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GEOCHEMISTRY OF PALEOPROTEROZOIC  
HIGH-POTASSIUM ROCKS FROM THE VERBKA INTRUSION 
(UPPER BUG REGION, UKRAINIAN SHIELD):  
PETROGENESIS, TECTONIC SETTING  
OF EMPLACEMENT AND MINERALIZATION

Small Paleoproterozoic (2.0 Ga) massifs (up to several km2) or stocks of high-potassium, two-pyroxene pyroxenite-
shonkinite-syenite series occur within the Upper Bug region. While the full extent of their distribution in this region 
remains unconstrained, these intrusive rocks are coeval with small alkaline intrusions, quartz and alkaline syenite 
stocks, and apatite-enriched potassic gabbroids within this part of the Ukrainian Shield. All investigated samples exhibit 
high K2O contents (3—8 wt.%) and K2O/Na2O ratios (>2.5), indicating they are alkaline and ultrapotassic rocks. 
Normative olivine consistently appears in the shonkinites and pyroxenites despite its absence in thin sections. Similarly, 
modal feldspathoids were not observed, although normative nepheline and leucite occur in pyroxenite samples. The 
presence of these normative phases is attributed to the high phlogopite content in the pyroxenites; in SiO2-rich rocks, 
the chemical components of phlogopite are partitioned into normative feldspar, olivine, and pyroxenes. Notably, all 
samples — including leucocratic syenites — exhibit unusual P2O5 enrichment (up to 2.1 wt.%). The investigated rocks 
are significantly enriched in LILE (Rb 242—336 ppm, Ba 2278—8470 ppm) and LREE (total REE up to 1260 ppm, La 
88—240 ppm showing steep fractionation (La/Yb)C = 37—78). In contrast, they exhibit marked depletion in HFSE, 
characterized by prominent negative Nb-Ta, Zr-Hf, and Ti anomalies. Trace-element distribution patterns and REE 
equilibrium-melting models suggest that the primary magmatic melts were derived from a metasomatized lithospheric 
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Introduction. Shonkinites are rare rocks of di­
verse alkaline igneous suites, ranging from car­
bonatites to granites, and occur across various 
tectonic settings. Within the Ukrainian Shield, 
Paleozoic shonkinite dikes are documented in 
the Pokrovo-Kyryievo structure, in the faults 
zone between the Donbas and the Azov block, 
though they remain poorly characterized geo­
chemically and mineralogically. Beyond isolated 
dikes, shonkinites also comprise part of the mag­
matic series consisting of pyroxenites, essexites, 
and nepheline syenites within small Paleozoic in­
trusions (e.g., Zirka-1, Zirka-2, Berezhnyi) in the 
southeastern Azov block (Kryvdik et al., 2006b).

The Proterozoic (2024 ± 61 Ma) pyroxenite- 
shonkinite-syenite suite was first identified in 
the Upper Bug region (Kryvdik et al., 2006a) 
near Verbka village (Letychiv district). These po­
tassic rocks are spatially associated with occur­
rence of apatite mineralization that located 3.2 
km southwest of the Antonivka alkaline massif 
(1940 ±100 Ma) and 3 km east of the northern 
outskirts of Letychiv town (Fig. 1). Additionally, 
regional geochemical mapping revealed several 
small intrusions (stocks) composed of quartz 
syenite and alkali-feldspar syenite, which are lo­
cated near the Verbka intrusion. It is mentioned 
some syenite stocks exhibit evidence of fenitiza­
tion near the Antonivka alkaline massif. All 
these small stocks, including the Verbka intru­
sion and the Antonivka massif, belong to the 
Proskurivka complex based on their Paleopro­
terozoic age, although the age of the majority of 
syenitic stocks is unknown. Paleoproterozoic in­
trusions of this complex are distributed along the 
sublatitudinal Khmelnytsk tectonic zone, which 
is 40 km long and 15 km wide. Tectonically, the 
Verbka intrusion and associated small syenite 
intrusions are controlled by the intersection of 
sublatitudinal faults of the Khmelnytsk tectonic 

zone and faults with NW elongation (Romaniv, 
Letychiv and Rudnya faults, Fig. 1). This region 
of subalkaline rocks distribution is adjacent to 
eastern part of the Holoskiv structure (Holos- 
kiv village, Medzhybizka territorial community, 
Khmelnytsk region), which hosts several small, 
closely spaced intrusions of apatite-rich meta­
gabbroids (2053 ± 13 Ma) (Kryvdik et al., 2007). 
The obvious structural control, Paleoproterozoic 
ages, and geochemical affinities maybe suggest 
that these features resulted from the same re­
gional tectonic and magmatic processes.

Purpose of the study: The purpose of this 
study is to define the geochemical signatures of 
feldspathoid-free shonkinite-syenite suite of the 
Verbka intrusion and to provide insights into the 
source and crystallization conditions of the pri­
mary magma, as well as tectonic setting of the 
intrusions.

Methods. The authors collected the samples 
during fieldwork in 2006 from available cores at 
the Pravoberezhna Geological Exploration expe­
dition (Fursy village). Sample preparation and 
all analytical studies presented in this paper were 
conducted at the M.P. Semenenko Institute of 
Geochemistry, Mineralogy and Ore Formation 
(IGMOF) of the National Academy of Sciences 
of Ukraine. Petrographic studies were conducted 
on thin sections of fresh rock samples using a 
polarizing microscope. Mineral composition was 
determined using a Jeol JSH-6700F scanning 
electron microscope (SEM). Analytical condi­
tions included an accelerating voltage of 20 kV, a 
probe current of 1.0 nA, and a spot diameter of  
2 μm, with an X-ray acquisition time of 90 s per 
point. Pure metals and both synthetic and natu­
ral minerals were used as standards. Matrix ef­
fects were accounted for using the ZAF correc­
tion method. Peak acquisition times varied: 20 s 
(Ca, K, Ti), 30 s (Si, Al, Fe, Mg, Mn), and 45 s 

mantle source via low-degree partial melting of garnet peridotite or garnet harzburgite. The coupled HFSE-Ti depletion 
and LILE-LREE enrichment are diagnostic of ultrapotassic alkaline melts generated in a subduction-related setting. 
Their compositions are likely analogous to potassic basalts or shoshonites. It is assumed that dehydration of subducted 
material triggers partial melting at reduced temperatures. This process releases fluids and melts that facilitate mantle 
metasomatism and subsequent partial melting of the overlying peridotites. The co-occurrence of apatite-bearing potassic 
gabbroids and pyroxenites at the Holoskiv intrusion with coeval potassic rocks at the Verbka intrusion may indicate 
a shared genetic origin. These suites likely evolved from similar parent melts through deep-seated differentiation. 
Furthermore, the presence of the Verbka potassic rocks may indicate that Holoskiv-type apatite gabbroids are more 
widely distributed throughout the Bug region than previously recognized.

Keywords: high potassic magmas, shonkinite, syenite, apatite, subduction, Paleoproterozoic, Bug region, Ukrainian 
Shield.
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(Na), with a 5 s background measurement on 
each side. Calibration was performed using a 
suite of natural and artificial standards, with 
concentrations calculated via the CAMECA PAP 
program. Additionally, some rock-forming min­
erals and whole-rock compositions were deter­
mined by wet chemical analysis. 

Trace and rare earth element concentrations 
were determined using a Thermo Element 2 (Ther­
mo Scientific) high-resolution inductively cou­
pled plasma mass spectrometer at Laboratory of 

Trace Element and Isotope Analysis of IGMOF. 
For each analysis, a 50 mg dissolved sample was 
used. Sample preparation involved acid diges­
tion in a Milestone ETHOS (Italy) microwave 
system, following standard analytical protocols. 
Indium (10 ppb) served as the internal standard. 

