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Abstract: Zoned plutons, composed of dunites, pyroxenites, and gabbroic rocks, have been referred
to as the Ural-Alaskan type complexes (UA-complexes) and occur in numerous paleo-arc settings
worldwide. Many of these complexes are source rocks for economic placers of platinum-group metals.
Thus, it is important to understand how UA-complexes form and the origin and behavior of platinum-
group elements (PGEs). It is widely assumed that the UA-complexes result from differentiation of
supra-subduction high-Ca high-Mg sub-alkaline magmas. However, there is a lack of direct evidence
for the existence and differentiation of such magmas, mainly because cases of UA-complexes being
spatially and temporally linked to co-genetic volcanics are unknown. We studied an UA-complex
from the Tumrok range (Eastern Kamchatka) where a dunite-clinopyroxenite-gabbro assemblage is
spatially and temporary related to high-Ca volcanics (i.e., picrites and basalts). Based on the mineral
and chemical composition of the rocks, mineral chemistry, and composition of melt inclusions
hosted within rock-forming minerals, we conclude that the intrusive assemblage and the volcanics
are co-genetic and share the same parental magma of ankaramitic composition. Furthermore, the
compositions of the plutonic rocks are typical of UA-complexes worldwide. Finally, the rocks studied
exhibit a full differentiation sequence from olivine-only liquidus in picrites and dunites to eutectic
crystallization of diopside or hornblende, plagioclase, and K-Na feldspar in plagio-wehrlites and
gabbroic rocks. All these results make the considered volcano–plutonic complex a promising case for
petrological studies and modelling of UA-complex formation.

Keywords: Ural-Alaskan type complex; ankaramite; picrite; basalt; wehrlite; Eastern Kamchatka;
melt inclusions; magma differentiation; arc magmatism

1. Introduction

Mafic-ultramafic plutons, composed of dunites, clinopyroxenites, and gabbroic rocks,
that have a concentrically-zoned structure, largely occur within supra-subduction settings
and are referred to as “Ural-Alaskan-type complexes” (hereinafter UA-complexes) [1–5].
Their occurrences are widespread in SE Alaska and British Columbia [3,6–11] and the Ural
mountains [2,12–22], and are also recognized in the Koryak Highlands and Kamchatka [1,23–28],
Venezuela [29], New South Wales [30,31], New Zealand [32], Siberia [2,33,34], Northwestern
Africa and Saudi Arabia [35,36], and the Superior Province (Canada) [37]. Typical rock
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assemblages of UA-complexes include a dunitic core, surrounded by wehrlitic and clinopy-
roxenitic rocks, and hornblende-rich and gabbroic assemblages [1–3,6,10,15,17,29,36]. These
complexes are of significant economic interest, as they may be the source of placer and
bedrock deposits of platinum-group elements (PGEs) [2,9,10,13,16,27,34,38–42].

Since their discovery in the Urals and Alaska [4,43,44], the origin of UA-complexes
has been a subject of debate. The earliest systematic petrological studies of the Alaskan
zoned intrusions [3] suggested that these complexes were formed from several pulses of
high-Mg, high-Ca, and low-Si magmas (magmatic mushes). Further studies considered UA-
complexes to be layered intrusions, formed either in situ [10,23] or subjected to post-solidus
diapiric re-emplacement [8]. They were also considered feeder conduits for the andesitic
volcanos where dynamic differentiation of the crystallizing magma gave rise to the zoned
structure of the complexes [6,15,29], or magmatic diapirs, ascending from lithospheric
mantle [2,45]. The proposed compositions of the parental melts for the UA-complexes
include subalkaline orthopyroxene-normative island-arc basalts [6,29,46], high-Ca-Mg
alkaline ultramafic [8,47], shoshonitic [30], or alkaline to subalkaline high-Ca/Al high-Mg
(ankaramitic) [1,7,19,48–50].

Recognition of the melts that gave rise to UA-complexes remains challenging, par-
ticularly because these complexes are not directly linked with any effusive series rocks,
which could provide useful insights into the composition of such melts. Existing estimates
are based on bulk rock compositions [8,19,51], the abundances and compositions of cumu-
late minerals, melt/crystal partitioning coefficients [1,18,48,49,51,52], and melt inclusion
studies [32,53]. Comparative studies, which have considered UA-complexes and their sup-
posedly coeval effusive rock equivalents, were conducted by Irvine (1973), Tistl et al. (1994),
and Batanova et al. (2005) [1,7,11]. The latter study considered the Galmoenan complex
of the Koryak highlands (Northern Kamchatka) and proposed that its parental melt was
close to that of the Tumrok range volcanics (Eastern Kamchatka). However, despite being
coeval and occurring within the same Olyutorsky arc terrane [1,54,55], these occurrences
are more than 600 km away from each other and cannot be considered bona fide co-genetic.
On the other hand, a plutonic body composed of dunites, wehrlites, and gabbroic rocks
has been described in close spatial connection with the Tumrok range volcanics [56–59]. Its
rock assemblage and supposedly zoned structure [56] resembles UA-complexes, thereby
making this occurrence an interesting potential case of a UA-complex that is closely linked
to a volcanic series.

In this study, we present a detailed geological, petrographical, mineralogical, and
compositional description of this intrusion and related volcanic rocks, give new data on
chromite-hosted melt inclusions, and discuss co-magmatism of the effusive and intrusive
varieties. Furthermore, we place novel constraints on their parental melt composition, its
differentiation, and the evolution of these series. We compared these rocks with those from
typical UA-complexes worldwide to test whether this occurrence may be considered as a
“model case” for studying the petrology of UA-complexes.

2. Geological Background and Field Observations

The Tumrok Range volcanic province is composed of basaltic, picritic, and volcan-
oclastic rocks of the Valaginsky series [59–63] and several plutonic occurrences. This
province belongs to the Achaivayam-Valaginsky (syn. Olyutorsky) island-arc terrane
(K2-P1), which also includes the Valaginsky range (another large occurrence of picritic and
basaltic rocks), and is part of the Koryak Highlands, hosting Galmoenan and Epilchik
UA-complexes [1,23,26,55] (Figure 1A).
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Figure 1. Geological setting of the studied complex. (A) Geological map of Kamchatka peninsula 
(after [55]); (B) geological scheme of the studied occurrence (after unpublished sketch of B. A. 
Markovskiy with the authors’ editions). 

The 75–80 Ma Valaginsky volcanic series [58,59] is composed (bottom up) of volcano-
sedimentary rocks, volcanic breccias and basalt lava flows, picrites, and picritic tuffs. The 
effusive series is cross-cut basaltic and picritic dykes. The latter also occurs as sills hosted 
by effusive rocks of the Valaginsky series, so it is difficult to distinguish between the 
different volcanic and sub-volcanic facies of picrites. The 70–80 Ma [64] plutonic complex 
is represented by ultramafic-gabbro and gabbro-syenitic intrusions sized 2–8 km2 and is 
largely localized at the base of the Valaginsky series [63]. The intrusions were supposed 
to be layered with dominant gabbroic rocks and subordinate ultramafics. Furthermore, 
certain studies advocated close genetic links between this complex and volcanic 
ultramafics [58,59,63]. 

The studied occurrence (Figure 1B) is located in a cirque of the Shumniy Creek 
(Figure 2A,B) at the Northwestern slope of the Tumrok Range and is dominated by basalts 
and subordinate picrites. The latter, according to [59], form sills and occasional dykes, yet 
it is not excluded that some of these picrites may be bona fide effusive. Rocks of the 
plutonic complex are found at the Western sector of the studied area and are part of the 
Andrianovsky pluton [59,63], which was supposed to have a concentrically zoned 

Figure 1. Geological setting of the studied complex. (A) Geological map of Kamchatka penin-
sula (after [55]); (B) geological scheme of the studied occurrence (after unpublished sketch of
B. A. Markovskiy with the authors’ editions).

