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Abstract: The origin and geodynamic settings of the Ust’-Sema Formation and the Barangol Complex
are some of the most controversial issues in the Early Paleozoic history of the Altai-Sayan Fold Belt.
The Ust’-Sema Formation volcanic rocks are enriched in high-Ca clinopyroxene phenocrysts and were
classified as ankaramites and diopside porphyry basalts. In this work, we first present LA-ICP-MS
analyses of the clinopyroxenes, along with studies of the petrography, mineral composition, and
whole-rock chemistry of the Ust’-Sema Formation and related Barangol Complex rocks. An LA-ICP-
MS clinopyroxene study showed a slight depletion of light rare-earth elements (La/Yb)y = 0.1-1.0
(on average 0.4); and strong depletion of the high-field-strength elements (Zr, Hf, and Nb) and
large-ion lithophile (Rb) elements. An Sr anomaly showed a positive correlation with Mg#. Major-
and trace-element composition of the clinopyroxene cores show that these clinopyroxene grains were
not captured from the mantle rocks as previously assumed and that the Ust’-Sema Formation and the
Barangol Complex rocks were formed from magma with island arc characteristics. The increased
titanium and light rare-earth element contents in the phenocryst rims from Biyka volcano suggest an
active interaction of the ankaramitic magma with rocks or melts of OIB type.

Keywords: ankaramites; diopside-rich rocks; LA-ICP-MS; clinopyroxene phenocrysts; Ural-Alaskan-
type intrusions

1. Introduction

The genesis of Early Paleozoic volcanic and intrusive complexes in Gorny Altai (in
the western part of the Altai-Sayan Fold Belt) is a controversial issue. Previous researchers
attributed them to either the magmatism of back-arc basins and island arcs or continental
margin rifting, or a mid-ocean ridge subduction and suprasubduction setting combina-
tion [1-10]. These magmatic associations include Middle Cambrian volcanic rocks of the
Ust’-Sema Formation and intrusions of the Barangol Complex.

The Ust’-Sema Formation volcanics are enriched in clinopyroxene phenocrysts and
are classified into two groups: ankaramites and diopside porphyry basalts (Di-basalts) [10].
These rocks are spatially associated with ultramafic-mafic intrusions of the Barangol
Complex considered to be comagmatic to volcanic rocks of the Ust’-Sema Formation [4—6].

Previous investigations of the Ust’-Sema Formation were focused on the rocks” major-
and trace-element compositions, aimed at reconstructing the geodynamic settings [4,7,8].
However, the origin of magmatic protoliths of the Barangol Complex intrusions is still
poorly understood.
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Clinopyroxene is one of the main rock-forming minerals for the rocks of the Ust’-Sema
Formation and the Barangol Complex. It is better preserved in contrast to plagioclase,
which, in most cases, is completely altered. Since the composition of clinopyroxene mainly
depends on the primary magma characteristics and the crystallization environment, there-
fore, it is strongly affected by geodynamic settings [11-18]. Major- and trace-element
compositions of clinopyroxene in igneous rocks have widely been used to determine these
geodynamic settings and the nature of the parental magma [17].

In this paper, we present a study on the petrography, mineral composition, and
chemistry of the rocks, along with data from the major- and trace-element composition
of clinopyroxene. Our purpose was to use the major- and trace-element compositions of
clinopyroxene to determine the specific features and nature of the Ust’-Sema Formation and
the Barangol Complex. This will also allow for an evaluation of the relationship between
the Ust’-Sema Formation volcanics and the Barangol Complex intrusions.

2. Geological Setting

Gorny Altai is located in the west of the Altai-Sayan folded area, which is in the
northern part of the Central Asian folded belt [19]. This area extends to the territories of
Russia, Kazakhstan, northern China, and Mongolia. Gorny Altai includes the Kurai and
Katun’ accretionary complexes (wedges). The Katun’ accretionary complex was formed as
a result of Late Neoproterozoic—-Cambrian subduction of the Paleo-Asian oceanic crust and
accretion of oceanic islands to the Kuznetsk—Altai island arc [3,5].

The study area of the Katun” accretionary complex (northern Gorny Altai) consists of
tectonic blocks and volcanogenic—sedimentary units that are interpreted as various litho-
logical facies of the Early Cambrian Katun’ seamount and underlying Late Neoproterozoic—
Early Cambrian rocks of oceanic floor and ophiolite association [5,8].

The Ust’-Sema Formation overlies the Katun’ accretionary complex. This formation
is widespread along the banks of the Katun’ River and in the basins of its left and right
tributaries—the Sema and Biyka rivers (Figure 1). The Ust’-Sema Formation volcanics are
localized primarily in two central-type volcanic edifices: Ust’-Sema in the northwest and
Biyka in the southeast of the Katun’ zone (Figure 1). The Anos-Emurla’s linear structure
extends over 90 km between the two central-type volcanic edifices. In addition, Ust’-Sema
volcanic rocks are found in areas near Kamlak village (12 km west of Ust’-Sema village
along the Sema River) and Kuyus village (20 km south of the Biyka volcano) (Figure 1).
The Ust’-Sema Formation includes flows of pyroxene porphyry and pyroxene—plagioclase
porphyry basalts, agglomerates, pyroclastic breccias, and tuffs.

The Ust’-Sema Formation rocks rest upon the Neoproterozoic-lower Cambrian sed-
iments of the Cheposh and Manzherok Formations (Figure 1) and are overlain, with an
angular unconformity, by the Elanda Formation, containing trilobites typical of the upper
part of the middle Cambrian [6,20]. The Ust’-Sema Formation are associated with the dikes
and subvolcanic bodies of the Barangol Complex [4]. The volume and composition of the
Barangol intrusions is debatable and interpreted differently by researchers. Previously, all
the Early Paleozoic ultramafic-mafic bodies, which intrude the Neoproterozoic-Cambrian
Katun” Complex assemblages, were “combined” into the Barangol Complex [6]. Later,
three types of intrusions were identified from the Barangol Complex: the Apshiyakhta
intrusion of dunite-wehrlite—clinopyroxenite; the Elanda intrusion of syenite-monzodiorite—
monzogabbro; and the Barangol intrusion of diorite-pyroxenite-gabbro [21]. The age of
the Barangol Complex was determined as Middle Cambrian (510.4 & 2.4 Ma) by the U-Pb
method using zircon from leucogabbro [22].

The Barangol intrusion is located in the area of the Barangol River and is spatially
confined to the Ust’-Sema volcanic edifice (Figure 1d). It consists of pyroxenites, gabbro
with quenching zones of gabbro—dolerite composition, diorites, and quartz diorites. Elanda
and Apshiyakhta intrusions are located near the Biyka volcanic edifice (Figure 1c). The
Elanda intrusion (area 0.1 km?) is composed mainly of medium-grained gabbro, monzo-
gabbro, monzodiorite, and minor gabbro—dolerite. The Apshiyakhta intrusion is located on
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the left side of the Apshiyakhta River near its confluence to the Katun’ River and consists
of wehrlite, clinopyroxenite, and gabbro. A number of gabbroic bodies intruding the
volcanic rocks of the Biyka volcanic edifice in the Choburak River area have been observed
(Figure 1c). They are mainly composed of gabbro and melagabbro. In this research, the
gabbroic bodies of the Choburak area were also considered as Barangol Complex intrusions.