The acid digestion method (Samchuk et al., 
2014) was optimized based on the specific com­
position of the studied rocks, with a focus on en­
suring the complete dissolution of refractory 
phases. Samples underwent a 24-hour pre-treat­

Fig. 1. Simplified geological map of the study area, showing the locations of Paleoproterozoic intrusions (Proskuriv 
complex) within the crystalline basement of the part of the Bug region. Legend: Dnister-Bug Series (AR1): 1 — gneiss­
es, schists, marbles, and amphibolites. Lityn Complex (AR3): 2 — charnockites and enderbites. Berdychiv Complex 
(PR1): 3 — granites and migmatites; 4 — leucocratic granites; 5 — plagiomigmatites and migmatites. Proskuriv 
Complex (PR1): 6 — quartz, alkali-quartz, and feldspathoid-free syenites; 7 — alkaline pyroxenites and jacupiran­
gites; 8 — subalkaline gabbro, feldspathoid-free essexites, and shonkinites; 9 — feldspathoid syenites; 10 — towns 
and villages
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ment in concentrated hydrofluoric acid (HF) to 
facilitate the breakdown of the minerals. Sub­
sequently, final digestion was performed using 
ETHOS microwave system with a concentrated 
HNO3-HF-HCl mixture. This protocol ensured 
the total dissolution of both the silicate matrix 
and resistant minerals, particularly zircon.

Calibration was performed using IV-ICPMS-
71A, IV-ICPMS-71B, and CMS-1 standards. In­
dium (In, 10 ppb) was added to each sample as 
an internal standard to compensate for instru­
mental drift and matrix effects. To ensure data 
quality, the certified international standard 
(CRM) JG-1a was analyzed alongside the sam­
ples (https://gbank.gsj.jp/geostandards/igneous.
html). The measured concentrations were in 
good agreement with the certified values within 
the reported analytical errors, confirming the re­
liability of the results. 

Geological Setting. The pyroxenite-shonk­
inite-syenite suite in the Upper Bug region was 
initially identified only in a single drill-hole (No. 
1585, depth 55.5 m) (Kryvdik et al., 2006a), 
According to regional geology, this drill hole is 
situated within granitoids of the Berdychiv com­
plex, which is coeval with the studied potassic 
rocks. Based on detailed geological mapping and 
geophysical interpretations, the Verbka intru­
sion is presented as a small, elongated body, ex­
tending 1.2 km in a NW-SE direction with a 
width ranging from 200 to 450 m (Fig. 1). Unlike 
the surrounding granitoids, the intrusion doesn’t 
has a distinct gravity signature but is clearly de­
fined by a positive magnetic anomaly. The mag­
netic intensity suggests the presence of two iso­
lated, the oval-shaped "northern" and "southern" 
stocks (pre-interpreted as subalkaline pyroxen­
ites), connected by narrow quartz syenite body 
that extending approximately 500 m. Possibly, 
similar syenites are more distributed as a dyke-
like body in hosted rocks. One of them was dis­
covered in hosted rocks near contact of the 
"northern" stock. In the geological section, the 
authors of the geological report forecasted a 
transition from subalkaline pyroxenites into 
feldspathoid essexites at depth, although the ar­
gument for this interpretation remains unclear.

In the studied borehole, endogenic rocks are 
overlain by a thin (10 m) sedimentary cover. A 
weathering crust extends to a depth of 17.5 m, 
transitioning into unweathered syenites. Based 

on petrographic features, syenites, melasyenites, 
shonkinites, and pyroxenite were distinguished. 
The latter appear to be the least abundant, as it 
was identified in only one thin section. The exact 
relationships between the primary rock types re­
main partially unclear; at the time of our de­
scription, the core had already been sampled, 
and several intervals were missing. Previously, 
the authors suggested that the syenites were em­
placed later than the shonkinites and pyroxen­
ites, though a cumulative origin for pyroxenite is 
highly probable.

In the upper part of the section (down to  
29 m), grayish-pink, medium- to coarse-grained 
(locally pegmatite) syenite prevails, occasionally 
containing biotite gneiss xenoliths up to 10 cm 
in size. Below, the syenite is interbedded with 
meso- and melanocratic shonkinites. Shonkinite 
(22.7—25.7 m) consists of 43% orthoclase, 35% 
clinopyroxene, 15% biotite, and 5% plagioclase 
with a high (up to 20%) content of apatite (ac­
cording to drill-hole logging) (Fig. 2). However, 
the apatite distribution appears uneven, as the 
analysis of this interval shows only elevated 
phosphorus content (1.28 wt.% P2O5). The next 
syenite interval (25.7—31.0 m) is intensely cata­
clased at its upper and lower contacts. The un­
derlying pyroxenites (31—34 m) consist primar­
ily of clinopyroxene, with minor biotite (5%), 
orthoclase (3%), and accessory apatite (up to 
2%) (Fig. 2). Within this pyroxenite unit, coarse-
grained pinkish-grey syenites occur as irregular 
veins (up to 10 cm) with vague contacts. Similar 
thin pyroxenite layers (5—10 cm) are also pres­
ent within the upper syenite units. Interlayering 
shonkinites, melano- and leucocratic syenites 
(occasional quartz syenites and gneissic xeno­
liths) is observed below the pyroxenites up to the 
bottom of the borehole (39—55 m). This inter­
layering is a consequence of significant varia­
tions in the abundance of K-feldspar (ortho­
clase) and clinopyroxene.

Among the clinopyroxene-bearing shonki­
nites and syenites, some intervals (1—2 m) or 
individual samples contain two pyroxenes or, oc­
casionally, only orthopyroxene (hypersthene). 
Based on the ratios of major minerals, the sye­
nitic rocks were identified as phlogopite-two-py­
roxene monzosyenite and melasyenite (where 
orthoclase prevails over plagioclase), coarse-
grained leucocratic hypersthene alkali-feldspar 
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(micro-mesoperthitic orthoclase) granosyenite 
(or birkremite) and ubiquitous large apatite. 
Taking into account layering of rocks in this 
borehole, the internal structure of the intrusion 
is likely far more sophisticated than previously 
reported and requires additional knowledge. 

Mineralogy and chemistry. Mineral chemis­
try data for the rock-forming minerals in shonk­
inites and syenites remain limited (Kryvdik et 
al., 2006a). The clinopyroxene of sahlite — au­
gite composition is relatively magnesian (Mg# 
0.65—0.68) and exhibits a similar composition 
in both syenites and shonkinites. On the ternary 
classification Ca–Mg–Fe diagram, these py­
roxenes plot within the same field as those from 
the apatite-bearing gabbroids of the Holoskіv in­
trusion continuing an iron-enrichment trend 
these gabbroids. Consistent with typical clinopy­
roxene — orthopyroxene parageneses, the or­

thopyroxene is more iron-rich (Mg# 0.51—0.52) 
compared to the clinopyroxene. A similar rela­
tionship was previously observed in the py­
roxenes from the metagabbroids of the Holoskіv 
intrusion.

Phlogopite is characterized by moderate iron 
content (Mg# 0.59—0.61), an enrichment in 
BaO (0.95—1.56 wt.%), and moderate F (0.34—
0.45 wt.%). Calculated crystal-chemical formula 
indicate that Al partially occupies the octahedral 
site (AlVI = 0.18—0.23 p.f.u.). Additionally, the 
total of alkali and alkaline-earth elements is in­
sufficient to fully occupy of K-site (~0.84 p.f.u.); 
this vacancie may be due to the presence of un­
analyzed elements such as Rb, Cs, or Li.

In the syenites, with normative quartz, clino­
pyroxene, and orthopyroxene are calculated 
(Table 1). In contrast, only orthopyroxene is ob­
served in the quartz syenites. The presence of or­

Fig. 2. Petrographic features of the primary rock types from the Verbka intrusion: a — phlogopite-pyroxene cumu­
late ("pyroxenite"); b — melanocratic shonkinite; c — shonkinite with segregations of hypidiomorphic pyroxene and 
elongated prismatic apatite; d — apatite-enriched quartz syenite with orthopyroxene (birkremite). Minerals: pyrox­
ene (Px), orthopyroxene (Opx), potassium feldspar (Fsp), phlogopite (Mic), apatite (Ap). Photomicrographs were 
taken under plane-polarized light (PPL)
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thopyroxene in these quartz syenites suggests 
they can be classified as birkremite, which may 
have formed as a result of a greater degree of 
contamination of the syenite melt. The predomi­
nant normative and modal feldspar is K-feldspar, 
with subordinate anorthite and albite in the 

norms (Table 1). This is supported by chemical 
analyses (authors’ unpublished data) of two  
feldspar concentrates from shonkinite and sye-
nite, which yielded the following K2O, Na2O, 
CaO and BaO concentrations (wt.%), respecti- 
vely: 1) 9.9, 5.20, 0.93, 1.55; and 2) 8.09, 3.69, 

Table 1. Chemical (wt.%) and normative composition of potassium rocks

Component

Rock type, sample No.