The 75–80 Ma Valaginsky volcanic series [58,59] is composed (bottom up) of volcano-
sedimentary rocks, volcanic breccias and basalt lava flows, picrites, and picritic tuffs. The
effusive series is cross-cut basaltic and picritic dykes. The latter also occurs as sills hosted
by effusive rocks of the Valaginsky series, so it is difficult to distinguish between the
different volcanic and sub-volcanic facies of picrites. The 70–80 Ma [64] plutonic com-
plex is represented by ultramafic-gabbro and gabbro-syenitic intrusions sized 2–8 km2

and is largely localized at the base of the Valaginsky series [63]. The intrusions were
supposed to be layered with dominant gabbroic rocks and subordinate ultramafics. Fur-
thermore, certain studies advocated close genetic links between this complex and volcanic
ultramafics [58,59,63].

The studied occurrence (Figure 1B) is located in a cirque of the Shumniy Creek
(Figure 2A,B) at the Northwestern slope of the Tumrok Range and is dominated by basalts
and subordinate picrites. The latter, according to [59], form sills and occasional dykes,
yet it is not excluded that some of these picrites may be bona fide effusive. Rocks of the
plutonic complex are found at the Western sector of the studied area and are part of the
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Andrianovsky pluton [59,63], which was supposed to have a concentrically zoned struc-
ture, similar to that of UA-complexes [56]. The intrusive rocks are represented by dunites,
wehrlites, and gabbros (Figure 1B). Contacts between the intrusion and host Valaginsky
series are obscured. However, based on structural and tectonic features of the area, it has
been supposed that the intrusive complex is bounded by subvertical faults [59] (Figure 1B).
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Figure 2. Photographs of the studied occurrence. (A) Southeastern view; (B) Northwestern view;
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Our field observations support the dominance of basalts and picrites in the study
area. Occurrences of wehrlites and gabbros of the Andrianovsky pluton are restricted to a
gorge, which crosses the southwestern ridge of the cirque (Figure 2B), and dunites occur
within a small area at the outlet of the cirque. In addition, all rock varieties, except dunites,
are found in the alluvium of Shumniy Creek (Figure 2C), where they are better preserved
than in the bedrock outcrops. Abundant outcrops of picrites with characteristic comb-like
weathering (Figure 3A,B) are found at the upper part of the cirque, where they are thought
to form thick sills [59]. Basalts and basaltic tuffs are common at the brinks of the Shumniy
Creek. However, the best outcrops of basalts (Figure 3C), differentiated top down from
aphyric amygdaloidal to holocrystalline varieties, are found at the slopes of the cirque.
Occurrences of the intrusive rocks are heavily weathered and are mostly recognized by
their distinct predominance in eluvium (Figure 3D), whereas serpentinized dunites were
found as outcrops at the brink of the Shumniy Creek (Figure 3E).
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Figure 3. Field photographs of the outcrops with the labeled samples. (A) comb-like weathered
bedrock picrite; (B) olivine phenocrysts on a water-polished surface of picrite; (C) an outcrop of a
differentiated basalt flow; (D) a boulder of breccia-like gabbroic rock; (E) an outcrop of weathered
dunite, Shumniy creek brink. Photograph (E) is by Elizaveta Grigor’eva.

3. Samples and Methods

Sampling was performed on both bedrock outcrops and alluvial boulders at Shumny
Creek (Figure 1B). The latter approach allowed for the collection of better-preserved rocks
than from outcrops, which were typically strongly weathered. The presence of only Valagin-
sky volcanics and rocks of the Andrianovsky pluton was ensured by the fact that the basin
of the Shumny Creek is restricted to only the studied cirque, bounded by the watershed
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ridges (Figure 1B). In addition, a single sample (Tu-25) was taken from the 1980s collection
of Kamenetsky V.S. (its chemical composition is reported in [54]). Polished thin sections
and epoxy mounts with the rock chips were prepared for optical microscopy, electron
microscopy, and microprobe analyses.

Heating and homogenization of Cr-spinel-hosted melt inclusions was performed using
a custom-designed tube furnace in Institute of Experimental Mineralogy RAS, analogous
to that described in [65]. The experimental setup consisted of an insulated sapphire tube,
wired by a kanthal heater, a temperature controller, and a Pt container for the inclusion-
bearing grains. For the experiment, grains of Cr-spinel were separated from the crushed
rock sample and placed into the Pt container along with pure metallic Fe, which acted as
a buffer, preventing oxidation of the Cr-spinel grains. The container was loosely sealed
and placed into the tube, which then was gradually heated up to 1250

◦
C. After 10 min

of heating, the container was dropped into water so that the estimated time of cooling
from 1250

◦
C to room temperature was no more than 3 s. The grains were then mounted

into an epoxy mount, grinded, and polished. The exposed melt inclusions were analyzed
by EPMA.

Instrumental methods included scanning electron microscopy with energy disper-
sive microanalysis (SEM-EDS), X-ray wavelength dispersive electron microprobe analysis
(EPMA), and bulk major and trace element chemical analysis of the rocks: X-ray fluo-
rescence analysis of major components, Cr2O3 and TiO2, and mass spectrometry with
inductively-coupled plasma ionization (ICP-MS).

SEM-EDS investigation was carried out on (1) Tescan VEGA-II XMU INCA Energy
450 (Korzhinskii Institute of Experimental Mineralogy Russian Academy of Sciences—
IEM RAS, Chernogolovka, Russia), (2) Tescan Mira 3 LMU with Oxford INCA Energy
XMax 80 detector for EDS analysis (Analytical Center for multi-elemental and isotope
research SB RAS), and (3) JEOL JSM-6480LVIT-500 scanning electron microscope with
an Oxford XMaxN EDS analyzer (Laboratory of Analytical Techniques of High Spatial
ResolutionLaboratory of Local Methods of Matter Study, Department of Geology, Moscow
State University).

Analyses of olivine, Cr-spinel, clinopyroxene, and Cr-spinel-hosted inclusions were
obtained using an electron microprobe JEOL JXA-8230 (Laboratory of Analytical Tech-
niques of High Spatial Resolution, Department of Geology, Moscow State University).
Olivine was analyzed at accelerating voltage 20 kV and beam current 300 nA with a beam
size of 3 µm, Cr-spinel—at 20 kV and 70 nA, clinopyroxene—at 20 kV and 100 nA, Cr-
spinel-hosted inclusions—at 20 kV and 10 nA using a defocused beam to minimize effect
of migration of glass components [66]. Primary reference materials for Cr-spinel were
chromite NMNH 117075, gahnite NMNH 145883, diopside NMNH 117744, synthetic NiO,
V2O3, and MnTiO3. Ilmenite (NMNH 96189) and chromite (NMNH 117075) were used as
secondary standards for the analysis quality control. Primary references for olivine were
San Carlos olivine (SCOL, NMNH 111312-44), synthetic Cr2O3, NiO, Al2O3, MnTiO2, and
CaSiO3. MongOl olivine [67] was used as a secondary standard. Primary references for
clinopyroxene were jadeite, augite NMNH-112142, synthetic MnTiO3, NiO, and Cr2O3. Cr-
augite NMNH 164905 was used as a secondary standard. Ferric and ferrous ion abundances
in Cr-spinel were rendered from FeO total via charge–deficiency-based recalculation [68].

Bulk-rock X-ray fluorescence analysis has been performed in Institute of the Earth’s
Crust (IEC SB RAS), Irkutsk using S4 Pioneer (Bruker AXS, Karlsruhe, Germany) wave-
length dispersive spectrometer [69]. Bulk-rock ICP-MS analysis was carried out in Analyti-
cal Center of the Institute of the Earth Crust on the VG Elemental PlasmaQuad PQ2+ Turbo
quadrupole spectrometer following autoclave dissolution of rock powder by HNO3, HF,
HCl, and HClO4 acids [70].
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4. Results
4.1. Petrography

Petrographic features, mineral proportions (vol. %), and compositions of a set of repre-
sentative samples (picrites, basalts, dunites, wehrlites, and gabbroic rocks) are summarized
in Table 1.

Table 1. Petrographical and mineralogical summary of the main samples studied.