In this paper, the authors studied Ust’-Sema Formation volcanic rocks from the
Ust’-Sema, Anos-Emurla, and Biyka volcanic edifices as well as from the Kamlak unit.
One sample from the Kuyus was studied and added to the Biyka set. Barangol Complex
rocks were also studied from the Apshiyakhta, Elanda, and Barangol intrusions as well as
from the Choburak area.

Gorny Altai

E’ Devonian sediments
- Devonian granitoids
-Ordovician sediments
Gorny Altai Group
-Elanda Formation
Ust'-Sema Formation
-Barangol Complex

Barangol Complex
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Figure 1. (a) Location map of Gorny Altai, Russia; (b) simplified geological map of northern
Gorny Altai [20]; (c) geological map of the Biyka volcanic edifice of the Ust’-Sema Formation [6];
(d) geological map of the Ust’-Sema volcanic edifice of the Ust’-Sema Formation [6].

3. Analytical Methods

For this study, seven samples of volcanic rocks from the Ust’-Sema Formation were
taken from the Biyka, Ust’-Sema, and Anos-Emurla volcanic edifices and the Kamlak unit.
Six samples were taken from the intrusions of Elanda, Barangol, and Choburak of the
Barangol Complex.

Thin and polished sections were prepared from the samples for petrographic study.
Sampled clinopyroxene crystals were mounted in epoxy-resin blocks. The blocks and the
polished sections were examined using an Oxford X-Max 80 energy-dispersive spectrometer
(EDS) with a TESCAN MIRA 3 scanning electron microscope (SEM) at the Analytical Center
for Multi-Elemental and Isotope Research SB RAS at the Sobolev Institute of Geology and
Mineralogy (IGM SB RAS), Novosibirsk.

Operation conditions: spectrum acquisition time, 20-30 s; voltage, 20 kV; current,
10 nA. The error in measurement was 0.4-3.0% for major components and 4-7% for trace
elements. The detection limit of the components was 0.01-0.02 wt.% (30 criterion) [23]. The
spectral data were processed using the INCA Energy 5.05 software (Oxford Instruments,
Oxfordshire, UK).

Trace-element analyses of clinopyroxene were carried out using the laser ablation with
an inductively coupled plasma mass spectrometry (LA ICP-MS) technique. For the analysis,
26 grains were selected: 17 grains from the Ust’-Sema Formation and 9 grains from the
intrusions of the Barangol Complex. Examinations were conducted with a NexION 300S
(PerkinElmer, Waltham, MA, USA) ICP-MS, equipped with an NWR213 (ESI) laser-ablation
system in “Geoanalitik” shared research facilities at the IGG UB RAS (Zavaritsky Institute
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of Geology and Geochemistry, Yekaterinburg). The laser spot diameter was 50 um, and the
operating time 50 s. A study of the clinopyroxene crystals’ zoning was also carried out
using LA-ICP-MS profiles in two ways: either along the entire crystal or starting from the
core to the outer zone. The data processing was performed using the Glitter 4.4 software
(GEMOC, Sydney, Australia). The SiO, concentrations obtained via EDS were used as the
internal standard, NIST SRM 612, and reference glass was used as the external standard
measured after every 10 points. The rare-earth element detection limit was 0.01 ppm.

The bulk composition of the rocks was analyzed by X-ray fluorescence analysis (XRF)
on a Thermo Scientific ARL-9900 XP spectrometer at the Analytical Center for Multi-
Elemental and Isotope Research (IGM SB RAS), Novosibirsk. The sample powder was
fused at a ratio of 1:9 with a mixture of lithium tetraborate and lithium metaborate to
prepare glass beads. The detection limit for major elements was 30 ppm.

4. Results
4.1. Petrography
4.1.1. The Ust’-Sema Formation Volcanic Rocks

The volcanic rocks of the Ust’-Sema Formation (Figure 2) were characterized by a
massive structure and a porphyritic texture. These rocks were mostly gray to dark gray
with a green tint, and sometimes with a red tint that is typical of Kamlak unit rocks.

The mineral composition, petrography, and chemistry of the volcanic rocks from
the Biyka volcanic edifice were studied in detail in previous work [10]. The rocks were
subdivided into two main groups: ankaramites and diopside porphyry basalts. Criteria
for the identification of ankaramites included an abundance of clinopyroxene phenocrysts
and a high CaO/Al,O3 > 1 ratio [10,24]. In the present study, according to these criteria,
ankaramites were also identified among the volcanic rocks of the Ust’-Sema Formation in
other areas (Table 1).

The ankaramites of the Ust’-Sema Formation were characterized by abundant phe-
nocrysts of clinopyroxene (25-50 vol.%) enclosed in the clinopyroxene—plagioclase mi-
crolitic groundmass (Figure 2a,c,e). In contrast, phenocrysts of plagioclase were usually
dominant in the diopside porphyry basalts (Figure 2b,d). Sometimes there were amphibole,
and what are believed to be completely altered olivine phenocrysts (very rare), and grains
of Cr-spinel. Cr-spinel occurs as small inclusions within clinopyroxene phenocrysts in both
ankaramites and diopside porphyry basalts. The groundmass consists of clinopyroxene,
plagioclase, K-feldspar, apatite, quartz, muscovite, and titanite. Calcite is a common sec-
ondary mineral, especially in the Kamlak unit, and also exists in several samples from the
Biyka and Ust’-Sema volcanic edifices. This can significantly affect the bulk-rock compo-
sition and leads to an increase in the loss-on-ignition (LOI) value and CaO concentration
(Figure 2f; Table 1).

4.1.2. The Intrusions of the Barangol Complex

The gabbro of the Barangol intrusion was strongly altered. The sample had a medium
and fine-grained texture and was characterized by a typical gabbro (allotriomorphic) texture,
consisting of hypidiomorphic clinopyroxene and altered plagioclase crystals (Figure 3b).

The rocks from the Elanda intrusion were represented by three types: monzodiorite,
gabbro, and melagabbro (Figure 3a—c). The monzodiorite had a hypidiomorphic tex-
ture with a highly idiomorphic altered plagioclase and clinopyroxene crystals relative to
K-feldspar (Figure 3a). The gabbro was characterized by a typical gabbro (allotriomorphic)
texture, consisting of clinopyroxene and altered plagioclase crystals (Figure 3b). Melagab-
bro was characterized by hypidiomorphic texture and consisted of euhedral clinopyroxene
crystals, xenomorphic grains of altered plagioclase, and rarely amphibole (Figure 3c).
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Figure 2. Microphotographs of thin sections of the Ust’-Sema Formation volcanic rocks, Gorny Altai,
(cross-polarized light): (a,b) Biyka volcanic edifice; (c,d) Ust’-Sema volcanic edifice; (e) Anos-Emurla
volcanic edifice; (f) Kamlak unit. Cal—calcite; Cpx—clinopyroxene; Pl—plagioclase.