Pyr Sh MSy Sy QSy

1585/38.2 1585/39.5 1585/45 1585/47 1585/55 1585/52 1585/51 1585/43

SiO2 43.86 51.51 52.73 52.97 51.64 57.23 61.74 59.98
TiO2 1.04 1.12 0.97 1.02 1.04 0.17 0.11 0.28
Al2O3 9.42 10.93 11.37 10.22 11.84 12.69 15.83 16.03
Fe2O3 0.00 0.81 0.30 0.29 1.24 0.19 0.06 0.27
FeO 12.96 8.29 8.58 7.86 7.15 5.43 3.86 3.86
MnO 0.26 0.11 0.10 0.09 0.18 0.08 0.07 0.05
MgO 10.85 6.88 5.70 6.88 6.18 4.47 2.56 1.46
CaO 13.46 8.35 8.21 8.47 8.35 7.52 3.65 3.60
BaO 0.34 1.15 1.33 1.29 1.30 1.25 0.86 0.30
Na2O 1.00 1.80 1.90 1.85 2.10 2.00 1.90 2.56
K2O 3.08 5.43 5.87 5.95 5.21 6.62 7.88 7.98
P2O5 2.10 1.38 1.45 1.23 1.40 1.18 0.85 1.98
Stot — 0.20 0.02 0.32 0.38 0.05 0.30 0.38
F — 0.33 0.21 0.25 0.28 0.08 — 0.12
H2O– 0.19 0.04 0.02 0.05 0.06 0.02 0.04 0.12
LOI 1.83 1.15 1.10 0.98 1.08 0.77 0.70 0.68
Σ 100.39 99.48 99.86 99.72 99.43 100.25 100.41 99.65
Mg# 0.60 0.58 0.53 0.60 0.57 0.59 0.54 0.39
(Na+K)/Al 0.53 0.81 0.83 0.93 0.77 0.82 0.74 0.80
Na2O+K2O 4.08 7.23 7.77 7.80 7.31 8.62 9.78 10.54
K2O/Na2O 3.08 3.02 3.09 3.22 2.48 3.31 4.15 3.12

Norm composition (CIPW)
Qz — — — — — 1.56 8.75 7.75
Ap 4.96 3.42 3.58 3.04 3.48 2.91 1.99 4.83
Flu — 0.25 — 0.14 0.15 — — —
Py — 0.44 0.04 0.70 0.83 0.11 0.64 0.82
Ilm 2.01 2.19 1.89 1.99 2.04 0.33 0.21 0.54
Mag — 1.21 0.45 0.43 1.86 0.28 0.09 0.40
Alb — 15.70 16.52 16.09 18.34 17.32 16.27 21.97
An 12.36 5.88 5.30 2.06 7.73 6.24 11.53 4.99
Or 11.06 33.07 35.64 36.13 31.78 40.03 47.13 47.82
Nph 4.68 — — — — — — —
Lct 5.89 — — — — — — —
Di 19.88 13.40 11.91 16.47 13.12 11.31 0.52 —
Hd 14.47 8.52 10.27 10.07 7.39 8.48 0.45 —
En — 3.11 2.12 1.06 3.44 6.15 6.21 3.69
Fs — 2.27 2.10 0.74 2.22 5.29 6.21 5.79
Fo 12.86 5.84 4.87 6.25 4.46 — — —
Fa 11.83 4.69 5.31 4.83 3.17 — — —

N o t e. Mg# = Mg /(Fe + Mg). Pyr — pyroxenite; Sh — shonkinite; MSy — melanocratic syenite; Sy — syenite;  
QSy — quartz syenite.
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2.78, 1.53. The K2O/Na2O ratio in these concen­
trates (1.90—2.19) is lower than in the whole-
rock samples (typically ~3), reflecting the signif­
icant contribution of phlogopite to the total po­
tassium budget.

Pyroxenites and shonkinites from the upper 
section of the borehole exhibit more significant 
secondary alteration (LOI > 2.8 wt.%) compared 
to their deeper counterparts (below 39 m). The 
suite is characterized by high K2O and P2O5, 

with SiO2 ranging from 44% to 62% (Table 1). 
All analyzed samples satisfy the ultrapotassic cri­
teria for mafic rocks as defined by (Foley et al., 
1987) K2O/Na2O > 2, K2O > 3 wt.%, MgO >  
> 3 wt.%) and plot within the shoshonitic series  
(Fig. 3). 

Based on their Al2O3 content, the pyroxenite 
layers may be classified as potassic gabbros. 
Their relatively high Al2O3 concentrations are 
attributed to elevated proportions of K-feldspar 
and phlogopite, with only a subordinate amount 
of plagioclase. Following standard classification, 
if phlogopite is the dominant felsic/hydrous 
phase, the rock is categorized as a pyroxenite or 
as gabbros (or shonkinite/melasyenite) when or­
thoclase prevails.

On the TAS diagram (Fig. 4), the less altered 
pyroxenite (with normative leucite and nephe­
line) plot within the alkaline gabbro field, where­
as more altered pyroxenite (not shown in the di­
agram) fall into the subalkaline gabbro field. 
Shonkinites and one melanocratic syenite occu­
py the monzodiorite field. Other syenites are dis­
tributed between the syenite and monzonite 
fields (reflecting lower silica and alkali levels).

Contents of MgO and FeO decrease progres­
sively from the melanocratic to the leucocratic 
rocks (Table 1). This is accompanied by a gradu­
al decline in Mg# from pyroxenites through 
shonkinites to syenites, reaching a minimum 
(0.26) in the hypersthene-quartz syenite. The 
compositional similarity of pyroxenes and phlo­
gopites across all samples suggests a shared 
iron-enrichment trend, except in hypersthene 
syenite. Additionally, the rocks exhibit low Fe2O3 
content (0—1.24 wt.%), consistent with the ab­
sence or negligible abundance of magnetite. 
Furthermore, the positive correlation of MgO 
with Cr and Ni (Fig. 5), alongside high Cr and Ni 
abundances in shonkinites, supports a man­
tle-derived source for the parental magmas.

Despite the limited number of analyses, a clear 
negative correlation is observed between TiO2, 
FeO, MgO, CaO, Ni and Cr and the SiO2 content. 
This trend suggests early clinopyroxene (±oli­
vine) fractionation from the parental melt.

A distinctive feature of both the melano- and 
leucocratic rocks is the elevated P2O5 content 
(0.9—2.1 wt.%). This is particularly anomalous 
for the syenites; in typical igneous rocks of  
the normal and sub-alkaline series (to which 

Fig. 3. The classification diagram K2O vs. SiO2: samples 
from the Verbka intrusion fall into the field of the sho­
shonitic series (Peccerillo and Taylor, 1976)

Fig. 4. TAS diagram for rocks of the Verbka intrusion 
(Le Maitre et al. (eds.), 2002). Alkaline vs. subalkaline 
discrimination line after (Irvine and Baragar, 1971)
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these syenites belong), P2O5 rarely exceeds 0.5—
0.7 wt.%. Apatite is a characteristic mineral in  
all types of potassic rocks and is more abundant 
in melanocratic varieties. However, it is also fre­
quently found in syenites, particularly hypers­
thene-bearing ones. Apatite most commonly 
forms small, short-prismatic grains, though 
elongated prisms also occur, as inclusions within 
all rock-forming minerals. This indicates an  
early liquidus crystallization and a primary mag­
matic origin. Phosphorus generally shows an in­
verse correlation with SiO2, this trend is in­
consistent, but the presence of apatite-enriched 
syenite (2.1 wt.% P2O5, which is comparable to 
the content found in the pyroxenite) suggests 
that the P2O5 distribution is not strictly con­
trolled by differentiation (Table 1). 

The abundances of transition elements (V, Cr, 
Ni, and Co), as previously noted for Cr and Ni, 
are closely correlated with the MgO and FeO 
content. Consequently, their highest concentra­
tions occur in the pyroxenite and decrease pro­
gressively through the shonkinites toward the 
syenites. Although the elevated Cr and Ni con­
centrations and relatively high Mg# (0.53—0.66) 
in the pyroxenite and shonkinites support a 
mantle-derived origin, they also indicate that the 
parental melt underwent significant fractiona­
tion during its ascent or within intermediate 
magma chambers prior to final crystallization.