Sample Rock Name Texture Modal Composition (%) Mg# (Ol) Mg# (Cpx)

21AK9c Picrite Porphyritic
Phenocrysts 1 (50) 2:

Ol 3 (90) Cpx (10) Chr (<1) 87–89 65–86
Groundmass (50):

Cpx (60), Srp+Chl+AlkFs (35)
Mhbl+Bt (5)

21AK58 Picrite Porphyritic
Phenocrysts (40):
Ol (85) Cpx (15) 86–87 71–90

Groundmass (60):
Cpx (50), Srp+Chl+AlkFs (45)

Mhbl+Bt (5)

Tu-25(+) Picrite Porphyritic
Phenocrysts (60):

Ol (100)
Groundmass (40):

Cpx (30), Pl+KNaFs (50)
Srp+Chl (10)
Mhbl+Bt (10)

21AK9e Basalt Porphyritic
(seriate)

Phenocrysts (10):
Cpx (70) Pl* 2 (30) 70–89
Groundmass (90):

Chl + Or (70),
Ab+Or (ps-morphs) (30)

21AK41 Basalt Intergranular

Feldspars (40):
Cpx (35)

Chl+Act (20)
Mag+Ap (5)

71–89

21AK61a Basalt Porphyritic
Phenocrysts (15):
Cpx (90) Ol* (10) 68–82
Groundmass (85):

Chl + Or (70), Ab+Or (ps-morphs) (30)
Mag (2)

21AK15a Dunite
(serpentinized)

Granular,
mosaic Srp (90), Ol (5), Mag (5) 90–91

21AK47 (xen.) Dunite Granular,
mosaic Ol (85), Srp (14), Chr (1) 88–89

21AK34 Wehrlite Poikilitic Ol (55) Cpx (40) Phl (4) CrMag (1)

21AK3 Wehrlite
Granular,
subhedral,
poikilitic

Ol (25), Cpx (70) Phl (4) CrMag (1) 80–81 81–88

21AK56 Plagio-
wehrlite

Subhedral,
poikilitic,
consertal

Ol (25), Cpx * (30),
Feldspar (10) Bt+Hbl (7) CrMag+Ap(3),

Srp+Chl (25)
81–82 78–88

21AK37p Gabbro
(monzogabbro)

Subhedral,
intergranular Cpx * (50) Feldspar (43) Bt (4) Mag (3) 89–92

21VK1 Gabbrodolerite Poikilo-ophytic Cpx (25) Feldspar (73) Mag (2) 57–75
1 For the porphyritic rocks mineral generations are divided into “phenocrysts” and “groundmass”. 2 Numbers in
parentheses refer to estimated vol. % of mineral generations (penocrysts/groundmass) and minerals themselves.
3 Hereinafter, mineral abbreviations are after [71]. An asterisk (*) after the mineral symbol means that the particular
mineral has been mostly or totally replaced by a secondary assemblage (see text for the details).
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Picrites are porphyric with phenocrysts of olivine and, occasionally, clinopyroxene
and Cr-spinel (Figures 3B and 4A,B). Phenocrysts of olivine range from 2 to 20 mm in size,
euhedral and rounded in shape, moderately serpentinized, and host euhedral rounded in-
clusions of Cr-spinel. These Cr-spinel grains also occur as <1 mm crystals outside of olivine
in the groundmass and occasionally contain melt inclusions (see Section 4.4). Clinopyroxene
phenocrysts are 5 to 20 mm in size and occasionally form glomeruli. The picrite ground-
mass is composed of small (0.1–0.2 mm) grains of clinopyroxene, acicular hornblende, and
phlogopite, set in a chlorite-albite-orthoclase-serpentine-apatite cryptocrystalline aggre-
gate (Figure 4B,C). In some samples, plagioclase and K-Na feldspar are abundant in the
groundmass (Figure 4D). Hornblende crystals are occasionally replaced by a mineral with
a composition close to CaSiO3, which could be wollastonite, but is more likely xonotlite
(Ca6Si6O17(OH)2), a low-temperature hydrothermal mineral (Figure 4C), while plagioclase
and K-Na feldspar were replaced by albite and pure K-feldspar.

Basalts are typically composed of clinopyroxene phenocrysts (2–30 mm in size), set
in micro- and cryptocrystalline groundmass (Figure 4E). In some samples, plagioclase
phenocrysts and serpentine pseudomorphs after olivine phenocrysts are also present (Fig-
ure 4E,F). The groundmass assemblage is represented by microcrystalline clinopyroxene
and sparry grains, consisting of patchy-textured albite and K-feldspar (presumably pseudo-
morphs after magmatic feldspar), which are set in a cryptocrystalline chlorite + orthoclase
aggregate (Figure 4G). In addition to typical porphyric basalts, there are also varieties which
compose upper parts of differentiated layers and have aphyric amygdaloidal textures, and
those which form inner parts of the layers and are distinguished by well-crystallized texture
with rodlike boxy crystals of clinopyroxene set in a fine-grained and trachytoidal feldspar
matrix (Figure 4H).

Dunites, sampled from the outcrops, are strongly serpentinized and contain only a few
relics of olivine (Figure 5A). Former crystals of olivine had sizes presumably of 1–3 mm,
as inferred from magnetite lamellae, which remain unmoved during serpentinization.
Accessory minerals are represented by magnetite and occasional Cr-spinel, which is hosted
in relics of olivine. In addition, we studied a xenolith (autholith?) of dunite (~5 cm × 3 cm)
from a picrite sample (21AK47), where olivine is weakly serpentinized (Figure 5B).

Wehrlites are composed of poikilitic clinopyroxene, which contains euhedral to subhe-
dral olivine, and minor phlogopite (Figure 5C). In some samples, clinopyroxene is markedly
abundant and exhibits subhedral to euhedral shapes. One of the samples (21AK56) contains
5%–10% of feldspar, which is represented by plagioclase and K-Na feldspar, and minor
hornblende, and is classified as plagio-wehrlite (Figure 5D). Importantly, an intergrowth
of hornblende and feldspar, resembling eutectic quartz-feldspar textures in granites, was
observed in the interstices of the plagio-wehrlite (Figure 5E). Accessory minerals in all
varieties of wehrlites are Cr-spinel, magnetite, and apatite. Most of the wehrlites have
been subjected to moderate alteration, with olivine being replaced by serpentine and
clinopyroxene by actinolite and chlorite.

Gabbroic rocks (see Discussion for classification details) are composed of subhedral
and tabular feldspar, which is represented by albite and pure K-feldspar with minor epidote,
as well as rounded pseudomorphs of actinolite after clinopyroxene and minor phlogopite
(Figure 5F). Clinopyroxene is totally replaced by actinolite in the same way as in wehrlites.
Very small (<50 µm) inclusions of clinopyroxene are found in these pseudomorphs, which
may represent either relics of primary clinopyroxene or newly-formed “metasomatic”
diopside (Figure 5G) (see Section 4.2.2 for further details). Typical accessory phases are
apatite, magnetite, and titanite. Notably, one of the samples (21VK1) is characterized by
poikilo-ophitic texture, where plagioclase forms euhedral platy crystals, while clinopyrox-
ene forms subhedral poikilitic grains with plagioclase inclusions (Figure 5H). Due to this
principal difference from the rest of gabbroic rocks, we hereinafter refer to this sample as
a gabbrodolerite.
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of the cryptocrystalline aggregate; (D) groundmass in picrite with abundant feldspars (BSE-photo), 
on the inset—close scale of a zoned feldspar grain; (E) phenocrysts of clinopyroxene and 
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Figure 4. Petrographical features of the volcanic rocks. (A) picrite (transmitted light photo); (B) olivine
phenocrysts and groundmass clinopyroxene in picrite (transmitted light photo, left side—analyzer
out, right—analyzer in); (C) groundmass in picrite (BSE-photo), on the inset—close-scale of the
cryptocrystalline aggregate; (D) groundmass in picrite with abundant feldspars (BSE-photo), on the
inset—close scale of a zoned feldspar grain; (E) phenocrysts of clinopyroxene and pseudomorphs
of serpentine after olivine phenocrysts in basalt (BSE-photo); (F) clinopyxoxene and plagioclase
phenocrysts in basalt (transmitted light photo, left side—analyzer out, right side—analyzer in);
(G) patchy replacement of groundmass feldspar in basalt by albite and orthoclase in a cryptocrys-
talline aggregate of chlorite and orthoclase (BSE-photo); (H) holocrystalline basalt with rodlike boxy
clinopyroxene (transmitted light photo, left side—analyzer out, right side—analyzer in). Hereinafter
mineral abbreviations are after [71], in addition, Ba-KNaFs is Ba-rich alkali feldspar. An asterisk (*)
after the mineral symbol means that the mineral has been extensively altered or replaced.
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Figure 5. Petrographical features of the plutonic rocks. (A) serpentinized dunite (transmitted light
photo); (B) partially serpentinized dunite, composing a xenolith in picrite (reflected light photo);
(C) wehrlite (transmitted light photo, left side—analyzer out, right side—analyzer in); (D) plagio-
wehrlite (transmitted light photo, analyzer in); (E) intergrowth of magnesiohornblende with K-Na
feldspar and plagioclase in an interstice of plagiowehrlite (BSE-photo); (F) gabbro (monzogabbro)
(transmitted light photo); (G) relics of clinopyroxene in actinolite pseudomorphs, monzogabbro (BSE-
photo); (H) clinopyroxene oikocryst with plagioclase inclusions and dolerite (transmitted light photo).
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4.2. Mineral Chemistry
4.2.1. Olivine