The rocks of the Apshiyakhta intrusion, in most cases, were also strongly altered. In the
preserved samples, they were represented by phlogopite-olivine clinopyroxenite (Phl-Ol
clinopyroxenite). The rocks had a hypidiomorphic texture with highly idiomorphic olivine
crystals (Figure 3f). Sometimes a poikilitic texture was observed where clinopyroxene
oikocrysts included small olivine grains.

The Choburak intrusions were represented by gabbro with a porphyritic texture
generally consisting of large subhedral crystals of clinopyroxene and small grains of altered
plagioclase (Figure 3e).
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Table 1. Major element composition of the rocks from the Ust’-Sema Formation and the Barangol Complex, Gorny Altai.
Location Rock Type Sample SiO, TiO, AlLO3; FeO3* MnO MgO CaO Na,O KO P05 Cr,O3 LOI Total CaO/Al,O3
Ust’-Sema Formation
Ank it BIY-05-17 **1) 48.61 1.10 10.45 10.43 0.16 10.97 12.09 2.30 0.49 0.12 0.09 240 99.33 12
nkaramite BIY-04-17 ** 4478 105 1341 10.95 020 827 1448 077 107 037 003 337 99.88 1.1
Biyka BIY-02-18 47.98 1.11 13.74 11.25 0.18 7.84 11.56 2.28 0.31 0.16 0.04 3.22 99.87 0.8
Di-basal BIY-01-02-17 ** 46.37 1.00 15.80 9.74 0.16 7.03 11.86 1.78 1.63 0.12 0.05 3.68 99.53 0.8
1-basalt BIY-01-03-17** 4402 084 1241 9.46 022 725 1569 226 060 010 0.04 635 9955 13
BIY-01-04-17 ** 43.66 0.82 13.26 8.90 0.22 542 16.84 2.20 0.13 0.17 0.03 7.47  99.39 1.3
Ankaramite KAT-06-18 47.87 0.44 10.02 10.25 0.17 13.01 12.66 0.61 0.10 0.12 0.13 470 100.23 1.3
Ust’-Sema KAT-5-18 47.94 0.47 9.91 9.83 0.16 10.80 13.37 1.01 0.14 0.12 0.14 5.85 99.95 1.3
Di-basalt BAR-07-18 4591 0.88 16.02 11.45 0.18 7.74 11.82 2.16 0.68 0.19 0.03 221  99.45 0.7
BIY-07-17 49.07 0.69 16.67 9.87 0.17 6.35 9.79 2.79 1.09 0.20 0.02 264 9947 0.6
E?ri?rsl-a Ankaramite ANO-01-18 49.19 0.34 7.43 11.53 0.20 14.34 12.23 0.87 0.58 0.20 0.15 271  99.89 1.6
Kamlak Di-basalt KAM-01-18 40.06 0.60 9.21 12.92 0.14 8.61 16.44 0.08 2.19 0.04 0.11 9.34 99.96 1.8
Barangol Complex

Monzodiorite ELN-01-17 49.60 0.51 21.13 8.40 0.15 268 7.23 3.45 3.41 024 <0.01 261 9957 0.3
Elanda Gabbro ELN-02-17 45.47 0.49 14.45 7.24 0.11 853 17.84 0.89 1.35 0.05 <0.01 282 99.34 1.2
Melagabbro ELN-03-17 47.52 0.44 9.46 9.10 0.16 1242 16.44 1.32 0.84 0.09 0.06 2.10 100.04 1.7
Apshiyakhta Phl-Ol clinopyroxenite APSH-05-17 47.98 0.57 10.22 9.61 0.18 16.09 9.06 1.57 0.96 0.12 0.20 239  99.09 0.9
Barangol Gabbro BAR-02-15 44.75 0.68 13.90 12.04 0.21 10.60 11.86 1.14 1.07 0.22 0.07 2.64 99.33 0.9
Choburak Gabbro KAT-02-18 46.51 0.58 10.45 10.72 0.17 12.70 13.24 1.06 1.17 0.14 0.13 3.20 100.20 1.3

* Total iron as Fe,O3; ** samples were considered in a previous work [10]. ) Sample from the Kuyus site.
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Figure 3. Microphotographs of thin sections of the rocks from different intrusions of the Barangol
Complex, Gorny Altai (cross-polarized light): (a—c) Elanda intrusion; (d) Barangol intrusion;
(e) Choburak intrusions; (f) Apshiyakhta intrusion. Amp—amphibole; Cpx—clinopyroxene; Kfs—K-
feldspar; Ol—olivine; Phl—phlogopite; Pl—plagioclase.

4.2. Whole Rock Chemistry

On the TAS diagram, the volcanic rocks of the Ust’-Sema Formation were mostly in
the field of basalts and rarely in the field of picrobasalts (Figure 4a). Depending on the
CaO/ Al,Os ratio (Figure 4b), these rocks could be divided into two groups: ankaramites with
aCaO/AlyOj3 ratio > 1 and diopside porphyry basalts with a CaO/ Al,O3 ratio < 1 (Figure 4b).

Despite this, some samples from diopside porphyry basalts had a ratio of CaO/Al,O3 > 1,
meaning that these rocks cannot be classified as ankaramites (Figure 4b) because they have a
high loss on ignition (LOI = 5.85-9.34 wt.%), which is associated with the presence of newly
formed calcite in the groundmass (Figures 2f and 4b).
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Figure 4. (a) TAS diagram [25] and (b) variations in MgO vs. CaO/ Al,Oj for the volcanic rocks of

the Ust’-Sema Formation, Gorny Altai. The values indicate the loss on ignition (LOI).

The ankaramites were characterized by high contents of MgO (8.27-14.34 wt.%),
CaO (12.09-14.48 wt.%), and high CaO/Al,Oj ratio (1.1-1.6), while Al,O3 ranged between
7.43 and 13.41 wt.% (Figure 5; Table 1). The diopside porphyry basalts had lower contents
of CaO (9.79-11.86 wt.%), MgO (6.35-7.84 wt.%), low CaO/Al,O3 ratio (0.6-0.8), and
higher contents of Al,O3 (13.74-16.67 wt.%) (Figures 4 and 5; Table 1). Meanwhile, some
samples of the diopside porphyry basalts with a high LOI (>5 wt.%) had high contents of
CaO (13.37-16.84 wt.%) and Cr,O3 (on average 0.08 wt.%) (Figure 5).
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Figure 5. Variations in the MgO content (wt.%) with respect to the contents of other major components

for the Ust’-Sema Formation and the Barangol Complex rocks, Gorny Altai. (a) MgO vs. CaO;
(b) MgO vs. Al,Os3; (c) MgO vs. NayO; (d) MgO vs. K»O; (e) MgO vs. TiO,; (f) MgO vs. CrpOs.
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The rocks of the Biyka volcanic edifice had a higher content of TiO, (0.82-1.11 wt.%)
compared with 0.34-0.88 for the rocks from other areas (Figure 5e). Ankaramite from
the Anos-Emurla had a lower content of Al,O3 (7.43 wt.%) and a higher content of
MgO (14.34 wt.%) compared with Al,Os (9.21-16.67 wt.%) and MgO (5.42-13.01 wt.%)
from other areas (Figure 5).