All analyzed samples are enriched in LILE, 
most notably Ba. Such high Ba concentrations 
are characteristic of potassic rocks. Barium 
abundances increase from the melanocratic to 
the leucocratic syenites, declining only in the 
quartz syenites. Barium is partitioned into phlo­
gopite and orthoclase (up to 1.55 wt.% BaO). In 
contrast, Sr does not exhibit a similar enrich­
ment pattern. Its concentration remains relative­
ly uniform in all samples, with the exception of 
the pyroxenite and a significant depletion in the 
quartz syenite.

The studied rocks exhibit elevated or "moder­
ate" Rb concentrations (243—336 ppm), a com­
mon feature of potassic suites. However, clear 
correlation between K2O and Rb is not observed. 
Even in pyroxenite with the lowest K2O content 
(3.08 wt.%), Rb remains high (280 ppm), compa­
rable to concentrations in the more K-rich rocks 
(Table 2). This geochemical behaviour is likely a 
function of the relative abundance of phlogopite 
versus orthoclase, although both minerals 
strongly partition Rb.

The concentrations of Th, Hf, Zr, Nb, and Ta 
in the shonkinites and syenites exhibit a negative 
correlation with SiO2. Average Nb/Ta, Y/Ho, and 
Zr/Hf ratios are 22, 24, and 71 for the shonki­
nites, and 13, 23, and 28 for the syenites, respec­
tively. A weak positive correlation between Nb and 
TiO2 is observed in the shonkinites and extends 

Fig. 5. Major and trace element correlation in the rocks of the Verbka intrusion
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into the leucocratic syenites. It is known that most 
femic minerals have low partition coefficients 
for this element; therefore Nb concentrations are 
likely controlled by titanium minerals (probably 
ilmenite or maybe unidentified rutile).

In the primitive mantle-normalized trace ele­
ment diagram pronounced enrichment in LREE 
and distinct negative HFSE (Ti, Nb, Ta, Zr, and 

Hf) anomalies are revealed (Fig. 6). Less promi­
nent negative Sr and P anomalies are also pres­
ent, alongside positive Ba and Pb anomalies. The 
consistency of these negative Nb-Ta, Zr-Hf, and 
Ti anomalies across all samples suggests that the 
syenitic suite evolved from a common parental 
magma and reflects its geochemical features. 
Such HFSE depletion is a characteristic feature 

Table 2. Whole-rock trace element compositions (ppm)

Component
Sample No.

1585/38.2 1585/39.5 1585/45 1585/47 1585/52 1585/51 1585/43

Be 7.88 7.21 7.24 5.74 2.75 1.87 0.85
Sc 47.62 29.09 27.12 28.15 33.48 14.20 4.97
V 468.1 355.7 299.3 254.9 98.5 53.0 33.4
Cr 454.9 50.6 127.4 285.3 37.3 23.8 10.4
Co 63.9 42.5 41.8 38.8 20.0 20.0 7.0
Ni 79.8 44.0 65.3 54.4 26.5 22.1 7.1
Cu 109.2 95.4 107.8 66.3 126.0 68.6 7.9
Zn 179.7 129.1 118.4 133.8 47.3 26.9 67.6
Ga 24.0 25.1 20.8 22.0 15.6 17.3 20.5
Rb 279.8 296.0 280.1 296.3 242.6 295.2 336.1
Sr 708 2223 2301 1681 2104 2391 1107
Ba 2278 5411 6720 6711 7104 8470 3141
Zr 39.5 216.5 341.0 170.5 64.8 35.1 3.5
Nb 21.2 17.3 12.9 12.5 1.8 1.2 6.7
Sn 7.94 7.93 5.15 2.97 3.18 2.05 0.96
Hf 1.13 2.84 4.79 2.60 1.86 1.00 0.24
Ta 0.92 0.70 0.58 0.63 0.15 0.16 0.34
W 0.22 0.15 0.26 0.15 0.47 0.74 1.65
Y 56.81 45.27 36.40 34.57 33.49 13.73 31.85
La 211.7 161.1 239.9 126.0 120.0 90.2 87.9
Ce 533.9 387.9 551.7 338.6 318.9 184.6 251.5
Pr 72.0 52.7 66.2 46.9 41.6 21.7 34.1
Nd 301.2 222.5 252.6 195.3 177.4 80.7 142.2
Sm 58.0 45.3 40.9 36.5 33.2 13.5 29.3
Eu 10.88 10.46 9.13 8.30 8.02 5.76 4.71
Gd 38.44 29.48 25.61 24.79 23.26 7.96 21.49
Tb 4.11 3.22 2.61 2.44 2.40 0.91 2.27
Dy 15.22 12.01 9.65 9.70 9.24 3.66 8.61
Ho 2.43 1.88 1.52 1.50 1.48 0.54 1.34
Er 5.04 4.16 3.38 3.19 2.97 1.04 2.44
Tm 0.57 0.48 0.37 0.34 0.39 0.14 0.29
Yb 3.15 2.68 2.39 2.11 2.18 0.78 1.36
Lu 0.45 0.35 0.30 0.30 0.23 0.09 0.20
Pb 10.73 18.99 22.90 15.57 21.43 25.84 29.73
Th 26.59 6.85 24.49 11.10 5.93 5.40 4.90
U 1.78 1.74 3.96 1.53 2.20 1.27 2.36
ΣREE 1257 934 1206 796 741 412 588
Eu* 0.70 0.87 0.86 0.84 0.88 1.70 0.57
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of subduction-related or collisional magmas that 
have either interacted with the continental crust 
or undergone significant fractionation of Ti-rich 
accessory phases (Foley, Barth and Jenner, 2000). 
The depletion of Zr, Hf, Ta, and Nb during the 
transition from shonkinites to more differentiat­
ed syenites is likely intensified by the fractiona­
tion of accessory phases, specifically zircon (for 
Zr and Hf) and ilmenite (for Nb and Ta). 

The analyzed samples exhibit a positive corre­
lation between REE concentrations and MgO, 
and P2O5, while displaying a negative correlation 
with SiO2 (Fig. 5). The highest REE abundances 
are observed in samples with the lowest SiO2 and 
MgO or the highest P2O5 content. An exception 
occurs in the quartz syenite; although its phos­
phorus content remains comparable to that of 
the pyroxenite, its REE concentration is nearly 
two times lower (588 ppm vs. 1257 ppm, respec­
tively). This suggests a complex REE distribution 
among various minerals throughout the suite. 
The deviations from the general positive P2O5 — 
REE correlation are likely due to the presence of 
additional REE-hosting minerals (except apa­
tite), such as allanite, chevkinite, and monazite, 
which have been identified in thin sections 
(Kryvdik et al., 2006a).

All studied samples are significantly enriched 
in LREE, and (La/Yb)C ratio ranges from 40.6  
to 68.1 for the shonkinites and from 37.4 to 79.0 
for the syenites. Most samples exhibit moderate 
negative Eu-anomalies (Eu/Eu* = 0.57—0.88), 
whereas the syenite with the lowest total REE con­
centration displays a positive anomaly (Eu/Eu* = 
= 1.7) (Fig. 7). The negative Eu-anomalies ob­

served in the chondrite-normalized patterns are 
consistent with the negative Sr anomalies on the 
PM-normalized diagram, suggesting early plagi­
oclase fractionation, prior to the final emplace­
ment and crystallization of the shonkinitic-sye­
nitic melt.