Olivine phenocrysts in picrites are largely homogeneous. The Mg# value
(Mg# = Mg/(Fe + Mg)) varies from 87 to 90, which is generally lower than those reported
previously (88–94) [54,61]. Contents of NiO vary from 0.17 to 0.22 wt.%, CaO between
0.3–0.4 wt.%, and MnO from 0.19–0.24 wt.% (Figure 6). Olivine from dunites, sampled
from outcrops, is characterized by Mg# from 89–91. The CaO, MnO, and NiO contents
vary in ranges of 0.08–0.14, 0.18–0.19, and 0.21–0.23 wt.%, respectively. Olivine from the
dunite autolith within the picrite has a narrow compositional range with Mg# 88.7 ± 0.1,
and concentrations of CaO between 0.37–0.38 wt.% and MnO 0.19–0.20 wt.%. Olivine from
wehrlites and plagio-wehrlite has Mg# between 80–81, which is markedly lower than that
from picrites and dunites. Contents of CaO, MnO, and NiO in wehrlitic olivine vary in
ranges of 0.03–0.06 wt.%, 0.33–0.35 wt.%, and 0.13–0.14 wt.%.
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Figure 6. Chemical variation plots of olivine compositions from the studied rocks, including pre-
viously published data on the Valaginsky series volcanics (both Tumrok and Valaginsky ridge
occurrences) [54,61]. (A) Mg#-NiO plot (where Mg# = Mg/(Mg + Fe) atomic %); (B) Mg#-CaO
plot; (C) Mg#-MnO plot. Compositional fields for Alaska (Kane Peak, Blashke Islands, Slat Chuck,
Union Bay) [6], Ural (Nizhniy Tagil, Svetly Bor, Kytlym) [18,48], UA-complexes, and Galmoenan
complex [28] are given for comparison.

4.2.2. Clinopyroxene

In all samples, clinopyroxene is largely represented by diopside and subordinate
high-Ca augite (Figure 7A). Clinopyroxene phenocrysts in picrites are mostly homoge-
neous, with Mg# ~87, Al2O3—1.5–2.0 wt.%, Cr2O3—0.5–0.7 wt.%, and TiO2—0.15–0.20 wt.%
(Figure 7B–E). Thin rims on clinopyroxene phenocrysts are less magnesian (Mg# 70–75),
almost free of Cr2O3, enriched in Al2O3 (5–6 wt.%) and TiO2 (0.7–0.8 wt.%) (Figure 8A).
Groundmass crystals of clinopyroxene gradually zoned. Inner zones are characterized by
Mg# 85–87, Cr2O3—0.7–0.9 wt.%, Al2O3—1.5–2.0 wt.%, and TiO2 below 0.3 wt.%. Outer
zones have Mg# 70–75 with one grain having Mg# 65, are virtually free of Cr2O3, while
contents of Al2O3 and TiO2 approach 7.0–7.5 wt.% and from below the detection limit to
1 wt.%, respectively (Figure 8B).

Clinopyroxene phenocrysts in porphyric basalts are represented by two populations.
The first one is two-zoned grains with high-Mg, chromian, low-Al, and low-Ti cores,
resembling that of phenocrysts in picrites (Figure 8C). The second one is grains with
oscillatory zoning, which is characterized by saw-like chemical profiles with general
core-to-edge decrease of Mg# (from 75–80 to 70–75), Cr2O3 (from 0.4–0.7 in cores to <0.1
in rims), increase of Al2O3 (from 2.5–3.5 wt.% to 4.5–5.5 wt.%), and TiO2 (0.2–0.4 wt.%
to 0.5–0.8 wt.%) (Figure 8D). Boxy clinopyroxene from the well-crystallized basalts is
also zoned. Inner zones have Mg# 80–84, Cr2O3—0.5–0.7 wt.%, Al2O3—2–3 wt.%, and
TiO2—0.2–0.4 wt.%. Rims are characterized by Mg# 70–75, Cr2O3 below 0.05 wt.%,
Al2O3—3–4 wt.%, TiO2—0.7–0.8 wt.%.
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Uralian, and Galmoenan complexes are as in Figure 6. Fields for the Taftafan UA-complex (Arabian
shield) are based on data from [35]. Fields for arc ankaramites are after [73–77].
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picritic chromite on the Al-Cr-Fe plot (Figure 9C) reflects depletion of the evolving melt 
in Cr and fractionation of olivine, which makes the melt more Fe- and Al-rich. TiO2 and 
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Figure 8. Chemical zoning of clinopyroxene grains. (A) Phenocryst, picrite; (B) groundmass grain,
picrite; (C) basalt, two-zoned phenocryst; (D) basalt, phenocryst with oscillatory zoning. Images
are BSE-photos, and yellow arrows outline core-to-rim microprobe profiles given to the right from
the images.

Clinopyroxene grains in plagioclase-free wehrlites are largely homogeneous, yet some
unsystematic variations were observed. Mg# varies from 81–85, Al2O3—1.5–4.0 wt.%,
and TiO2—0.1–0.4 wt.% (Figure 7B–E). Clinopyroxene in plagio-wehrlites can be either
homogeneous or have two zones. In the latter case, the core is characterized by Mg# 86–87,
Cr2O3—0.6–0.8, Al2O3—2–3 wt.%, and TiO2—0.2–0.25 wt.%, while the rim has Mg# 81–84,
Cr2O3—0.1–0.2 wt.%, Al2O3—0.4–0.5 wt.%, and TiO2—0.5–0.8 wt.%.

Clinopyroxene in actinolite pseudomorphs from gabbros has high-Mg# (89–91), and
contains low TiO2 (<0.1 wt.%), moderate Cr2O3 (0.2–0.4 wt.%), and low Al2O3 (<1 wt.%)
(Figure 7B–E). Such compositional features may be explained in two ways. The first is that
these are relics of primary clinopyroxene, which underwent re-equilibration with actinolite,
and partitioning of Fe and Al to the latter. The second is that this clinopyroxene is secondary,
co-genetic with actinolite, and was formed during late fluid-driven processes [78,79].

