SiO2 are consistent
with the interpretation that the felsic Potudan and Pav-
lovsk-type melts were not feldspar cumulates. Moreover,
Ba and Sr concentrations in the monzonitoids are much
higher than in the continental crust. For example, the
Archean TTG gneisses of the Kursk block that occur in
contact with the Don terrane contain 573–1265 ppm Ba
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Fig. 8. Rock compositions (symbols are as in Fig. 4 and 6). Dashed lines: AFC—model composition at Potudan-type magma con-
tamination with TTG gneisses at 3 kbar; Recharge 1—model composition at Potudan-type magma recharge (mixing) with two
portions of Pavlovsk-type melt; Recharge 2—model composition at Potudan-type magma recharge two portions of felsic melt
derived from mixture of Archean TTG and metapelite (Savko et al., 2021). The green hatched field is the composition of the Potu-
dan-type rocks, the pink field is the composition of the Pavlovsk-type rocks, blue lozenges are hybrid rocks.
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and 360–440 ppm Sr (Shchipansky et al., 2007), and
this means that the contamination with/assimilation of
TTG should have resulted in a decrease in the Ba and Sr
concentrations but not their increase.

The Nd isotope composition of the hybrid granodi-
orite is more radiogenic than in the Potudan- and Pav-
lovsk-type rocks. This seems to mean that the Potu-
dan-type mafic magmas mixed with some other felsic
melt or may have been strongly contaminated by
Archean crust.

The modeling of the AFC process of the Potudan-
type monzogabbro with the Archean TTG gneisses
shows a shift to the region of normal alkalinity and an
insignificant increase in the SiO2 concentration.
Experimental data on the dehydration melting of
high-Al tonalite and granodiorite at P ≤ 4 kbar,
T > 900°С, and water content of ≤ 4% (Patino Douce
et al., 1997) demonstrate that felsic partial melts (per-
aluminous granite) can be derived in the upper crust.
However, the modeling of the AFC process shows that
the contamination/assimilation of hot water-saturated

Potudan-type magmas at about 3 kbar should have
occurred during later stages, when the starting melt
has already acquired a granodiorite composition
(SiO2 = 60–63%). The specified contamination
parameters imply that the wall rocks should have been
heated to the temperature of melting and derivation of
10% anatectic melts, with their addition to the starting
magma and further fractionation up to the final melt.
The derivation of 10% melt from the host TTG
gneisses at 3 kbar could have occurred if these rocks
had been heated to 710oC, when the temperature of the
original Potudan-type magma was close to the solidus
(750°С) (Fig. 8).

Calculations with the MCS software (the Traces &
Isotopes option) have shown changes in the isotope
ratios for the AFC model at the addition of 10 wt % of
the crustal partial melts derived from the TTG
gneisses with 143Nd/144Nd = 0.51033 (sample 7516,
Shchipansky et al., 2007) to the composition of the
least differentiation sample (8003/255 with average
143Nd/144Nd = 0.51114), which resulted in a decrease
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in the 143Nd/144Nd ratio to 0.51109. However, this is
insufficient for obtaining 143Nd/144Nd = 0.51042 of the
hybrid granodiorite.

The mixing of two compositionally contrasting
melts: Potudan-type mafic with 143Nd/144Nd = 0.51114
and Pavlovsk-type felsic with 143Nd/144Nd = 0.51098
yields a model composition reasonably well consistent
with the composition of some of the hybrid rock sam-
ples in terms of proportions of major components and
trace elements (Fig. 8). The Nd isotope ratio in the
final product in this model (Recharge 1) is
143Nd/144Nd = 0.51104, which means that, hypotheti-
cally, such mixing could have produced some of the
hybrid rocks.

The results of Perplex thermodynamic modeling of
TTG melting (Table 2) and experimental data on the
melting of Archean TTG shows that high-K melt can
be generated under such conditions (Watkins et al.,
2007). Some of the hybrid and dike rock contain ≥2%
K2O, which led to the conclusion that the recycling of
ancient crust that consisted of TTG alone is insuffi-
cient to generate high-K melts, which can be produced
if the magma-generation region contains more fertile
crustal rocks and/or strongly enriched mantle sources
(Watkins et al., 2007). Melt of A-type granite was
recently experimentally obtained (Savko et al., 2021)
by 20% dehydration melting of metapelite + TTG
mixture under a pressure no higher than 4 kbar and
temperature of 950°С. The average composition of the
partial melts thus obtained is more potassic and suit-
able for testing the Recharge model (Table 3).