The syenite sample with a positive Eu anoma­
ly is also the most depleted in HFSE. This geo­
chemical signature, combined with its minimum 
P2O5 content, suggests crystallization from a re­
sidual melt following the extensive fractionation 
of apatite and or mafic minerals, which preferen­
tially accumulate mainly MREE and HREE. 
While its bulk chemistry is broadly similar to 
other syenites, except lower P2O5 (0.85 wt.%), 
higher SiO2 and the highest proportions of nor­
mative anorthite (An) and albite (Alb). Con­
sequently, the total feldspar content in this sam­
ple reaches 75.15 wt.%, classifying it as a two-

Fig. 6. Primitive mantle-normalized 
(Sun and McDonough, 1989) multiele­
ment diagram for the Verbka intrusion. 
All studied potassic rocks (pyroxenite 
(1), shonkinite (2), syenite (3), and 
quartz syenite (4)) are enriched in Rb, 
Ba, and Pb. These rocks exhibit charac­
teristic negative Ti-Nb-Ta anomalies, 
typical of potassic arc-related volcanic 
rocks

Fig. 7. Chondrite-normalized REE patterns for samples 
of the Verbka intrusion. Normalization values are from 
(McDonough and Sun, 1995). Symbols are consistent 
with Fig. 6
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feldspar, quartz-bearing (5.3%) syenite. The 
prominent positive Eu-anomaly is likely attrib­
uted to this high plagioclase content, as the lat­
tice structure of Ca-plagioclase more readily ac­
commodates Eu2+ than either K-feldspar or al­
bite. This interpretation is further supported by 
the elevated Sr and Ba concentrations in this 
sample, both of which are strongly partitioned 
into feldspar.

All studied samples exhibit moderate Th and 
low U abundances. While Th concentrations de­
crease progressively from the shonkinites to the 
syenites, U remains relatively constant. Given 
the positive correlation of both elements with 
P2O5, their distribution is likely controlled by 
monazite in addition to apatite, particularly in 

the more melanocratic varieties (as evidenced by 
a positive Ce-Th correlation). Furthermore, the 
relationship between TiO2 and radioactive ele­
ments reveals two distinct subgroups, suggesting 
the presence of a Th-enriched, Ti-bearing phase 
(potentially chevkinite) in the melanocratic rocks. 
The minor positive U and Pb anomalies (not ob­
served for Th), combined with the high K2O 
content, may also reflect a low degree of partial 
melting of lower-crustal sources, which would 
preferentially enrich the melt in these incom- 
patible elements. 

Discussion. Müller et al. (1992) distinguished 
five primary geodynamic settings for potassic 
volcanism, which are broadly categorized into 
two groups: (1) subduction- and collision-relat­
ed settings (further subdivided into oceanic and 
continental environments) and (2) rift-related 
(anorogenic) settings. In subduction-related sys­
tems, the chemical composition of the generated 
melts is influenced not only by the degree of par­
tial melting but also by the subduction velocity, 
the dip angle of the subducted slab, the composi­
tions of the subducted crust and the overlying 
mantle wedge. With regard to intraplate settings, 
the partial melting required to generate potassic 
magmas is driven either by decompression dur­
ing lithospheric rifting or by asthenospheric up­
welling associated with the thinning of the conti­
nental lithosphere.

In subduction settings, potassium melts can 
be generated by low-degree partial melting of 
mantle wedge peridotites that have been metaso­
matically enriched in LILE and LREE. This en­
richment is driven by slab-derived fluids or par­
tial melts under low-heat-flow conditions. Alter­
natively, these rocks may reflect long-lived 
mantle heterogeneities unrelated to recent sub­
duction events. Metasomatism is typically achi­
eved through the infiltration of LILE-enriched 
fluids, forming veinlets of K-bearing minerals, 
and/or low-temperature alkaline melts produced 
during slab dehydration (Sun and McDonough, 
1989). In any case, primary potassic melts are 
generated by low-degree partial melting of phlo­
gopite-bearing peridotite at depths above the 
amphibole stability field.

Differences in the mechanisms of magma for­
mation in riftogenic and subduction settings af­
fect geochemical characteristics. Based on the 
acquired data, we evaluate the processes govern­

Fig. 8. Correlation between Cr and Ni in shonkinites 
and syenites of the Verbka intrusion. Arrows indicate 
fractionation trends driven by the crystallization of 
clinopyroxene and olivine

Fig. 9. La/Sm vs. La variation diagram (Allègre and Min­
ster, 1978) for the Verbka intrusion. The sample distri­
bution follows a clear fractional crystallization trend 
except for one sample of two-feldspar syenite
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ing the formation of the studied rocks. We ac­
knowledge the inherent complexities in recon­
structing the tectonic history and petrogenesis 
of ultrapotassic melts in collisional zones, par­
ticularly where orogenic regimes may have been 
overprinted by subsequent rifting. Ultimately, 
further studies utilizing precise radiogenic iso­
tope systems (e.g., Sr, Nd, and Pb) will be requi­
red to validate or refine the petrogenetic models 
and tectonic assumptions proposed herein. 

Petrogenesis and tectonic settings. The de­
creased MgO content (<7 wt.%), reduced Mg# 
(54—60), and moderate Ni and Cr concentra­
tions indicate that the potassic rocks of the Ver­
bka intrusion crystallized from a differentiated 
melt. Obviously, this melt represents an evolved 
portion of a primitive mantle-derived melt that 
underwent preliminary crustal fractionation.

Petrographic and REE evidence suggest that 
the rock association evolved via the polybaric frac­
tionation of clinopyroxene and feldspar (Fig. 8, 
9). This explains the interbedding of shonkinites, 
syenites, and pyroxene cumulates in the drill-
hole section. Thus, the vertical rock stratifica­
tion exposed in the upper part of the intrusion 
suggests elements of magmatic layering. 
Furthermore, petrogenic element variations (ne­
gative correlation of FeO, CaO vs. MgO and pos­
itive for alkalis and Al2O3 vs. SiO2 content) are 
also consistent with pyroxene fractionation 
(±Fe-Ti oxides). Negligible plagioclase fraction­
ation is indicated by the lack of significant nega­
tive Eu anomalies and moderate Sr troughs in PM-
normalized profiles, which is also consistent 
with the observed low Pb/Ce and Sr/Nd ratios.

Assuming the Verbka intrusion crystallized 
from a primary potassic melt, the identified 
mineralogical and geochemical features may be 
interpreted as the result of either fractional crys­
tallization or crustal assimilation (wall-rock in­
teraction). Determining the relative importance 
of differentiation versus assimilation is compli­
cated by the incomplete exposure of the intru­
sion; current data are restricted to the upper sec­
tion, lacking critical information on the nature 
of contact interaction and the composition of the 
country rocks, and lacking isotopic constraints. 
The geochemical signature (high K2O, K2O/
Na2O, and LREE enrichment) combined with 
the presence of primary biotite (crystallization 
from a volatile-rich magma) suggests that the 

Fig. 10. The Th/Yb vs. Ta/Yb discrimination diagram 
(Pearce, 1983) was employed to characterize mantle 
sources and identify additional components, such as 
subduction-related fluids or crustal contamination. 
Samples from the Verbka intrusion plot within the fields 
for active continental margin and oceanic arc alkaline 
magmas

primary melt was derived from an enriched lith­
ospheric mantle source. However, the pro­
nounced enrichment in LILE and LREE cannot 
be attributed solely to fractional crystallization. 
Similar geochemical signatures are exhibited by 
shoshonitic and ultrapotassic rocks generated by 
melting of the lower crust, induced by heat flux 
from enriched lithospheric mantle-derived mag­
mas (Lu et al., 2013). Whereas modern potassic 
volcanism is frequently associated with subduc­
tion zones, the metasomatic enrichment of the 
magma sources is typically related to the infiltra­
tion of the mantle wedge by fluids or partial 
melts derived from the dehydration of the sub­
ducted oceanic plate. 

Herewith, high LILE/HFSE and LREE/HREE 
ratios are attributed to magma generation within 
subduction-related settings or to the assimila­
tion of crustal material during ascent. So, high 
Th/Yb and Ta/Yb ratios in the Verbka intrusion, 
relatively to typical mantle-derived magmas, sug­
gest either a metasomatized mantle source (en­
riched by subduction-related components) or sig­
nificant crustal assimilation during magma as­
cent or emplacement (Fig. 10).