The Ust’-Sema volcanic rocks showed negative correlations of MgO content with Al,O3,
TiO,, NayO, and K,O contents and positive correlations with Cr,Os content (Figure 5).
Variations in MgO with CaO content did not show correlation (Figure 5a).

Olivine clinopyroxenite from the Apshiyakhta intrusion had the highest MgO and
CrpO3 contents (16.09 wt.% and 0.20 wt.%, respectively) among the rocks of the Barangol
Complex and Ust’-Sema Formation samples (Figure 5; Table 1). It was characterized by
high contents of Al,O3 (10.22 wt.%), NapO (1.57 wt.%), and Fe;O3 (9.61 wt.%) and moderate
TiO, (0.57 wt.%), CaO (9.06 wt.%), and K, O (0.96 wt.%) (Figure 5; Table 1).

For the rocks of the Elanda intrusion, MgO content (wt.%) decreased from 12.42 in
melagabbro to 8.53 in gabbro and 2.68 in monzodiorite (Figure 5; Table 1). With decreas-
ing MgO content, the contents of Al,O3 (9.46-21.13 wt.%), K,O (0.84-3.41 wt.%), and
NayO (1.32-3.45 wt.%) increased (Figure 5; Table 1). These rocks were generally character-
ized by moderate contents of TiO; (0.44-0.51 wt.%), Fe;O3 (7.24-9.10 wt.%), and Cr,O3
(up to 0.06 wt.%) (Figure 5; Table 1). The melagabbro and gabbro from the Elanda in-
trusion had the highest contents of CaO (16.44 and 17.84 wt.%, respectively) among the
Barangol Complex.

The gabbro of the Barangol intrusion was characterized by high contents of MgO
(10.6 wt.%), Al,O3 (13.9 wt.%), Fe; O3 (12.04 wt.%), and TiO; (0.68 wt.%); moderate contents
of NayO (1.14 wt.%), K;O (1.07 wt.%), and Cr,O3 (0.07 wt.%) (Figure 5; Table 1).

The composition of the Choburak gabbro was similar to the Elanda intrusion melagab-
bro, especially in the MgO, NayO, K;O, and Al,O3 contents. However, it contained rela-
tively higher contents of Fe;O3, TiO,, and Cr,O3 (Figure 5; Table 1).

4.3. Mineral Chemistry
4.3.1. Clinopyroxene

Major- and trace-element analysis of clinopyroxenes from the rocks of the Ust’-Sema
Formation and the Barangol Complex are shown in Table 2, and the whole data set is
available in the Table S1.

Clinopyroxene is the main rock-forming mineral for the volcanic rocks of the Ust’-
Sema Formation. It occurs as large phenocrysts (2-20 mm, usually 3-9 mm in diameter),
microphenocrysts (0.5-1 mm), and microlites in the groundmass (Figures 2 and 6a,b,d,e).
Most phenocrysts clearly show zoning in both transmitted light and the BSE images
(Figures 2 and 6a,b,d,e). The zoning was mainly normal, less often reverse, and oscillatory
(Figures 2 and 6a,b,d,e).

The clinopyroxene phenocrysts cores were mainly composed of diopside Eny3_50Wous5_43
Fs4 11 (Figure 7a; Table 2; Supplementary Materials data). They were characterized by high
Mg# 92.6-80.0, a wide range of Cr,O3 content (0.13-1.11 wt.%; average 0.57 wt.%), a high CaO
content (22.12-24.32 wt.%), and low contents of TiO, (up to 0.5 wt.%), Al,O3 (0.62—4.25 wt.%),
and NayO (up to 0.36 wt.%) (Figure 7; Table 2; Supplementary Materials).

In contrast, the rims of phenocrysts had a low Mg# 84.4-67.1 with a relatively low Cr,O3
content (0.67 wt.%; average 0.30 wt.%) and high contents of Al;O3 (up to 8.75 wt.%), TiO,
(up to 1.78 wt.%), and Na,O (up to 0.55 wt.%) (Figure 7; Table 2; Supplementary Materials).
They were composed of diopside and augite Enys 50Wo45-4gFs4 11 (Figure 7a; Table 2;
Supplementary Materials).

Clinopyroxene phenocrysts from the Biyka volcanic edifice had the highest contents
of TiO, (up to 1.78 wt.%), Al,O3 (up to 8.75 wt.%), and Na,O (up to 0.55 wt.%) compared
with other areas that were characterized by low contents of TiO, (up to 0.77 wt.%), Al,O3
(up to 4.25 wt.%), and NayO (up to 0.43 wt.%) (Figure 7; Table 2; Supplementary Materials).
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Table 2. Major (by SEM-EDS) and trace (by LA-ICP-MS) element compositions of the clinopyroxene

from the Ust’-Sema Formation and the Barangol Complex rocks, Gorny Altai.