As follows from the modeling result with regard to
data on the experimental melting, the additional felsic
melt required to produce some of the hybrid and dike
rocks might have been melts derived from Archean
rocks of the Kursk block (metapelite–TTG).

The close spatiotemporal relations of the studied
granitoids of the Khokhol–Repyevka batholith suggest
their possible genetic relations. Geochemical and iso-
tope data provide grounds for distinguishing the follow-
ing two groups of the dike leucogranites. (1) Leu-
cogranites with εNd(t) = –1.7 to –4.6 and fractionated
patterns of HREE (GdN/YbN=2.1–3.8). These rocks
might have been formed by the deep differentiation of
the Pavlovsk-type magma that had been produced in
equilibrium with garnet-bearing residue. Such condi-
tions might have occurred if monzodiorite–granodio-
rite melt was generated by melting mafic rocks in the
lower crust under pressures of 10–15 kbar (Topuz et al.,
2005; Qian and Hermann, 2013; Gao, 2016) (Fig. 10).
(2) Rocks with not as strongly fractionated HREE pat-
terns (GdN/YbN = 1.1–1.6), a feature that may have
resulted from the melting of felsic rocks in the middle
crust, with plagioclase in the residue, under a pressure
of about 5 kbar (Gao, 2016).

One of the reasons for crust melting at different
depth levels is sometimes thought to be the involve-

ment of basalt magmas (Huppert and Sparks, 1988;
Annen et al., 2008; Gao, 2016). The probable involve-
ment of mafic melts in processes that produced the
granitoids follows from that monzogabbro occurs
among the Potudan-type rocks. Heat from hot mafic
intrusions in the central part of the Don terrane could
have induced the melting of rocks of the Archean
basement of the Kursk block, which is heterogeneous
and consists, in the study area, of recycled TTG
gneisses of the Rossosh block (Savko et al., 2014;
Mints et al., 2017). The Liski granite–leucogranite
complex occurs nearby in the central part of the Don
terrane, south of the Potudan pluton. The Liski leu-
cogranites show features characteristic of A-type gran-
ites: high SiO2, K2O + Na2O, and F concentrations,
high FeO*/MgO and TiO2/MgO ratios, low CaO and
MgO concentrations, high liquidus temperatures
(870 ± 18°С), and specific sets of accessory minerals,
including xenotime, tantalates–niobates, and f luorite
(Terentiev, 2016). The age of the Liski leucogranites is
2064 ± 14 Ma (Terentiev, 2016), i.e., they are almost
exactly coeval with the Potudan complex, whose age is
2056–2068 Ma

Liski-type magma may have served as an addi-
tional source for the hybrid rocks and some of the
dikes, as is demonstrated in the triangle plot of the
sources in Fig. 9.

If the magmatic activity was intense and two or
more magmas occurred simultaneously, these mag-
mas could mix with one another. This mixing should
result in systematic shifts in the geochemical and isotope-
geochemical parameters of the rocks, and this is also
confirmed by results of thermodynamic modeling on the
basis of the geochemistry and isotope composition of the
real rocks. For example, changes in the Nd isotope com-
position, either smoother (0.51114–0.51104, if portions
of Pavlovsk-type magma were added, model Recharge
1) or sharper (with the addition of Archean TTG,
Recharge 2), indicate that not only mafic but also fel-
sic melts could mix. The latter might have been of
crustal provenance or be produced by the evolution of
magmas derived within the mantle. Magmas of the
two types could interact at high temperatures that
decreased the difference between their viscosities.

The Nd−Sr isotope data indicate (Fig. 10) that the
Khokhol–Repyevka batholith was contributed by at
least three components: (1) lower mantle (or buried
oceanic crust) of predominantly mafic composition
and/or enriched mantle metasomatized in the Pro-
terozoic, whose involvement is “recorded” in the
composition of the Pavlovsk-type granitoids; (2) an
enriched mantle source, which was likely subconti-
nental lithospheric mantle, which may have been
metasomatized during an earlier stage of the regional
geological evolution, which is typical of the Potudan-
type monzonitoids; and (3) Archean crust, which was
dominated by TTG and metasediments and was
affected by melting.
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Fig. 9. Al2O3/(FeOt + MgO)–3CaO–5K2O/Na2O triangular plot for the sources (according to Laurent et al., 2014). See Fig. 4
for symbol explanations.
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The shift in the Nd isotope composition toward
more radiogenic values in the Potudan-type diorites in
the northern massifs of the batholith (drilled by Bore-
hole 7577), as well as their Fe-poorer composition

than the petrotypical rocks of the Potudan massif, sug-
gests that Pavlovsk-type magma with a more radio-
genic Nd isotope composition might have been involved
in the processes. The leucogranite dikes and some of the

Fig. 10. 87Sr/86Sr (i)–εNd diagram for rocks of the Khokhol–Repyevka batholith and granitoid complexes in adjacent terranes.
For comparison, the diagram shows the compositions of the Archean TTG gneisses of the Oboyan complex of the Kursk block
recalculated to an age of 2070 Ma. The isotopic composition of the granites of the Losevo and Vorontsovka terranes and Archean
rocks are given according to (Shchipansky et al., 2007).
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hybrid rocks were contributed by partial melts derived
from the Archean crust of the Kursk block.