As partial melting and fractional crystalliza­
tion have negligible effects on the La/Nb ratio, 
this ratio is reliable for distinguishing between 
magmas generated in subduction or extensional 
(rift) environments (Thirlwall et al., 1994). Sub­
duction-related melts exhibit low Nb and high 
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La/Nb ratios, in contrast to the higher Nb con­
centrations (and low La/Nb) characteristic of in­
traplate or rift-related magmatism. High La/Nb 
and Th/Ta ratios in arc magmas reflect the ad­
dition of subducted sediments or slab-derived 
melts of eclogite-facies to the mantle source. 
While oceanic basalts exhibit low La/Nb ratios 
(0.6—1.2), arc basalts and continental crust dis­
play significantly higher values, typically exceed­
ing 2.0 (Barth et al., 2000; Gao et al., 1998). The 
La/Nb ratios (9—74) in all samples of the Verbka 
intrusion are consistently >2, together with the 
high concentration of Ba, indicating a primary 

Fig. 13. Plots of Ba/Th vs. La/Sm ratios (Elliott, 2003) 
demonstrate that all samples follow a trend characteris­
tic of subduction-modified mantle. This distribution 
indicates that the rocks of the Verbka intrusion originat­
ed from an enriched mantle source metasomatized by 
slab-derived fluids

melt derived from a source enriched by subduct­
ed material (Fig. 11). Similarly, on the La/Nb — 
La/Ba diagram (Saunders et al., 1992), all data 
points fall within the field of subduction-modi­
fied lithospheric mantle, confirming the metaso­
matic influence on the mantle source (Fig. 12). 

The Ba/Nb and Ba/Ta ratios are diagnostic in­
dicators for magmas modified by subduction 
processes (Gill, 1981; Fitton et al., 1988). In the 
studied samples, these ratios are significantly 
higher relative to subduction-related volcanic 
rocks (>28 and >450, respectively, Fig. 11). Si­
milar conclusions are supported by the La/Ta ra­
tio, which in the Verbka intrusion ranges from 
199 to 784, far exceeding the value (>22) sug­
gested for lithospheric mantle-derived magmas 
(Thompson and Morrison, 1988). Consequently, 
these geochemical markers, alongside LILE and 
LREE enrichment, indicate that the primary 
magma was generated from an enriched litho­
spheric mantle reservoir metasomatized by sub­
duction-related components (Fig. 13).

HFSE depletion is a characteristic geochemi­
cal feature of arc magmas, typically resulting 
from the resistance of Ti-phases in the residue 
during melting or their subsequent fractionation 
(Foley et al., 2000). Alternatively, it may reflect 
the involvement of the continental crust in the 
magmatic process (Rollinson, 1993; Rudnick 
and Gao, 2003). The PM-normalized trace ele­
ment profiles of the studied samples resemble 

Fig. 11. The correlations observed on the La/Nb vs. Ba/
Nb plot (Saunders et al., 1992) suggest that the primary 
melt of the Verbka intrusion underwent subduction-re­
lated enrichment. Dotted arrows indicate the respective 
influence of subduction-derived fluids/melts and the 
assimilation of continental crust

Fig. 12. La/Nb vs. La/Ba variation diagram (Saunders et 
al., 1992), illustrating the relative contributions of asthe­
nospheric and lithospheric mantle sources on initial 
melt of the Verbka intrusion
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those of subduction-related potassic and ul­
trapotassic magmas; the latter are characterized 
by prominent positive Ba, Sr, and Pb anomalies 
coupled with significant negative Nb and Ta 
anomalies, alongside less pronounced Zr and Hf 
troughs. If the primary melt of the Verbka intru­
sion contains material from a subducted slab, it 
would logically exhibit Nb and Ta depletion. 
This contrasts with melts derived from rift-relat­
ed settings, which are typically enriched in these 
elements. The studied samples exhibit geochem­
ical signatures are consistent with potassic and 
ultrapotassic magmas from convergent margins, 
with the exception of the positive Pb anomaly, in 
our samples (Pb/Ce)PM ratio (0.22—0.77) is low­
er than in subduction-related magmas (2.3—
10.9). Accordingly, principal diagnostic features 
that corroborate a primary melt origin from a 
modified mantle source include significant 
LREE enrichment (LaPM 104—310; (La/Yb)PM 
46—86, vs. 107—153 and 21—30 in subduc- 
tion magmas) and pronounced Ti, Nb-Ta ((Nb/
La)PM < 0.1, vs. < 0.4 in subduction magmas) 
and Zr-Hf ((Zr/Sm)PM < 0.3, vs. 0.9—1.3 in sub­
duction magmas) depletion (Peccerillo, 1999; 
Conticelli et al., 2002). Fluids derived from the 
dehydration of subducted oceanic crust enrich 
the mantle source in mobile elements (Th, LILE, 
and LREE) while simultaneously inducing par­
tial melting by lowering the solidus temperature. 
It is generally held that the release of a fluid 
phase from an eclogitic residue cannot effective­
ly fractionate HFSE from other trace elements 
unless rutile remains stable in the restite. Unlike 
the nearly ubiquitous negative Nb-Ta anomalies, 
Zr and Hf depletion is not continuously obser­
ved in all subduction-related magmas. However, 
according to (Ayers, Watson 1993), the dehydra­
tion of ancient oceanic crust yields an HFSE dis­
tribution pattern similar to that of younger sub­
duction systems, but with more pronounced 
negative Zr and Hf anomalies in the fluid phase 
than in the partial melts. Consequently, the de­
eper Zr and Hf troughs in the studied subalka­
line syenites, combined with their other geo­
chemical characteristics, suggest a mantle source 
metasomatized primarily by fluids released dur­
ing the dehydration of ancient subducted crust 
(Fig. 13). In conjunction with minor Nb/Zr and 
significant Th/Zr variations (Fig. 14), these data 
support a model in which the primary magmatic 

Fig. 14. Nb/Zr vs. Th/Zr variation plots (Kepezhinskas 
et al., 1997), illustrating the contribution of subduc­
tion-related fluids to the petrogenesis of the Verbka plu­
tonic rocks

Fig. 15. La/Yb vs. Nb/La variation diagram (Abdel-Rah­
man and Nassar, 2004). Average OIB and lower crust 
compositions are from (Fitton et al. 1991) and (Chen 
and Arculus 1995), respectively. Field boundaries for as­
thenospheric, lithospheric, and mixed mantle sources 
are defined after (Smith et al. 1999)

melt originated from a metasomatized mantle 
source. Furthermore, the low Zr/Ba (0.01—0.05; 
Menzies et al., 1991) and Nb/La (0.013—0.1; 
Smith et al., 1999) ratios, coupled with excep­
tionally high La/Ta values (199—784; Thompson 
and Morrison, 1988), are highly consistent with 
melt generation within a subcontinental litho­
spheric mantle (Fig. 15).

In modern, uncontaminated arc-related mag­
matic suites, LREE enrichment occurs in con­
junction with a pronounced depletion in Nb and 
Ta relativ to MORB compositions. The depletion 
of HFSE and their fractionation from other in­
compatible elements in primitive arc lavas is 
widely attributed to the partial melting of sub­
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ducted lithosphere in the presence of residual 
rutile. Such a Ti-bearing restite can account for 
the pronounced negative HFSE anomalies and 
their specific characteristics, such as the deeper 
Ta and Hf troughs (compared to Nb and Zr) ob­
served in shonkinites. Нowever, according to 
(John et al. 2011), rutile effectively retains Nb 
(DNb

Ru/Liq > 100) than Ta (DTa
Ru/Liq > 8), whereas 

in shonkinites, the negative anomalies for Ta and 
Hf are more pronounced than those for Nb and 
Zr. This effect during melting may be attributed 
to the presence of accessory titanite in the source, 
which preferentially concentrates Ta and Hf 
(DTaT

it/Liq = 84; DHf
Tit/Liq = 6.9) over Nb and Zr 

(DNb
Tit/Liq = 7.3; DZr

Tit/Liq = 3.8) (Prowatke and 
Klemme, 2005). The same effect is observed if 
phlogopite or amphibole remains stable during 
melting (Adam and Green, 2006). The deepen­
ing of negative anomalies in the syenite patterns, 
specifically the greater depletion of Nb relative 
to Ta, may be explained by subsequent clinopy­
roxene fractionation (Klemme, Blundy and 
Wood, 2002), while the deepening of Zr-Hf 
anomalies likely reflects zircon fractionation. 
The more pronounced negative Ti anomaly in 
the leucocratic syenites compared to shonkinites 
is likely a consequence of TiO2 depletion in the 
fractionating melt due to the fractionation of py­
roxene ± Fe-Ti oxides which enhance the initial 
depletion of the melt. Furthermore, negative P 
anomalies reflect early apatite fractionation, 
which may also account for the levelling of LREE 
patterns and MREE depletion. Consequently, 
the distinct geochemical character of the hypers­
thene-quartz syenite, compared to the shonk­
inite-syenite suite, may result from crustal as­
similation or partial melting of host rocks.