Location Biyka Ust’-Sema Anos-Emurla
Sample BIY-01-02-17 BIY-04-17 KAT-05-18 KAT-06-18 ANO-01-18
Note C R C R C R C R C R
SiO, (wt.%) 50.75 48.58 53.78 4593 53.48 52.46 54.10 50.96 51.99 51.45
TiO, 0.43 1.02 <dl 1.63 <dl <dl <dl 0.42 <dl 0.23
AlL,O3 3.16 4.67 0.94 7.46 1.28 2.95 0.89 3.87 1.66 2.87
Cry03 0.64 <dl 0.72 <dl 0.64 0.28 0.66 0.15 1.08 0.67
FeO 4.73 9.12 3.32 9.35 3.99 6.36 3.13 7.77 443 6.34
MnO <dl 0.26 <dl 0.25 <dl 0.15 <dl 0.23 <dl 0.26
MgO 16.02 13.65 17.76 1149 17.36 16.02 18.16 15.14 16.17 16.30
CaO 23.02 21.25 23.02 23.06 23.04 22.28 22.96 21.83 23.45 21.16
Na,O <dl 0.30 0.12 <dl 0.13 0.22 0.18 0.24 <dl 0.32
Total 98.75 98.85 99.66 99.18 99.94 100.70 100.07 100.61 98.78 99.61
Mg# 85.7 72.8 90.6 68.7 88.6 81.8 91.2 77.7 86.7 82.0
Fs 7.6 15.0 5.1 15.7 6.2 10.0 4.8 12.4 7.0 10.2
Wo 47.0 449 45.8 49.8 45.8 45.0 453 44.6 47.5 434
En 45.5 40.1 49.1 34.5 48.0 45.0 49.8 43.0 45.5 46.5
V (ppm) 325.28 666.35 73.98 785.92 111.57 283.34 67.87 401.37 132.02 190.72
Ni 102.56 35.92 161.53 78.23 141.09 107.28 181.67 110.55 127.31 117.22
Rb 0.0580 0.0800 <dl 0.3440 <dl 0.0090 0.2540 0.0098 1.1200 <dl
Sr 19.01 24.96 29.25 162.22 33.81 345 43.96 100.77 49.96 57.66
Y 5.86 16.86 2.59 21.83 226 7.21 217 11.27 3.95 7.59
Zr 5.16 15.67 0.80 57.27  0.90 4.57 <dl 7.20 1.75 4.28
Nb 0.042 0.024 <0,00 1.030 0.035 <dl 0.022 <dl <dl <dl
Cs 0.0159 0.0430 0.0260 0.1720 0.0068 0.0160 0.1750 0.1150 0.0570 0.0170
Ba 1.70 1.28 <dl 5322  0.12 <dl 0.82 0.63 13.44 0.28
La 0.211 0.740 0.155 6.660 0.080 0.366 0.086 0.348 0.071 0.500
Ce 1.110 3.450 0.474 22.620 0.496 1.330 0.450 2.000 0.640 2.090
Pr 0.320 0.880 0.092 4110 0.119 0.365 0.087 0.433 0.241 0.441
Nd 1.78 6.30 0.81 21.08 0.73 222 0.62 3.28 2.22 2.37
Sm 1.09 2.33 0.50 5.49 0.57 0.84 <dl 1.07 0.54 1.19
Eu 0.353 0.940 0.169 1.830 0.102 0.392 0.065 0.484 0.205 0.600
Gd 1.05 4.10 0.66 5.23 0.40 1.19 0.22 2.67 1.00 1.84
Tb 0.231 0.700 0.045 0.830 0.065 0.179 0.048 0.273 0.089 0.117
Dy 1.49 3.48 0.45 497 0.39 1.40 0.21 2.11 0.57 1.48
Ho 0.310 0.840 0.189 0.780 0.096 0.340 0.114 0.562 0.124 0.560
Er 0.87 1.99 0.11 2.05 0.21 0.48 0.49 0.95 0.42 1.19
Tm 0.090 0.293 0.051 0.310 0.015 0.064 <dl 0.085 0.070 0.203
Yb 0.590 1.430 0.077 2.620 0.270 0.600 0.680 0.680 0.300 0.620
Lu 0.048 0.289 0.013 0.309 0.048 0.047 <dl 0.134 0.025 0.063
Hf 0.312 1.050 0.063 2210 0.041 0.370 <dl 0.245 0.129 0.055
Ta 0.0074 <dl <dl 0.1590 <dl <dl <dl <dl <dl <dl
Th <dl <dl <dl 0.155 0.0089 0.022 <dl <dl <dl <dl
U <dl 0.0071 <dl 0.043 <dl <dl 0.021 <dl <dl <dl
(La/Yb)N 0.2 0.3 1.4 1.7 0.2 04 0.1 0.3 0.2 0.5
Eu/Eu* 1.0 0.9 0.9 1.0 0.7 1.2 <dl 0.9 0.9 1.2
Sample KAM-01-18 ELN-01-17 ELN-02-17 ELN-03-17 APSH-05-17 BAR-02-15 KAT-02-18
Note C R C C C C C C R
SiO, (Wt.%) 48.35 50.00 51.00 48.44 52.41 53.48 51.15 50.87 50.04
TiO, 0.60 0.33 0.23 0.73 0.23 0.15 0.65 0.27 0.95
Al O3 5.46 3.40 1.95 4.99 3.02 2.23 3.02 2.74 3.02
Cry0O3 <dl <dl <dl <dl 0.19 0.94 0.29 0.32 <dl
FeO 8.47 7.71 14.70 8.75 5.67 3.65 8.88 5.96 11.48
MnO 0.18 <dl 0.50 <dl <dl <dl 0.28 <dl 0.34
MgO 13.32 14.21 10.51 12.82 15.55 17.35 14.10 15.12 12.30
CaO 23.53 23.63 21.20 21.95 24.25 22.96 21.39 23.56 21.98
Na,O 0.30 0.19 0.46 0.49 <dl 0.18 0.47 <dl 0.38
Total 100.20 99.47 100.56 98.16 101.34 100.93 100.39 98.84 100.49
Mg# 73.7 76.7 56.0 72.3 83.0 89.5 739 81.9 65.7
Fs 13.6 12.2 24.3 14.6 8.8 5.7 14.5 9.5 18.63
Wo 48.4 47.8 44.8 47.1 48.2 46.0 44.6 47.8 45.75
En 38.0 40.0 30.9 38.2 43.0 48.3 40.9 427 35.62
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Table 2. Cont.
Location Biyka Ust’-Sema Anos-Emurla
V (ppm) 239.65 228.76 233.42 368.37 253.70 177.37 223.13 181.72 408.83
Ni 129.83 118.50 15.61 82.73 102.83 240.08 119.70 118.86 88.39
Rb 2.32 0.22 <dl 3.1 <dl <dl <dl <dl 0.24
Sr 146.42 148.13 44.64 55.35 46.42 46.89 46.98 43.06 53.86
Y 21.66 11.90 48.29 14.69 5.94 3.60 18.71 6.87 17.22
Zr 24.69 20.63 48.42 36.36 5.56 1.98 18.13 4.32 15.35
Nb <dl 0.33 0.28 0.30 <dl 0.038 <dl <dl 0.08
Cs 1.34 <dl 247 0.089 <dl 0.018 <dl <dl 0.02
Ba 3.94 1.54 211 7.05 0.09 2.49 1.62 0.70 5.37
La 143 1.09 3.93 1.41 0.24 0.24 1.39 0.20 0.90
Ce 3.84 3.25 13.36 4.39 1.22 0.75 4.40 0.80 2.40
Pr 0.780 0.810 2.300 0.750 0.336 0.219 1.470 0.199 0.680
Nd 5.45 4.32 14.68 4.77 1.57 1.28 6.16 1.56 5.01
Sm 3.57 1.65 5.63 1.57 0.68 0.41 1.45 0.79 2.39
Eu 0.750 0.600 1.140 0.860 0.233 0.103 0.980 0.217 0.600
Gd 1.73 241 8.51 2.58 1.68 0.49 2.77 1.37 2.60
Tb 0.191 0.320 1.370 0.436 0.120 0.108 0.510 0.186 0.492
Dy 3.99 1.97 12.05 2.54 1.07 0.68 2.96 1.43 3.66
Ho 0.730 0.740 1.960 0.670 0.333 0.167 0.860 0.281 0.668
Er 1.11 1.65 7.04 1.77 1.40 0.61 2.15 1.06 1.52
Tm 0.350 0.153 1.010 0.270 0.061 0.022 0.239 0.155 0.203
Yb 1.53 0.94 4.95 0.95 0.75 0.40 2.00 0.61 1.94
Lu 0.350 0.124 1.050 0.305 0.062 0.068 0.292 0.167 0.264
Hf 1.440 0.730 1.680 2.080 0.420 0.233 0.420 0.440 0.730
Ta <dl <dl 0.086 0.078 <dl <dl 0.031 <dl 0.019
Th 0.0480 <dl <dl 0.1190 <dl <dl 0.0250 0.0086 0.0160
U 0.081 <dl 0.092 0.120 <dl <dl <dl <dl <dl
(La/Yb)n 0.6 0.8 0.5 1.0 0.2 0.4 0.5 0.2 0.31
Eu/Eu* 0.9 0.9 0.5 1.3 0.7 0.7 15 0.6 0.74

(<dl)—below detection limit; (La/Yb)ny—chondrite-normalized [26]. Eu* = /(Smn X Gdn); Mg# = 100 Mg/ (Mg + Fe).