It is also worth mentioning the enriched nature of
the mantle source of the Potudan rocks, whose ana-
logues were not found in the area. Isotope data on the
granitoids of the neighboring Losevo and Vorontsovka
terranes (Shchipansky et al., 2007) indicate that all
composition points of all granitoids and host rocks
plot onto the mantle sequence line. The generation of
enriched mantle sources as a results of Paleoproterozoic
subduction and collision processes with the involve-
ment of crustal material also follows from the high
Th/Yb−Ta/Yb ratios (Supplementary 1; illustrations in
Petrakova et al., 2022a) for all magmatic complexes of
VDO with age within the range of 2080–2050 Ma.
However, some of alkaline basalts that have low
143Nd/144Nd and high 86Sr/87Sr were formed by the
melting of mantle rocks enriched in LILE billions of
years ago (Guo et al., 2006; Ariskin et al., 2015).

Such relations to the enriched lithospheric mantle
were found in Paleoproterozoic rocks in the south-
western Siberian craton. Experimental data on the
melting of various protoliths and numerical simula-
tions indicate that the monzodiorites−granodiorites of
the Toisuk and granodiorites of the Nizhnii Kitoi mas-
sifs in the Sharyzhalgai basement inlier were formed
via the differentiation/melting of a mantle source
whose Ba and Sr concentrations were similar to those
of intraplate continental basalts. The Hf isotope com-
position of the zircon and Nd isotope composition of
the melanocratic granitoids of the Toisuk (εHf = 6.0 to
–10.7 and εNd = –5.3 to –10.2) and Nizhnii Kitoi
(εHf = –5.0 to –8.1, εNd –4.0 and –5.1) massifs indi-
cate that their mafic sources were derived from
enriched lithospheric mantle that had been produced
by Neoarchean subduction processes at 2.7 Ga
(Тurkina and Kapitonov, 2019).

Some researchers are prone to believe (Guo et al.,
2006; Pilet et al., 2008, 2010; Ou et al., 2019) that the
enriched source of alkaline melts, including high-K
ones, in the metasomatized lithospheric mantle was a
suite of amphibole- and phlogopite-bearing veins that
were formed by metasomatic interaction between
mantle peridotites and melting products of terrigenous
sediments in a suprasubductional setting, with the
involvement of f luids. A geochemical indication that
such a source contributed to the generation of the
melts is the higher concentrations of such elements
that can be mobilized by f luid as K, Rb, Ba, Pb, and Sr
than the concentrations of other incompatible ele-
ments, as well as elevated 87Sr/86Sr ratios, in rocks
formed with the participation of such a source. The
involvement of metasomatized lithospheric mantle
most obviously follows from the isotope-geochemical
features of the Potudan-type rocks.

CONCLUSIONS

Our data on the granitoids of three types of the
Khokhol–Repyevka batholith show differences in
their Sr and Nd isotope composition. The Potudan-
type granites have low εNd(t) = −1.7 to −3.8 and initial
87Sr/86Sr(i) of 0.70381 to 0.70910; the Pavlovsk-type
granitoids εNd(t) = +0.2to −3.7 and 87Sr/86Sr(i) =
0.70269–0.70309; and the hybrid rocks have εNd(t) =
−8.8 and 87Sr/86Sr(i) = 0.70596.

The high Ba, Sr, and K concentrations, and the low
143Nd/144Nd and high 87Sr/86Sr ratios of the Potudan-
type rocks indicate that their sources occurred in the
metasomatized lithospheric mantle. The more radio-
genic Nd isotope composition of the Potudan-type
rocks in the northern massifs of the batholith was
affected by mixing with Pavlovsk-type magmas.