Thus we interpret the pronounced negative 
Ti, Nb-Ta, and Zr-Hf anomalies in the observed 
patterns as further evidence that the primary 
melt was derived from a subduction- modified 
source. The ages of the Verbka subalkaline po­
tassic rocks, the Holoskiv potassic gabbroids, 
and the alkaline rocks of the Bug region are sim­
ilar to those of the Osnytsk complex (1960—
2020 Ma) and coincide with the development of 
the Osnytsk-Mikashevychi igneous belt (2000—
1960 Ma; Shcherbak et al., 2008). Based on their 
geochemical features, these rock suites likely 
formed under similar geodynamic conditions. 
Specifically, trace element distributions in the 

Osnytsk-Mikashevychi igneous belt indicate that 
the source melts originated in a subduction-re­
lated setting (an active continental margin) 
(Shumlyanskyy, 2014).

Regarding a possible genetic relationship with 
potassic gabbros, the trace element partitioning 
observed in the pyroxenite — shonkinite — 
quartz syenite series is consistent with silicate 
liquid immiscibility trends that observed in ex­
perimental liquids of potassic basaltic to potassic 
granitic compositions (Watson, 1976; Ryerson 
and Hess, 1978). Therefore, further research is 
needed to investigate the possibility that the 
Verbka potassic rocks originated as immiscible 
differentiates from a parental potassic basaltic 
magma. Notably, this association appears to be a 
rare, if not singular, example of such liqua­
tion-driven petrogenesis in the Precambrian of 
the Ukrainian Shield. 

Initial melt. As many studies indicate, the 
mechanisms responsible for generating potassic 
melts in subduction settings are difficult to iden­
tify unambiguously, taking into account the 
complex, multi-stage nature of their genesis and 
evolution. In the case of the Verbka intrusion, 
determining the primary melt composition re­
mains a significant challenge. This is due to lim­
ited data on the composition of associated rocks, 
particularly within the contact zones and at 
depth, and to the fractionated character of the 
melt from which the syenitic rocks crystallized 
at the current erosional level.

The composition of melts generated in sub­
duction settings is significantly governed by sub­
duction velocity and subduction angle, distance 
from the trench, the composition of the subduct­
ed slab (oceanic crust vs. sediments) or mantle 
wedge, and the composition of the overlying 
crust. Most current hypotheses attribute the gen­
eration of potassic melts as result low-degree 
partial melting of a metasomatically enriched 
substrate under volatile-saturated and low-heat-
flow conditions (Mitchell and Bergman, 1991). 
Furthermore, the partial melting of heterogene­
ous mantle peridotites, particularly those con­
taining phlogopite and amphibole, can produce 
hybrid melts, leading to the diverse suite of ul­
trapotassic rocks. 

Actually, enrichment in K, Ba and LREE may 
be attributed to crustal contamination as well as 
the melting of a metasomatized, phlogopite-bea­
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ring mantle source. Comprehensive isotopic- 
geochemical data capable of accounting for the 
depth of the initial melt’s origin and the degree 
of its crustal contamination for the Verbka intru­
sion are currently lacking. There is only one de­
termination of 87Sr/86Sr in apatite from shonk­
inite (0.7121) (Kryvdik et al., 2011). However, 
the combination of incompatible-element en­
richment and high La/Yb ratios is ambiguous; it 
may reflect either an enriched lithospheric man­
tle source or crustal assimilation during magma 
evolution. While contamination cannot be en­
tirely excluded, the low SiO2 content of the stud­
ied suite, except for the leucocratic hypersthene 
syenites, suggests that such processes were of 
limited extent. This interpretation is further sup­
ported by the relatively low positive Pb anoma­
lies in the shonkinites ((Pb/Ce)PM = 1.04—1.22), 
though these are more pronounced in the 
syenites ((Pb/Ce)PM = 1.68—3.50). The melano­
cratic rocks appear to have largely preserved 
their primary ratios of incompatible and com­
patible elements, as they have not interacted in­
tensively with the host rocks. The continental 
crust is characterized by LILE enrichment and 
Ti, Nb and Ta depletion but generally lacks the 
Zr-Hf anomalies common in arc magmatism 
(Rudnick and Gao, 2003). The preservation of 
significant Zr and Hf depletion in the studied 
rocks supports a subduction-modified mantle 
source and implies that crustal contamination 

Fig. 16. Diagrams for determining mantle source mineralogy (spinel vs. garnet) and degrees of partial melting: a — 
(La/Sm)C vs. (Gd/Yb)C ratios indicate a garnet-bearing source for primary melt for the Verbka occurrence (Aldan­
maz et al., 2000); b — (Tb/Yb)PM vs. (La/Sm)PM (Melluso et al., 2016) systematics support this conclusion. Sample 
concentrations are normalized to chondrite (McDonough and Sun, 1995) and primitive mantle (Sun and McDo­
nough, 1989), respectively

was insufficient to mask these primary HFSE 
signatures.

The primitive basic magmas (equivalent to 
feldspathoid-free shonkinite, SiO2 < 53%) likely 
represent the proximal analog to the primary 
melt composition. The combination of low Mg#, 
high Sr concentrations, and negligible negative 
Eu anomalies suggests that plagioclase fractiona­
tion was insignificant during the early evolution 
of the melt. This implies crystallization occurred 
at relatively high pressures, potentially outside 
the plagioclase stability field. Furthermore, the 
nearly identical slopes of the chondrite-normal­
ized REE patterns for both shonkinites and 
syenites strongly support their derivation from a 
common primary melt.

The REE slopes of the shonkinites, excluding 
the HREE, likely approximate those of the pri­
mary mantle melt. Even with significant deep- 
seated fractionation of high-pressure phases, REE 
concentrations in the derivative melts remain 
within a factor of two of the parent, assuming 
moderate (<50%) fractional crystallization. Ex­
tensive fractionation is generally unable to pro­
duce of low-SiO2 ultrapotassic melts; instead, 
such compositions typically require high-pres­
sure, anhydrous melting at lower-crustal or up­
per-mantle depths (Meen, 1990).

Garnet and spinel are the primary phases con­
trolling REE fractionation during the melting of 
mantle or lower-crustal rocks. It is widely recog­
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nized that REE ratios in mantle-derived melts 
reflect the mineralogy and composition of the 
source, specifically due to the contrasting parti­
tion coefficients for these elements in spinel ver­
sus garnet. Garnet is notably more efficient at 
fractionating HREE relative to LREE (Thirlwall 
et al., 1994; Shaw et al., 2003). The REE syste­

matic of the studied rocks suggests that the pri­
mary melt originated from a garnet-bearing 
enriched reservoir (Fig. 16). This interpretation 
is also supported by Dy/Yb ratios in the meso- 
and leucocratic syenites (Dy/Yb > 4), which sig­
nificantly exceed the ratios of melts generated 
within the spinel stability field (Dy/Yb < 1.5) and 
are consistent with melts from the garnet stabili­
ty field (Dy/Yb > 2.5) (Blundy et al., 1998; Yang 
et al., 2012).

The enrichment of the primary melt in K2O 
(relative to Na2O) and LILE is commonly attrib­
uted to the partial melting of a metasomatized, 
phlogopite- or amphibole-bearing mantle source 
(Zhang et al., 2008). Based on Ba/Rb and Rb/Sr 
systematics (Furman and Graham, 1999), the 
shonkinites and associated syenites exhibit limit­
ed variation in Rb/Sr (0.11—0.18) and moderate 
Ba/Rb values (18.3—29.3), suggesting that both 
phlogopite and amphibole might be the domi­
nant hydrous phases (Fig. 17). In contrast, the 
higher Rb/Sr and lower Ba/Rb observed in the 
quartz syenite and pyroxenite (0.30—0.39 and 
8.14—9.35, respectively) suggests a transition to­
ward crustal-like compositions, consistent with 
their hybrid origin involving more essential 
crust-melt interaction.