In the case of reverse zoning, for example, in the diopside porphyry basalts of the Kam-
lak unit, the cores of the clinopyroxene phenocrysts had a low Mg# 75.4-72.2 with high con-
tents of Al,O3 (3.85-5.46 wt.%), TiO, (0.60-0.75 wt.%), and NayO (0.20-0.30 wt.%) (Figure 7;
Table 2). However, the rims of phenocrysts had a relatively high Mg# 76.7-76.2 with low
contents of Al,O3 (3.16-3.40 wt.%), TiO, (0.33-0.48 wt.%), and NayO (up to 0.19 wt.%)
(Figure 7; Table 2; Supplementary Materials).

Sometimes, oscillatory zoning was observed for small crystals and rims of the large
ones with Mg# = 77.7-85.6 in the cores and 72.3-87.5 on the periphery (Figure 6b,eh).
In the groundmass, clinopyroxene formed microphenocrysts or microlites with a low
Mg# 81.8-50.3 (Figure 7; Supplementary Materials). They were composed of augite and
diopside (Enpy_49Wo29_50Fs10-26) (Figure 7a). Compositions of clinopyroxene from the
groundmass were generally close to the rims of the phenocrysts and showed a wide range
of Al,O3 content (0.70-7.48 wt.%), high contents of TiO, (up to 1.55 wt.%) and Na,O (up to
0.53 wt.%), and a lower content of Cr,O3, not exceeding 0.32 wt.% (Figure 7).

Variations in the Al,O3 content with Mg# in the clinopyroxenes generally showed
a main trend of a pronounced increase in Al;O3 content from the cores to the rims of
the phenocrysts, followed by a decrease in the groundmass microlites (Figure 7c,d). This
variation may indicate the existence of an enrichment melt with Al and the subsequent
addition of plagioclase to the olivine—clinopyroxene cotectic. However, some samples did
not show significant accumulation of alumina (Figure 7c,d).

In the Barangol Complex intrusions, clinopyroxene formed either euhedral crystals
(2-8 mm) or anhedral grains (Figures 3 and 6c¢,f). Clinopyroxene generally did not have
zoning, except in grains from the Choburak gabbro (Figures 3 and 6c,f). Clinopyroxene
from these rocks also corresponded mainly to diopside (Ens;_4gWou4-4gFss5 24) (Figure 7b;
Table 2; Supplementary Materials).
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Figure 6. Zoning clinopyroxene crystals from the Ust’-Sema Formation and the Barangol Complex
rocks, Gorny Altai: (a—c) back-scattered electron (BSE) images of clinopyroxene crystals (general
view); (d—f) back-scattered electron (BSE) images of enlarged rims, and the lines indicate the laser
beam path; (g—i) variations of major- and trace-elements using LA-ICP-MS (pulses per second). Mg#
in the diagrams used are from the SEM EDS. The pronounced peak in diagram (i) is a result of the
existence of a secondary Ca—garnet inclusion (Grt incl). C—core; R—rim.
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Figure 7. Compositions of clinopyroxene from the Ust’-Sema Formation and Barangol Complex

rocks, Gorny Altai: (a,b) classification diagram [27] for pyroxenes from the Ust’-Sema Formation
(a) and the Barangol Complex (b) [27]; (c—j) variations in Mg# with Al,O3, TiO;, NayO, and Cr, O3 for
clinopyroxene. For zoning clinopyroxene phenocrysts: C—core; R—rim; Gm—from the groundmass.

Trends show typical cases of normal (purple) and reverse (orange) zoning.
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Mg# for clinopyroxene varied from 89.6 to 83.0 in the phlogopite—olivine clinopyrox-
enite (Apshiyakhta) and melagabbro (Elanda) to 74.1-56.0 in gabbro and monzodiorite
(Elanda) and gabbro (Barangol) (Figure 7; Table 2; Supplementary Materials). For clinopy-
roxene of Choburak gabbro, the cores of crystals had a high Mg# 89.1-81.7, where the rims
had a low Mg# 80.0-65.4 (Figure 7; Table 2; Supplementary Materials).

The clinopyroxene from the Apshiyakhta intrusion had the highest content of Cr,O3
(0.88-1.24 wt.%) compared to Cr,O3; < 0.77 wt.% for clinopyroxene from the rocks of
Elanda, Barangol, and Choburak (Figure 7; Table 2). The clinopyroxene of the Apshiyakhta
intrusion, the melagabbro of the Elanda intrusion, and Choburak gabbro (cores) were
characterized by low contents of Al,Os (1.55-3.76 wt.%), TiO; (up to 0.45 wt.%), and
NayO (up to 0.30 wt.%), and high contents of Cr,O3 (up to 1.24 wt.%, with an average 0.70
wt.%) and CaO (22.33-24.57 wt.%) (Figure 7; Table 2).

In contrast, clinopyroxene from Elanda gabbro and monzodiorite, gabbro of the Barangol
intrusion and Choburak (rims of crystals) had high contents of Al,O3 (1.95-4.99 wt.%),
TiO; (up to 0.73 wt.%), and Na,O (up to 0.49 wt.%), and low contents of Cr,Os (up to
0.29 wt.%) and CaO (21.20-22.50 wt.%) (Figure 7; Table 2).

The results from the LA-ICP-MS profiles showed that the cores had higher contents of
Mg, Cr, Ni, and Ca, and lower contents of Fe, Al, Ti, Na, Mn, V, Y, and Zr; and the rims vice
versa (Figure 6g,h).

Therefore, the compositions of clinopyroxene from both the Ust’-Sema Formation
volcanic rocks and the Barangol Complex intrusions showed a negative correlation of Mg#
with the contents of TiO,, Al,O3, and NayO and a positive correlation with the content of
Cr,03 (Figure 7).

The clinopyroxene compositions from phlogopite-olivine clinopyroxenite of the Ap-
shiyakhta intrusion, Elanda melagabbro, and Choburak gabbro (crystal cores) were similar to
the compositions of the cores of clinopyroxene phenocrysts from the Ust’-Sema volcanic rocks.
While the clinopyroxene compositions from the Elanda intrusion gabbro and monzodiorite,
Barangol gabbro, and the Choburak (crystal rims) were similar to the compositions of the rims
of the clinopyroxene phenocrysts and microlites of the Ust’-Sema volcanic rocks (Figure 7).