Clinopyroxene in the dolerite sample has the lowest Mg# compared to other rocks
studied (63–65), elevated contents of Al2O3 (2.0–6.5 wt.%), and TiO2 (up to 1.4 wt.%), while
Cr2O3 content does not exceed 0.05 wt.% (Figure 7B–E). Importantly, Al2O3 contents in
clinopyroxene from dolerites are generally lower than those in clinopyroxenes of the same
Mg# (Figure 7B).
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4.2.3. Cr-Spinel

Cr-spinel in picrites is magnesiochromite (Mg# 50–75) and, more commonly, chromite
(Mg# 35–50). Cr# value (Cr# = Cr/(Cr + Al)) varies from 65 to 90 with a weak negative
correlation with Mg# (Figure 9A). Compositional ranges for Cr-spinel from picritic rocks
overlap with those previously obtained for picrites of the Valaginsky series [54,61]. The
dunite xenolith from picrite contains magnesiochromite with a relatively narrow compo-
sitional range, overlapping with picrites. Cr-spinel from wehrlites and plagio-wehrlite is
chromian magnetite, with some analyses corresponding to chromite (Cr/Fe3+

cations > 1)
(Figure 9B,C). In general, Cr-spinel from the studied rocks forms an oxidizing chemical
trend from magnesiochromite in more primitive rocks to chromian magnetite in more
evolved (wehrlites) (Figure 9B,C). In addition, a sub-vertical trend of picritic chromite on
the Al-Cr-Fe plot (Figure 9C) reflects depletion of the evolving melt in Cr and fractionation
of olivine, which makes the melt more Fe- and Al-rich. TiO2 and Al2O3 contents in studied
Cr-spinel are moderately low (less than 1 and 15 wt.%, respectively) and are typical of those
for the Cr-spinel of arc settings [80] (Figure 9D).
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composition of pure olivine on the MgO axis (Figure 10A–C). Basalts are characterized by 
SiO2 content from 47–51 wt.%, MgO—6–13 wt.%, Al2O3—11–16 wt.%, and CaO from 8.5–
11 wt.% (Figure 10A–C). Variations of Na2O and K2O are unsystematic and quite broad: 
0.5–4.5 wt.% and 2–7 wt.%, respectively (Figure 10D,E). The CaO/Al2O3 ratio for the 
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Figure 9. Chemical variation plots of Cr-spinel. (A) Mg#–Cr#, where Cr# is Cr/(Cr + Al) atomic
%; (B) Mg#-Fe3+#, where Fe3+# is Fe3+/(Fe3+ + Al + Cr) atomic %; (C) Al3+-Cr3+-Fe3+ triangle
plot; (D) Al2O3-TiO2 plot with the fields typical for certain tectonic environments (ARC—arc set-
tings, MORB—mid ocean ridge basalts, OIB—oceanic island basalts, LIP—large igneous provinces)
from [80]. Data sources for comparison of the UA-complexes worldwide are as in Figure 7. Fields for
arc ankaramites are after [73,81,82].
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4.3. Rock Chemistry
4.3.1. Major Components

The studied rocks cover a broad range in terms of major element compositions (Table 2).
Picrites are high-magnesian (MgO from 23–33 wt.%) and contain low abundances of SiO2
(39–44 wt.%), Al2O3 (3–7 wt.%), and CaO (3–9 wt.%) (Figure 10A–C). Concentrations of
alkalis in picrites vary from 0.1–1.0 wt.% Na2O and below detection limit to 2.0 wt.%
K2O (Figure 10D,E). The CaO/Al2O3 ratio for the picrites is higher than 1 in most of
the samples analyzed (Figure 10F). Compositional ranges of picrites are characterized
by a reverse correlation between MgO and other oxides with the trend striking to the
composition of pure olivine on the MgO axis (Figure 10A–C). Basalts are characterized
by SiO2 content from 47–51 wt.%, MgO—6–13 wt.%, Al2O3—11–16 wt.%, and CaO from
8.5–11 wt.% (Figure 10A–C). Variations of Na2O and K2O are unsystematic and quite
broad: 0.5–4.5 wt.% and 2–7 wt.%, respectively (Figure 10D,E). The CaO/Al2O3 ratio for the
basalts varies from 0.59–1.00 wt.% (Figure 10F). Contents of SiO2 and Al2O3 are negatively
correlated with MgO, while the MgO-CaO trend is positive (Figure 10A–C).

Table 2. Chemical composition of the selected samples.

Sample AK-9c AK-58 AK-9e AK-61a AK-41a AK-15a AK-3 AK-34 AK-56 AK-37p AK-37s BK-1a

Rock P P B B B Du W W PlW G(M) G(M) Do

SiO2 39.32 43.00 50.87 47.85 48.48 34.39 46.61 43.98 43.66 43.78 52.31 49.17
TiO2 0.17 0.21 0.53 0.52 0.63 0.04 0.16 0.14 0.19 0.43 0.70 0.70

Al2O3 3.39 4.28 15.59 10.82 14.08 0.54 2.36 2.26 6.78 8.95 15.47 15.14
FeO 10.24 9.62 7.98 9.70 9.44 9.12 9.67 10.54 11.30 13.36 9.28 8.97
MnO 0.19 0.17 0.14 0.18 0.16 0.19 0.19 0.21 0.20 0.17 0.09 0.14
MgO 31.73 26.62 6.69 12.33 5.97 40.01 23.39 27.09 25.42 16.76 4.82 5.56
CaO 4.80 7.08 9.24 10.92 11.06 0.46 13.88 10.22 5.95 9.58 8.29 10.07

Na2O 0.80 <0.1 3.41 1.58 0.78 <0.1 0.33 0.34 0.45 0.85 3.35 0.57
K2O 0.16 0.12 2.11 2.05 5.99 0.18 0.48 0.24 2.11 1.86 3.58 6.12
P2O5 0.11 0.14 0.30 0.26 0.46 0.02 0.04 0.03 0.24 0.40 0.41 0.45
L.O.I. 8.96 8.62 3.00 3.66 2.78 14.95 2.79 4.80 3.53 3.64 1.49 2.96
Total 99.87 99.87 99.87 99.87 99.84 99.90 99.89 99.86 99.83 99.78 99.80 99.85

V 23.39 74.79 276.04 235.06 321.17 2.71 63.89 22.89 96.00 289.10 348.27 322.15
Cr 2572 2036 122 592 112 3503 1340 1899 1366 1018 67 8
Co 97.74 85.66 27.05 44.94 29.61 108.87 80.77 104.71 75.97 72.34 25.58 24.88
Ni 774.0 836.3 72.2 185.7 57.9 1228.7 332.2 520.9 648.4 320.3 44.6 29.7
Cu 23.62 46.14 95.80 94.04 112.67 6.98 36.07 29.77 34.55 117.18 29.07 60.44
Zn 64.78 212.88 50.67 164.29 95.93 62.92 29.20 56.38 94.85 89.45 89.60 74.24
Rb 9.15 12.83 25.99 32.09 51.29 3.07 9.65 4.96 36.04 40.80 43.37 52.84
Sr 47.11 51.98 417.27 243.51 459.02 14.93 42.35 20.80 93.95 151.73 680.38 454.89
Y 3.41 5.23 12.11 12.12 14.30 0.61 3.22 3.12 6.80 8.76 15.73 16.10
Zr 4.75 4.37 18.82 33.60 19.62 0.20 * 3.01 0.80 * 6.93 14.76 43.56 27.38
Nb 0.06 * 0.08 * 0.37 * 0.47 * 0.39 * 0.03 * 0.10 * 0.03 * 0.08 * 0.24 * 0.70 * 0.52 *
Mo 0.30 0.41 0.31 0.57 0.50 0.06 0.23 0.26 0.25 0.64 0.36 0.42
Cs 0.66 2.32 0.12 0.13 0.10 0.07 0.32 0.17 0.96 0.70 0.27 0.13
Ba 1.57 * 18.43 533.76 232.78 599.73 8.20 26.55 15.95 154.59 126.11 982.12 567.83
La 0.45 * 0.94 * 2.43 2.31 3.80 0.16 * 0.39 * 0.16 * 1.22 1.57 4.26 4.42
Ce 1.20 * 2.64 5.91 6.10 9.69 0.40 * 1.07 * 0.57 * 3.30 3.94 10.68 11.42
Pr 0.19 * 0.43 0.87 0.96 1.51 0.05 * 0.18 * 0.11 * 0.52 0.60 1.60 1.72
Nd 1.06 * 2.17 4.45 4.63 7.20 0.22 * 0.92 * 0.69 * 2.63 3.16 7.52 7.89
Sm 0.36 * 0.68 * 1.46 1.49 2.17 0.06 * 0.33 * 0.30 * 0.84 1.00 2.11 2.30
Eu 0.14 * 0.25 0.52 0.53 0.74 0.02 * 0.13 * 0.13 * 0.29 0.32 0.75 0.81
Gd 0.49 0.79 1.67 1.77 2.33 0.08 0.46 0.49 1.00 1.31 2.28 2.46
Tb 0.08 0.13 0.30 0.31 0.40 0.02 * 0.08 0.09 0.17 0.24 0.39 0.42
Dy 0.57 0.83 1.95 2.00 2.49 0.10 0.52 0.58 1.05 1.53 2.43 2.61
Ho 0.12 0.18 0.42 0.43 0.50 0.02 0.11 0.11 0.22 0.33 0.53 0.56
Er 0.35 0.49 1.27 1.29 1.41 0.06 * 0.32 0.31 0.66 0.91 1.55 1.61
Tm 0.05 * 0.08 * 0.19 0.20 0.21 0.01 * 0.05 * 0.05 * 0.10 * 0.13 0.25 0.24
Yb 0.31 0.50 1.22 1.22 1.31 0.07 * 0.28 0.31 0.65 0.88 1.62 1.55
Lu 0.06 0.07 0.18 0.18 0.18 0.01 * 0.04 0.05 0.09 0.14 0.23 0.21
Hf 0.17 * 0.19 * 0.66 0.89 0.70 * 0.02 * 0.12 * 0.01 * 0.25 * 0.44 * 1.27 0.89



Minerals 2023, 13, 126 16 of 30

Table 2. Cont.