One effective approach to constraining the 
potential source of the primary melt is the in­
verse modelling of trace element distribution 
during equilibrium melting. This method allows 
for the identification of the geochemical charac­
teristics of the parental magma while excluding 
improbable source compositions. In this study, 
the batch melting equation was employed to de­
termine the mineralogy of the mantle source and 
the degree of partial melting required to generate 
a melt geochemically similar to the Verbka intru­
sion. The mineral composition of the primary 
mantle rocks, including spinel and garnet peri­
dotites as well as eclogites, was adopted from 
(McKenzie and O’Nions, 1991; Kelemen et al. 
1993 ; Wilson, 1989), with adding of minor phlo­
gopite or amphibole for various calculations. 
The Sm/Yb ratio was utilized as a key indicator, 
as Yb is highly compatible in garnet, whereas Sm 
exhibits similar compatibility in both garnet and 
spinel. On the resulting diagram (Fig. 18), the 
samples of the Verbka intrusion plot consistently 
within the field defined by the melting curves of 
garnet peridotites. The most acceptable result 

Fig. 17. Ba/Rb vs. Rb/Sr variation diagram (Furman and 
Graham, 1999) used to recognition of the hydrous po­
tassic phases (phlogopite vs. amphibole) in the mantle 
source. The data suggests that the primary magmas of 
the Verbka intrusion originated from a source contain­
ing both phlogopite and amphibole

Fig. 18. La/Sm vs. Sm/Yb variation diagram (Aldanmaz 
et al., 2000) in order to calculate the partial melting va- 
lue of the source rock for the Verbka intrusion. The data 
plot within the garnet peridotite field, suggesting 0.1—
2% partial melting of source. The melting model was 
constructed using the batch melting equations of (Shaw, 
1970). Modal mineralogy for garnet peridotite (Ol0.63 + 
+  Opx0.30 + Cpx0.02 + Grt0.05) and garnet harzburgite 
(Ol0.75 + Opx0.20 + Grt0.05) are after (Wilson, 1989) and 
(Kelemen et al., 1993), respectively. Distribution coeffi­
cients are from (Rollinson, 1993). Numbers along the 
curves represent the degree of partial melting
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was achieved because of low-degree (0.1—2%) 
partial melting of a garnet harzburgite or garnet 
peridotite source. It is consistent with the inter­
pretation of geochemical data from the results 
proposed above. 

Conclusions. The potassic rocks of the Verbka 
intrusion represent a subalkaline ultrapotassic 
suite, which correspond geochemically to the 
shoshonitic series. Key characteristics include 
high K2O/Na2O ratios (>3), total alkalis exceed­
ing 7%, and the presence of normative and mod­
al orthopyroxene and modal olivine. Geochemi­
cally, the suite exhibits elevated P2O5 content 
and is significantly enriched in LILE and LREE, 
accompanied by the negative Ti and HFSE ano­
malies typical of subduction-modified sources.

The identified geochemical features of the 
studied rocks provide evidence that they result­
ed from the crystallization of a differentiated 
magma portion, which is genetically related to a 
Р2О5- and K2O-enriched primary mantle melt, 
similar in composition to potassic basalts or sho­
shonites. The potassic nature of these rocks, 
alongside their enrichment in LILE and LREE, 
indicates that the primary melt formed via low 
degrees of partial melting of a metasomatized 
subcontinental lithospheric mantle (SCLM) that 
was enriched in Р2О5 and K2O relative to the de­
pleted upper mantle.

Metasomatic enrichment of the mantle reser­
voir could have been caused by the infiltration of 
P2O5-, K2O-, and REE-enriched fluids derived 
from the dehydration of subducted oceanic crust. 
The elevated P2O5 and K2O content in these 
metasomatized mantle rocks, relative to typical 

SCLM, is attributed to the presence of apatite, 
phlogopite, and likely amphibole.

The high apatite abundance within the shonk­
inite-syenite suite of the Verbka intrusion is a 
distinctive, and perhaps unique, feature of Pro-
terozoic endogenic rocks of the Ukrainian Shield. 
This unusual P2O5 enrichment is interpreted as a 
primary geochemical pecularities of the parental 
melt. We suggest that co-genetic melanocratic 
differentiates also exist within the study area. 
Potential analogues for these Paleoproterozoic 
potassic, apatite-bearing rocks in the Bug region 
include the Holoskiv-type potassic gabbros and 
pyroxenites. Consequently, the distribution of 
Holoskiv-type gabbroids and Verbka-type sye­
nites within the Khmelnytsk tectonic zone may 
be more extensive than previously recognized. 

The presence of apatite-bearing syenite intru­
sions suggests that the distribution of Holoskiv-
type apatite-bearing rocks in the Khmelnytskyi 
tectonic zone may be more extensive, extending 
to southwest of the Verbka village. This is con­
sistent with the southwest and sublatitudinal 
strike of the Holoskiv intrusion.

This magmatism was likely triggered by sub­
duction-related processes during the Paleopro­
terozoic tectonic and magmatic activation of the 
Upper Bug region. Temporally, these subalkaline 
potassic rocks correlate with the development of 
the Osnytsk-Mikashevychi igneous belt, which 
occurred during the subduction of a Paleopro­
terozoic plate beneath the Archean craton, and 
coincided, with the emplacement of alkaline in­
trusions in the Dniester-Bug and Northwestern 
blocks of the Ukrainian Shield.
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ГЕОХІМІЯ ПАЛЕОПРОТЕРОЗОЙСЬКИХ ВИСОКОКАЛІЄВИХ ПОРІД  
ВЕРБКІВСЬКОГО ПРОЯВУ (ВЕРХНЄ ПОБУЖЖЯ, УКРАЇНСЬКИЙ ЩИТ):  
ПЕТРОГЕНЕЗИС, ТЕКТОНІЧНІ УМОВИ ТА МІНЕРАЛІЗАЦІЯ
У Верхньому Побужжі відомі невеликі масиви / штоки висококалієвих двопіроксенових порід піроксеніт-
шонкініт-сієнітової серії палеопротерозойського віку (2,0 млрд рр.). Масштаби поширення цих порід зали­
шаються невідомими. За часом утворення висококалієві інтрузивні породи синхронні з відомими в цьому 
районі масивами лужних порід, штоками кварцових і лужних сієнітів та калієвих апатитоносних габроїдів. 
Усі породи мають високий уміст K2О (3—8 мас. %) та співвідношення K2О/Na2О (>2,5), за якими їх можна 
класифікувати як лужні та ультракалієві породи. У всіх різновидах (включно із лейкократовими сієнітами) 
зафіксовано високий уміст Р2О5 (до 2,1 мас. %). За вмістом елементів-домішок породи збагачені LILE і LREE 
(Rb 242—336 ppm, Ва 2278—8470, RЕЕ до 1260, La 88—240 ppm, (La/Yb)C 37—78), але водночас деплетовані 
щодо HFSE (з негативними аномаліями Nb-Ta, Zr-Hf і Ti). Закономірності розподілу елементів-домішок і 
моделювання розподілу REE під час рівноважного плавлення дає підстави вважати, що первинні магматич­
ні розплави зароджувались у метасоматизованій літосферній мантії за незначної частки плавлення гранато­
вого перидотиту чи гарцбургіту. Деплетація HFSE і Ті на тлі збагаченості LILE та LREE може вказувати на 
генерацію ультракалієвих лужних розплавів у субдукційних умовах, що за складом, імовірно, були подібни­
ми до калієвих базальтів або шошонітів. Дегідратація субдукованого матеріалу і часткове плавлення за по­
нижених температур могло призводити до появи флюїдів  / розплавів, відповідальних за метасоматоз та 
часткове плавлення мантійних перидотитів. Наявність у цьому районі Голосківської інтрузії  апатитових 
калієвих габроїдів та піроксенітів, одновікових із калієвими породами Вербківської інтрузії, дає змогу при­
пускати, що останні генетично пов’язані та могли утворитись із подібних розплавів унаслідок їх глибшої 
диференціації. Калієві породи с. Вербки можуть указувати на значне поширення в Побужжі апатитових га­
броїдів голосківського типу.

Ключові слова: калієві магми, шонкініт, сієніт, апатит, субдукція, палеопротерозой, Побужжя, Українсь- 
кий щит.