The elemental and isotope geochemistry of the
rocks of the Khokhol–Repyevka batholith indicate
that it hosts two suites of leucogranite dikes: (1) those
with εNd(t) = –3.8 and fractionated HREE patterns,
(GdN/YbN=2.1–3.8), which might have been formed
by the profound differentiation of Pavlovsk-type
magma, and (2) leucogranites with εNd(t) = –7.8 and
not so much fractionated HREE patterns REE
(GdN/YbN=1.1–1.6), which were produced via the
melting of the Archean crust of the Kursk block at rel-
atively shallow depths.

The thermodynamic simulations of contamination
of the Pavlovsk- and Potudan-type magmas with
Archean gneisses confirm that the contamination
model is able to explain the low εNd(t) of some of the
dike leucogranites. The isotope composition of the
rocks could be radically modified only by the mixing
of compositionally contrasting compositions: the
addition of much anatectic melt derived from the
Archean crust of the Kursk block to the mafic melt.

The granitoids of the Khokhol–Repyevka batho-
lith were formed with the involvement of melts gener-
ated by the partial melting of the following three
sources: (1) lower crust (or buried oceanic crust) of
dominantly mafic composition and/or enriched mantle
that has been metasomatized in the Proterozoic, whose
involvement is reflected in the composition of the Pav-
lovsk-type granitoids; (2) an enriched mantle source,
which was likely subcontinental lithospheric mantle,
that might have been metasomatized during the earlier
geological evolution of the region, as is typical of the
Potudan-type monzonitoids; and (3) Archean crust
that was dominated by TTG gneisses and metasedi-
ments and underwent melting.

Supplementary 1. Representative chemical analyzes 
of rocks from the Khokhol-Repyevkа batholith
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Table 5

(Cpx) clinopyroxene, (Ol) olivine, (Pl) plagioclase, (Ilm) ilmenite, (Mg) magnetite, (Opx) orthopyroxene. 
*Average Kd values for minerals in andesites from works: 

1) Green T.H., Pearson, N.J. (1985). Rare Earth element partitioning between clinopyroxene and silicate liquid at moderate to high
pressure. Contributions to Mineralogy and Petrology. (91), 24–36. 
2) Anderson, A.T., Greenland, L.P. (1969). Phosphorous fractionation diagrams as a quantitative indicator of crystallization differenti-
ation of basaltic liquids. Geochimica et Cosmochimica Acta. (33), 493–505. doi: 10.1016/0016- 7037(69)90129-X. 
3) Luhr J.F., Carmichael I.S.E. (1980). The Colima volcanic complex, Mexico. I: postcaldera andesites from Volcan Colima. Contribu-
tions to Mineralogy and Petrology. (71), 343–372. 
4) Ewart A., Griffin W.L. (1994). Application of Proton-Microprobe Data to Trace- Element Partitioning in Volcanic-Rocks. Chemical
Geology. 117 (1–4), 251–284. doi: 10.1016/0009-2541(94)90131-7. 
5) Bacon C.R., Druitt T.H. (1988). Compositional Evolution of the Zoned Calcalkaline Magma Chamber of Mount-Mazama, Crater
Lake, Oregon. Contributions to Mineralogy and Petrology. 98 (2), 224–256.
**Average Kd values for orthopyroxene in basalts from works: 
1) Bindeman I., Davis A. (2000). Trace element partitioning between plagioclase and melt: Investigation of dopant influence on parti-
tion behavior. Geochimica et Cosmochimica Acta. (64), 2863-2878. doi: 10.1016/S0016-7037(00)00389-6. 
2) Schwandt C.S., McKay G.A. (1998) Rare earth element partition coefficients from enstatite/melt synthesis experiments. Geochimica
et Cosmochimica Acta 62(16). 2845–2848. doi: 10.1016/S0016-7037(98)00233-6.

Partition coefficients for minerals

rock andesite* basalt**

element/mineral Сpx Ol Pl Ilm Mag Opx

Ba 0.07 0.02 0.26
Dy 1.16 0.06 0.11 0.51
Eu 0.82 0.03 0.57 0.32
Gd 0.72 0.04
Hf 0.37 0.02 0.02 0.38 0.46 0.05
La 0.25 0.01 0.18 0.34
Nd 0.97 0.02 0.11 0.40 0.02
Sm 0.92 0.01 0.09 0.42
Ni 6.80 26.33 0.30 14.30
Rb 0.04 0.04 0.17 0.15
Sr 0.45 0.03 3.42 0.11
Ta 0.43 0.03 6.60
Y 2.40 0.64 0.38
Th 0.10 0.02 0.03 0.24 0.00
Nb 2.10 4.60 0.00
Yb 1.18 0.03 0.05 0.36 0.16
Zr 0.30 0.18 0.2 0.38 0.01
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