Sample AK-9c AK-58 AK-9e AK-61a AK-41a AK-15a AK-3 AK-34 AK-56 AK-37p AK-37s BK-1a

Rock P P B B B Du W W PlW G(M) G(M) Do

Ta 0.03 * 0.01 * 0.05 * 0.05 * 0.05 * 0.02 * 0.05 * 0.02 * 0.004 * 0.01 * 0.12 0.02 *
W 0.03 0.12 0.01 4.51 2.01 0.44 0.49 0.04 0.15 0.75 1.13 2.81
Tl 0.06 0.06 0.21 0.26 0.19 0.005 0.06 0.04 0.11 0.12 0.08 0.17
Pb 1.32 10.36 3.57 25.73 3.60 0.15 1.54 0.78 0.50 6.87 2.38 2.47
Th 0.04 0.11 0.22 0.24 0.37 0.02 0.04 0.02 0.12 0.18 0.53 0.52
U 0.04 * 0.06 * 0.15 * 0.24 0.26 0.01 * 0.06 0.04 * 0.12 * 0.12 * 0.38 0.33

Rock name abbreviations: P(A)—picrite, B—basalt, Du—dunite, W—wehrlite, PlW—plagio-wehrlite,
G(M)—gabbro (monzogabbro), Do (dolerite). Oxide concentrations are in weight %, element concentrations
are in ppm. Values marked by an asterisk (*) are below detection limits, reported in [70]. However, since the
paper, which the analysis protocol refers to [70], was published, the method has been improved, so these analyses
should be treated as semi-quantitative.
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compositions. (A) MgO-SiO2 plot; (B) MgO-Al2O3 plot with points of average olivine and clinopy-
roxene compositions and plagioclase (An60) from the studied rocks; (C) MgO-CaO plot with the
points of mineral compositions the same as on (B); (D) MgO-Na2O plot; (E) MgO-K2O plot; (F) MgO-
CaO/Al2O3 plot: only for the volcanics. Data for melt inclusions are from this study and [54,61]. Data
sources for comparison of the UA-complexes worldwide are as in Figure 7. Fields for arc ankaramites
are after [74,75,77,82–87].
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Dunites have the highest MgO (around 40 wt.%), contain between 34–35 wt.% of
SiO2, and are deficient in other components, plotting near the “olivine” endmember of the
picrite trend (Figure 10A–E). Wehrlites (except a plagio-wehrlite sample) are rich in MgO
(18–27 wt.%) and CaO (10–17 wt.%), contain moderate abundances of SiO2 (34–35 wt.%),
and are deficient of Al2O3 (2–4 wt.%). Contents of SiO2, CaO, and Na2O in wehrlites are
negatively correlated with MgO (Figure 10A–E). The compositions of gabbros vary broadly
with SiO2 content between 44–53 wt.%, MgO content between 4–12 wt.%, CaO—7–11 wt.%.,
Al2O3—9–17 wt.%. Similar to the basalts, the abundances of alkalis are generally high and
extremely variable: 0.5–5.0 wt.% of Na2O and 1.5–7.0 wt.% of K2O. Characteristics for the
gabbros are negative SiO2-MgO, Al2O3-MgO, and Na2O-MgO correlations (Figure 10A–E).

4.3.2. Trace Elements

The studied rocks are characterized by generally uniform patterns of the incompatible
lithophile trace elements, but are different in their absolute concentrations. For all the
samples analyzed, primitive mantle (PM) normalized (after [88]) trace element patterns
have typical supra-subduction signatures, which have negative anomalies of Nb and Ta and
positive large ion lithophile element (LILE) (Rb, Ba, and Sr) and U anomalies. In addition,
most of the compositions possess more or less pronounced negative anomalies in Zr and Hf
(Figure 11A–D). Generally, PM-normalized patterns of the wehrlites overlap with those of
the picrites, and patterns of the basalts are almost identical to those of gabbros (Figure 11E).
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Absolute concentrations of selected incompatible trace elements are negatively corre-
lated with MgO content and positively with each other (Figure 12A–D). Concentrations of
relatively mobile Sr show quite good correlation with Ce (Figure 12B), while those of less
mobile Yb and Th are perfectly correlated with Ce and show a single trend for all the rocks
studied (Figure 12C,D). Concentrations of the compatible trace elements (Ni and Cr) were
also considered. Ni is the highest in picrites and dunites (500–1200 ppm) and decreases
with decreasing MgO to <50 ppm in the least magnesian basalts and gabbros (Figure 12E).
Contents of Cr are the highest in dunites (~3000 ppm) and show a linear decrease, with
decreasing MgO to 50–1000 ppm in gabbros and basalts (Figure 12F).
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4.4. Chromite-Hosted Inclusions

Multiphase silicate inclusions occur in Cr-spinel grains, most of which are enclosed
by olivine phenocrysts of picrites. The inclusions are round or slightly oval in shape,
range in size from 5 to 60 µm in diameter, and are composed predominantly of silicate
glass with crystals of clinopyroxene and subordinate hornblende (Figure 13). Bubbles are
present in the majority of the inclusions. Based on their occurrence and phase assemblage,
the inclusions are primary and represent entrapped melt, which underwent partial post-
entrapment crystallization [89].
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used to be included in olivine and now are located in a serpentinized fracture; (B) heated up to
1250 ◦C and quenched melt inclusion.

Upon heating at 1250 ◦C and quenching, the inclusions turn into a homogenous glass
with occasional small crystals of olivine (Figure 13B) and occasional shrinkage bubbles. The
compositions of the obtained glasses are close to the compositions of the basalts and exhibit
overlap (Figure 10). Compositions with the highest MgO (13–14 wt.%) have SiO2 contents
between 48–50 wt.%, Al2O3 between 8–10 wt.%, and CaO—12–14 wt.% (Figure 10A–C).
Concentrations of Na2O and K2O in the heated inclusion glasses are 1.0–1.3 wt.% and
1.8–2.2 wt.%, respectively (Figure 10D,E). The CaO/Al2O3 ratio ranges from 0.8 to 1.8 and
is above 1 in most of the inclusions.

5. Discussion
5.1. Co-Magmatism of the Studied Rocks

Based on the spatial proximity, mineral compositions, and age determinations [58,59,64]
of the studied volcanic and plutonic rocks, it has been supposed that these rocks are
genetically related [58,59]. Our data, showing that chemical and mineralogical features of
the volcanic and plutonic rocks are generally the same, provide further support for this
genetic link. Compositions of clinopyroxene, which is a common rock-forming mineral for
all rock varieties, except dunites, form uniform trends with fully overlapping fields between
clinopyroxene from volcanic and plutonic rocks (Figure 7). The same differentiation trends
and overlapping fields for volcanic and plutonic rocks are formed by variations of bulk
major and trace element concentrations (Figures 10 and 12). Finally, PM-normalized
systematics of incompatible trace elements are identical for picrites and wehrlites, as well
as for basalts and gabbroic rocks, respectively (Figure 11).