4.3.2. Plagioclase

Plagioclase is the main rock-forming mineral for the diopside porphyry basalts of the
Ust’-Sema Formation. It forms microphenocrysts (up to 1 mm) or microlites (Figure 2b,d).
Most of the plagioclase is saussuritized. In the preserved relics, it was represented by by-
townite and labradorite Anyg_y; (Figure 2b,d; Table 3). In the groundmass, basic plagioclase
was also represented by bytownite-labradorite Ansg 77 (Table 3). It should be noted that in
the ankaramites from the Biyka and the Ust’-Sema volcanoes, plagioclase was present only
as microlites in the groundmass and represented by labradorite Ansy_g9 (Table 3). However,
in the Anos-Emurla ankaramites, it was completely absent.

In the Barangol Complex intrusions, plagioclase was also strongly altered, and in
the preserved grains from the Elanda gabbro and melagabbro, it was represented by
andesine-oligoclase (Figure 3; Table 3).

4.3.3. Olivine

Gibsher et al. [4] reported very rare findings of olivine in the Ust’-Sema Formation
rocks. Unfortunately, unaltered olivine was not found in our samples, only very rare
microphenocrysts (up to 1 mm) of what is believed to be altered olivine (up to 1-2 vol.%)
were observed in diopside porphyry basalts of the Biyka volcanic edifice. Grains were
completely replaced by an aggregate of chlorite, epidote, and magnetite. Olivine (Fogs_g,
Table 4) was well-preserved in phlogopite—olivine clinopyroxenite of the Apshiyakhta
intrusion as large idiomorphic crystals (1-6 mm in diameter) or inclusions in clinopyroxene
(Figures 3f and 6¢,f). It is characterized by moderate contents of CaO (up to 0.29 wt.%) and
NiO (0.20-0.41 wt.%) (Table 4).
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Table 3. Major element composition (by SEM-EDS) of plagioclase from the Ust’-Sema Formation and
the Barangol Complex rocks, Gorny Altai.

Analysis SiO, Al,O3 FeO CaO Na,O K,O Total An
1 50.53 31.06 1.40 14.16 3.24 0.39 100.78 69.2
2 54.20 28.90 0.58 9.88 4.81 0.90 99.27 50.3
3 48.71 31.72 1.12 15.62 2.60 <dl 99.77 76.9
4 52.24 29.34 0.99 12.48 4.26 0.29 99.61 60.8
5 52.20 28.57 148 12.13 4.37 0.45 99.19 59.0
6 51.45 29.63 1.33 13.39 3.63 0.36 99.78 65.7
7 54.87 28.88 0.58 9.73 4.84 1.11 100.01 49.1
8 50.30 25.87 2.28 17.25 3.61 0.41 100.00 71.1
9 57.63 26.70 0.48 8.51 6.61 0.58 100.50 40.2
10 61.27 24.83 0.37 2.88 8.09 2.40 99.84 14.2

Plagioclase from (1-2) ankaramites; (3-8) diopside porphyry basalts; (9-10) Elanda intrusion: (9) gabbro and
(10) melagabbro. (<dl)—below detection limit.

4.3.4. Amphibole

In the Ust’-Sema Formation volcanic rocks, amphibole was found in several samples
of the diopside porphyry basalts from the Biyka volcanic edifice (up to 5 vol.%). Amphibole
formed microphenocrysts (0.1-0.7 mm, rarely up to 2 mm) of euhedral prismatic shape or
anhedral grains. The composition of amphibole from the diopside porphyry basalts was rep-
resented by magnesian hastingsite and tschermakite [10,28]. Mg# varied from 82.4-83.2 in
magnesio-hornblende to 56.3-70.0 in tschermakite and 55.7-68.2 in magnesian hastingsite.
The TiO, content was 2.32-3.97 wt.% in magnesian hastingsite and tschermakite.

Low-Ti magnesian hastingsite was found in the Elanda melagabbro as anhedral grains
(Figure 3c) with a low Mg# 44.4-46.4 and a relatively low content of TiO, (1.25-1.52 wt.%).

Table 4. Major element composition (by SEM-EDS) of olivine from of the Apshiyakhta intrusion
phlogopite-olivine clinopyroxenite (Barangol Complex), Gorny Altai.

Analysis SiO, FeO MnO MgO CaO NiO Total Fo
1 39.62 13.21 <dl 46.37 <dl 0.36 99.56 86.2
2 39.11 13.25 0.25 45.72 <dl 0.41 98.73 86.0
3 39.30 15.18 0.25 44.74 0.13 0.25 99.85 84.0
4 40.20 15.46 0.34 4527 0.14 0.33 101.74 83.9
5 39.86 15.94 0.26 44.97 0.00 0.20 101.23 83.4
6 39.19 15.34 0.22 45.19 0.13 0.29 100.35 84.0
7 39.79 15.89 0.28 45.42 0.13 0.28 101.79 83.6
8 40.22 14.61 0.28 46.27 0.29 0.24 101.92 85.0
9 39.77 14.37 0.31 46.23 0.22 0.32 101.23 85.2
10 38.72 14.42 0.28 44.59 0.10 0.31 98.42 84.6
11 39.60 14.40 0.34 45.47 0.15 0.27 100.22 84.9

(1-7) Crystals; (8-11) inclusions in clinopyroxene. (<dl)—below detection limit.

4.3.5. Cr-Spinel and Magnetite

Cr-spinel formed a fine inclusion (5-100 um, rarely up to 200 um) in the high-Mg
clinopyroxene (Mg# 71.4-92.8) from the Ust’-Sema Formation volcanic rocks, the Choburak
gabbro, and Apshiyakhta phlogopite-olivine clinopyroxenite (Table 5). Some inclusions
of Cr-spinel (10400 pm) were observed in olivine (Fo 83.9-84.9) grains from phlogopite—
olivine clinopyroxenite of the Apshiyakhta intrusion (Table 5). Cr-spinel was also found as
individual grains (15-200 pm) in the groundmass from the Kamlak unit diopside porphyry
basalts or in altered clinopyroxene from Ust’-Sema diopside porphyry basalts and Choburak
gabbro (Figure 6b; Table 5).

Cr-spinel from the Ust’-Sema Formation volcanic rocks was represented by chromite
and magnesiochromite, where the Cr-spinel from the Choburak gabbro was chromite
(Figure 8a). They were characterized by high Cr# 75.6-88.1 and Mg# 33.9-69.2 and a low
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Fe# 7.1-19.6 (Table 5). The Cr-spinel content of TiO, varied from 0.13-0.68 wt.% in the
rocks of the Ust’-Sema volcanic edifice, the Kamlak unit, and the Choburak gabbro to
0.87-0.97 wt.% in the Biyka volcanic edifice rocks (Table 5). The Al,O3 content varied in
the range of 5.31-10.43 wt.% (Figure 8b; Table 5).
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Figure 8. (a) Classification diagram for spinels [29]; (b) Al,O3 versus TiO; discrimination diagram
for spinels from different tectonic settings [30]. IABs—island-arc basalts; OIBs—ocean island basalts;
MORBs—mid-ocean ridge basalts; LIPs—basalts of large igneous provinces.