We propose that the studied volcanic (and subvolcanic) rocks of the Valaginsky series
and plutonic rocks of the Andrianovsky pluton are co-magmatic and form a continuous
differentiated series of high-magnesian (dunites, picrites) to low-magnesian (basalts, gab-
bros and dolerites). The fact that the plutonic body is bordered by faults with no intrusive
contacts with the host Valaginsky series observed (Figure 1B) [59,63] implies that the in-
trusive rocks were crystallized at depth and then tectonically uplifted to the same level as
the volcanic series. Alternatively, the plutonic assemblage could have been uplifted as a
semi-solid diapir, which is reported as typical for ultramafics in UA-complexes [2,14,45].
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5.2. Classification of the Series

Based on their mineral composition and textures, as well from data from the previous
studies [58,59,63], the studied rocks were initially classified as rocks of normal alkalinity:
picrites, basalts, dunites, wehrlites, and gabbros. However, many samples contain min-
erals, such as biotite and K-Na feldspar, and have elevated alkali contents in their bulk
composition (Table 1; Figure 10D,E and Figure 14A). Picrites and plagio-wehrlites contain
zoned grains with a plagioclase core and K-Na feldspar rims, which are considered to be
primary magmatic (Figures 4D and 5E). On the other hand, most of the rocks, including
all gabbros and basalts, contain major albite and pure orthoclase, which are not primary
magmatic [90,91]. Therefore, the contents of Na2O and K2O in the studied rocks are not
primary features and cannot be used for classification. To elucidate the true alkalinity of
the volcanics, geochemical discrimination based on immobile element systematics was
applied [92], according to which the picrites and basalts should be classified as sub-alkaline
(Figure 14B). A classification of ultramafic volcanic rocks, as suggested by Le Bas (2000) [93],
shows that the picrites, which contain >18 wt.% MgO and generally <1 wt.% of K2O+Na2O,
should be termed as “komatiites”. However, they do not exhibit spinifex texture, which is
a required feature for komatiitic rocks. Therefore, we decided to retain the term “picrites”
for these rocks.

As the studied rocks are co-magmatic, their classification can be discussed further
based on melt inclusions in minerals of the Valaginsky volcanic series, which includes
the studied occurrence. Most of the Cr-spinel-hosted inclusion compositions are basaltic,
whereas olivine-hosted inclusions [61] are transitional between basaltic and trachybasaltic
(Figure 14A).

The abundance of clinopyroxene in picrites and scarcity of plagioclase phenocrysts
in basalts is characteristic of ankaramites [7,74,94,95], a specific high-Ca sub-group of
mafic and ultramafic volcanics, which have CaO/Al2O3 > 1 and clinopyroxene phe-
nocrysts dominating over olivine phenocrysts [74,81]. The studied picrites and most of the
chromite- and olivine-hosted inclusions fulfill the main chemical criterion of ankaramites:
CaO/Al2O3 > 1 [74,81] (Figures 10F and 15). The compositional field for basalts, gabbros,
and clinopyroxene-hosted inclusions originates in the “ankaramitic” field and then transits
to “non-ankaramitic” due to differentiation and increase of Al2O3 (Figures 10F and 15).
Furthermore, fields and trends of bulk-rock, clinopyroxene, and chromite compositions
largely overlap with those, which is characteristic for arc ankaramites (Figures 7, 9 and 10).
Hence, the bulk-rock chemistry clearly points out that the studied rock series is ankaramitic.
However, neither picrites or basalts can be classified as sensu stricto “ankaramites”—in
the former, olivine dominates over clinopyroxene in a phenocryst population, while the
CaO/Al2O3 ratio of the latter is generally below 1 (except for the 21AK61a sample—the
only sample which can be termed “ankaramite”). Therefore, the correct terms for these
rocks are “anakaramititc picrites” and “clinopyroxene basalts of the ankaramitic series”.

Rigorous classification of the gabbroic rocks is complicated by their significant re-
placement by secondary minerals: low-T feldspars and actinolite (Figure 5F,G). This makes
chemical classification for these rocks inapplicable, and complicates mineralogical classi-
fication. However, as picrites and a plagio-wehrlite contain both plagioclase and K-Na
feldspar as primary minerals (Figures 4D and 5E), we considered that feldspars in gabbroic
rocks used to be represented by both plagioclase and K-Na feldspars as well. This is
indirectly supported by the fact that the assemblage, replacing primary feldspar, contains
both alkaline (orthoclase and albite) and calcic (scapolite and epidote) secondary minerals.
Hence, the gabbroic rocks can be classified as “monzogabbro”.
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MgO, which is significantly lower than that in the calculated primary melt. On the one 
hand, MgO content in chromite-hosted melt inclusions should be less affected by post-
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Figure 14. Compositions the studied rocks and inclusions on the classification plots. (A) TAS
diagram [96] for the volcanic rocks and their plutonic counterparts [97]; (B) Nb/Y-Zr/TiO2 diagram
for volcanic rocks [92]. Data for melt inclusions are from this study and [54,57,61]. Data sources for
the fields of arc ankaramites are in Figure 10.

5.3. Magmatic Differentiation

A broad variety of rocks, as well as melt inclusion data available, allow for estimation
of the parental melt composition and reconstruction of the crystallization sequence. The dif-
ferentiation path is well illustrated in MgO *-Al2O3-CaO coordinates [15,19,77] (Figure 15),
while the suggested crystallization sequence is given in Figure 16.

The parental melt, which was estimated in previous studies using olivine-hosted melt
inclusions [61], contained 19 or 24 wt.% of MgO if calculated using models of Ford et al.
(1983) [98] and Sobolev and Slutsky (1984) [99], respectively. The most magnesian chromite-
hosted inclusions from Tumrok picrites (this study and [54]), contain 13–14 wt.% MgO,
which is significantly lower than that in the calculated primary melt. On the one hand,
MgO content in chromite-hosted melt inclusions should be less affected by post-entrapment
re-equilibration with the host than in olivine-hosted ones [100] and, therefore, be a better
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approximation for the MgO content in the entrapped melt. Moreover, MgO values obtained
using numerical algorithms for recalculation of olivine-hosted inclusions [98,99] might be
overestimated because the Mg# of olivine depends directly [101,102] on oxidation of the
melt and, therefore, an underestimation of the f(O2) chosen for the recalculation may have
strongly affected the resulting MgO value. On the other hand, compositions reported in this
study were obtained for the inclusions hosted by chromite, that was in equilibrium with
Fo89–90, while the most primitive olivine of the studied series is Fo93–94 [54,61]. Therefore,
we assume that the actual composition of the initial melt was between 14 and 19 wt.% of
MgO, which is consistent with the previous estimations for ankaramitic rocks [75,77] and
clinopyroxenites of the Uralian UA-complexes [51].

Differentiation of such a melt begins with Ol + Chr co-crystallization (Figure 16),
which forms dunite cumulates and phenocrysts in picrites. Most of the picrites are richer
in MgO than the estimated parental melt and contain an excess of olivine (Figure 15).
Apparently, picrites were formed from a magmatic mush, containing melt and settling of
olivine crystals.
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MgO* = MgO + 0.55FeO [15,19,77]. Primary melt for our series is estimated as average between
compositions of the chromite-hosted melt inclusions and the estimation of Kamenetsky et al. (1995).
Primary melt of the Ural UA-complexes and its differentiation trend are from [15,19]. Data for melt
inclusions are from this study and [54,61]. Data sources for the fields of the UA-complexes worldwide
are as in Figure 10. Data sources for the field of arc ankaramites are from [74,81,103].

The process of olivine crystallization decreases the MgO content and increases all
other components in the fractionating melt. At a certain point, clinopyroxene begins to
crystallize together with olivine (Figures 15 and 16). During this stage, wehrlites are
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formed as cumulative plutonic rocks due to co-accumulation of crystallizing olivine and
clinopyroxene or as growth of clinopyroxene in olivine orthocumulates. Clinopyroxene
in picrites has two generations (phenocrysts and groundmass grains). It is supposed that
homogeneous high-Mg# cores of clinopyroxene phenocrysts (Figure 8A) were formed
in a magma chamber, while thin low-Mg# rims formed during magma ascent or in situ
growth in surficial or sub-volcanic settings. Growth of the groundmass clinopyroxene
(Figure 8B) likely took place during both ascent and in situ crystallization of a picritic body,
thus explaining the broad compositional range of these grains. Clinopyroxene phenocrysts
in basalts can be divided into large phenocrysts with a high-Mg# homogeneous core
(Figure 8C), which crystallized in a slowly cooling magmatic chamber at depths, and
smaller ones (Figure 8D), in which oscillatory zoning may reflect their growth during
magma ascent under rapidly changing conditions.

Alumina-rich silicates: plagioclase, K-Na feldspar, hornblende and biotite are the
latest crystallizing silicates in this series (Figure 16). In volcanic rocks, these minerals
do not occur as phenocrysts (except in one sample of plagioclase-clinopyroxene basalt)
and are supposed to have crystallized during rapid cooling in surficial or sub-surficial
settings. Spatial relationships between feldspar and clinopyroxene in the monzogabbros
suggest that clinopyroxene crystallized prior to feldspar. However, the texture of the least
magnesian gabbroic rock, classified as gabbrodolerite (Figure 5H), reveals simultaneous
crystallization of plagioclase and clinopyroxene and may thus reflect the terminal (eutectic)
stage of crystallization. Similar eutectic-like intergrowths of hornblende and feldspar
(represented by both plagioclase and K-Na feldspar) were observed in interstices of the
plagio-wehrlite (Figure 5E) and point to crystallization under higher pressures of H2O [104]
than in gabbrodolerites. Noteworthily, the fact that decreases in Al2O3 in clinopyroxene
were observed only in the marginal rinds of phenocrysts and in poikilitic clinopyroxene
from dolerites (Figure 7B,E) suggests that feldspar crystallization took place at the last stage
of melt differentiation.

In terms of rock-forming silicates, our data imply that dunites and, to a certain extent,
picrites resulted from crystallization and accumulation of olivine only. Wehrlites and the
early stages of picrite groundmass crystallization correspond to the olivine-clinopyroxene
cotectic. The monzogabbros are products of more or less simultaneous in situ crystal-
lization of plagioclase and clinopyroxene, which apparently finalizes with Pl + KNaFs
+ Cpx(Hbl) eutectic. This sequence agrees with experimental studies in the Ab(Or)-An-
Fo-Di [7,104–107] and represents a good example of a complete differentiation sequence
from the olivine liquidus to alkali feldspar crystallization. In addition, the rock assem-
blage and relationships between the rock-forming minerals are identical to those of other
highly-differentiated ankaramitic occurrences [94,108,109], thus implying that the described
crystallization sequence can be considered as universal for such magmas.

Accessory minerals (apatite and magnetite) were not found as phenocrysts in volcanic
rocks, while their abundance in the plutonic rocks increases with the decreasing of the MgO
content, showing that both these minerals crystallized at a relatively late stage (Figure 16).
In the groundmass of picrites, magnetite may be euhedral with respect to hornblende, while
apatite is only found as needle-like microscopic crystals in the groundmass together with
feldspars and secondary minerals. Therefore, we assume that magnetite crystallization
slightly preceded crystallization of hornblende, while apatite is one of the latest minerals in
the sequence.

During the post-magmatic stage (Figure 16), serpentine formed pseudomorphs after
olivine. Albite, orthoclase, muscovite, epidote, and scapolite replaced feldspars. Actinolite
and chlorite replaced clinopyroxene and hornblende.
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5.4. Comparison to the Ural-Alaskan Complexes

The plutonic assemblage of the Andrianovsky pluton, which includes dunites, wehrlites,
gabbroic rocks, is typical of Ural-Alaskan type complexes [6,8,15]. Moreover, the volcanics
of the Tumrok range have been supposed to represent close proxies to the volcanic coun-
terparts of the plutonic rocks of the Galmoenan complex, which is a UA-complex with
economic PGE mineralization [1]. To investigate whether the studied volcano–plutonic
complex can be considered as the UA-type (regardless of its PGE potential) in more detail,
we compared its mineralogical and geochemical features with different UA-complexes
from localities worldwide. Localities for comparison include plutons of the Ural and
Alaskan belts [6,15,18,48], Galmoenan complex of the Koryak highlands [1,24,28], which is
the closest UA-complex to the studied occurrence, and Taftafan complex of the Arabian
shield [35], which is an example of a Proterozoic UA-complexes.

Our comparison shows that the geochemical and mineral features of the Andrianovsky
pluton are very similar to the other UA-complexes. There is almost complete overlap in
the SiO2-MgO and Na2O-MgO variations and significant similarity in Al2O3-MgO varia-
tions (Figure 10A,B,D). Although CaO contents of the studied complex are slightly lower
than that of other UA-complexes, gabbroic rocks overlap with the compositional fields of
those from Galmoenan, Alaskan, and Arabian UA-complexes (Figure 10C). In addition,
they all have similar MgO *-CaO-Al2O3 relationships with a characteristic decoupling of
olivine + clinopyroxene accumulation and melt differentiation (gabbro + basalts) trends
(Figure 15). However, a differentiation trend on this triangle is somewhat different from
that suggested by Fershtatter et al. (1999) [15] and Pushkarev (2000) [19] for the Ural
belt complexes. These studies implied that the melt composition was close to the olivine-
pyroxene cotectic, but decompression during its upwelling resulted in an equilibrium shift,
making it saturated with only olivine. In addition, the separation of olivine-rich and olivine-
clinopyroxene-rich assemblages likely took place due to dynamic differentiation, as sug-
gested by Murray (1972) [29]. Our data, as well as studies of Kamenetsky et al. (1995) [61]
and Batanova et al. (2005) [1], show that the melt composition lay closer to the olivine end-
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member and supports that crystallization of only olivine accompanied by minor Cr-spinel
was the first stage of the magma’s evolution (Figures 15 and 16).

Variations and trends of incompatible trace elements, as well as their PM-normalized
patterns, are close to those in the rocks of the Alaskan, Uralian and Arabian complexes
(Figures 11E and 12A–D). Abundance of Ni varies in the same range and has the same de-
pendence on MgO as for the Alaskan and Arabian UA-complexes (Figure 12E). Systematics
of Cr are also close to the Alaskan plutons (Figure 12F).

Compositional variations of olivine and Cr-spinel partially overlap with those from
Alaskan complexes and Galmoenan (Figure 9). Chemical features of clinopyroxene are
very similar to those from Alaskan and Galmoenan complexes, yet the composition of
clinopyroxene reported here spans a broader range towards low-Mg#, high-Al, and high-Ti
compositions (Figure 7). Notably, zoning and compositional variations of clinopyroxene
grains observed in the studied volcanics (Figure 8) are also typical of that of clinopyroxene
from the Bridget Cove basalts, which are proposed to be volcanic counterparts for of the
UA-complexes of the Alaskan belt [7].

Hence, the comparison shows that our rock assemblage shares all the characteristic
features of a Ural-Alaskan type. Consequently, the studied volcano–plutonic complex is a
unique example where both plutonic and volcanic suites of the UA-complex are exposed,
rendering it a promising case for the petrological study of these complexes.

6. Conclusions

The volcano–plutonic complex of the Tumrok range (Eastern Kamchatka) is repre-
sented by the Valaginsky series volcanics and Andrianovsky pluton, which exhibit a series
of co-magmatic volcanic (picrites, basalts) and intrusive (dunites, wehrlites, monzogabbros
and gabbrodolerites) rocks. The parental melt of this series, estimated from compositions of
chromite-hosted and olivine-hosted [61] melt inclusions, was ankaramitic (CaO/Al2O3 >1).
Therefore, picrites, which have CaO/Al2O3 > 1, should be classified as ankaramites. Evo-
lution of this series began with olivine + chromite crystallization, which was followed by
olivine + clinopyroxene crystallization, followed by the clinopyroxene + plagioclase + K-Na-
feldspar eutectic, hence representing the complete differentiation of an ankaramitic melt.
Chemical and mineralogical features of this complex allow for its classification as a Ural-
Alaskan type, making it a unique example of such a complex where both plutonic and
volcanic facies are present.
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