Cr-spinel from Apshiyakhta phlogopite—olivine clinopyroxenite had a diverse com-
position and was represented by chromite, magnesiochromite, and hercynite (Figure 8a).
Inclusions of Cr-spinel in clinopyroxenes in these rocks had a relatively low Cr# 52.3-69.2
and a high Mg# 48.3-56.4 versus Cr# 42.1-87.4 and Mg# 32.8-43.4 for inclusions in olivine
(Table 5). The TiO; content of Cr-spinel inclusions varied from 0.33-0.60 wt.% in clinopy-
roxenes to 0.12-0.78 wt.% in olivine (Table 5). The Al,O3 content reached up to 26.81 wt.%
(Figure 8b; Table 5). The points of the Cr-spinel compositions from the volcanic rocks of
the Ust’-Sema Formation and the Choburak gabbro fall into the field of island arc sys-
tems, whereas the Cr-spinel from phlogopite—olivine clinopyroxenite of the Apshiyakhta
intrusion were shifted toward the field of mid-ocean ridge assemblages (Figure 8b).

Magnetite is common as inclusions (10-200 um) in the cores of clinopyroxene phe-
nocrysts in the Ust’-Sema Formation volcanics. Rarely it occurs as microcrystals (50-300 pm)
in the groundmass in the ankaramites of the Anos-Emurla volcanic edifice (Table 5).

4.4. Trace Elements in Clinopyroxene

Chondrite-normalized rare-earth element patterns for the clinopyroxenes from the
Ust’-Sema Formation and the Barangol Complex rocks generally showed a slight deple-
tion in light rare-earth element (La/Yb)yn = 0.1-1.0 (with an average 0.4) (Figure 9a,ce,g;
Table 2; Supplementary Materials) versus <0.05 in subduction-associated peridotites [31].
REE concentrations in clinopyroxene phenocrysts from the volcanic rocks showed a clear
negative correlation with Mg#. In other words, the cores had a lower concentration of REE
than the rims (Figure 9a,c,e; Table 2; Supplementary Materials).

The concentrations of the REE in the clinopyroxene phenocrysts from ankaramites
were similar to those in diopside porphyry basalts (Figure 9). However, some analyses
from the rims of clinopyroxene phenocrysts from the Biyka volcanic edifice, unlike the
other areas, were characterized by a clear enrichment in REE (La/Yb)y =1.1-1.7 (1.4 on
average) (Figure 9, Table 2; Supplementary Materials). These features were also observed
during the study of the major elements in the clinopyroxenes (Figure 7).

The REE concentrations in clinopyroxenes from the Barangol Complex were negatively
correlated with Mg# (Figure 9a,c,e,g; Table 2; Supplementary Materials). The clinopyrox-
enes from the phlogopite—olivine clinopyroxenite (Apshiyakhta), melagabbro (Elanda), and
gabbro (Choburak) had lower REE concentrations than the Elanda gabbro and monzodior-
ite and the Barangol gabbro (Figure 9a,c,e,g; Table 2; Supplementary Materials). Europium
anomalies for all the studied clinopyroxenes, both from the Ust’-Sema Formation and
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Barangol Complex rocks, were either absent or slightly varied from positive to negative
(Eu/Eu* = 0.4-1.9, on average 1.0) (Table 2; Supplementary Materials).

Table 5. Major element composition (by SEM-EDS) of Cr-spinel and magnetite from the Ust’-Sema

Formation and the Barangol Complex rocks, Gorny Altai.

Analysis TiO, Al,O3 Cr,O3 FeO* Fe, O3 * MgO  Total Cr# Mg Fet# Mgt cpx, Foor Note
1 0.13 578  58.67 14.41 9.19 11.54 99.80 87.2 59.5 11.2 92.8 (Mg#) Cr-spl
2 0.15 556 5843 13.67 9.54 11.67 9942 876 611 117 92.8 (Mg#) Cr-spl
3 0.53 8.62 4793 2261 14.26 7.21 10022 789 373 176 82.7 (Mg#) Cr-spl
4 0.62 9.75  45.09 22.69 16.14 7.50 10056 756 383  19.6 82.7 (Mg#) Cr-spl
5 <dl 548 5874 20.35 8.25 8.41 10040 878 431 103 89.1 (Mg#) Cr-spl
6 0.32 724 56.04 19.60 9.12 9.14 100.82 838 461 112 91.8 (Mg#) Cr-spl
7 0.33 6.92 5637 17.64 9.94 10.63  100.84 845 526 121 90.7 (Mg#) Cr-spl
8 0.58 10.43  49.93 21.94 10.81 8.37 10098 763 413 132 altered Cpx Cr-spl
9 0.68 981 5117 19.88 9.78 9.45 99.79 778 467 121 altered Cpx Cr-spl
10 <dl 629 61.80 16.77 5.79 1093 10099 86.8  54.2 7.1 altered Cpx Cr-spl
11 <dl 569  60.09 21.87 6.27 7.50 100.77 87.6 384 7.9 altered Cpx Cr-spl
12 0.87 812  54.78 17.86 8.77 1058  100.75 819 521 108 90.8 (Mg#) Cr-spl
13 0.97 877 5227 16.53 10.34 1133 99.68 80.0 558  12.7 90.4 (Mg#) Cr-spl
14 0.88 831 5262 15.81 10.56 1129 9951 809 568  13.0 90.4 (Mg#) Cr-spl
15 0.92 920  50.92 17.10 10.38 1053 9889 788 532 129 90.4 (Mg#) Cr-spl
16 0.20 6.22 5842 19.88 6.41 9.12 101.01 86.3 455 8.1 Gm Cr-spl
17 0.00 824 5884 15.31 7.15 10.68  103.33 827  56.0 8.6 Gm Cr-spl
18 0.35 733  60.60 11.97 7.40 1474 10226 847  69.2 8.8 Gm Cr-spl
19 0.30 571 5877 22.72 5.77 7.20 100.15 874 365 74 71.4 (Mg#) Cr-spl

20 0.37 625 57.81 2297 6.26 7.18 10044 86.1 363 8.0 71.4 (Mg#) Cr-spl
21 0.27 531 5876 23.48 5.93 6.62 100.02 881 339 7.7 altered Cpx Cr-spl
22 0.60 2241 36.61 19.61 10.32 1046  99.41 523 496 120 86.8 (Mg#) Cr-spl
23 0.48 1496  50.13 17.46 5.05 1114  99.16 692  53.6 6.2 89.8 (Mg#) Cr-spl
24 0.50 1895 44.17 19.76 7.17 1012  100.76 61.0 483 8.5 89.7 (Mg#) Cr-spl
25 0.33 1549  49.01 16.28 6.76 11.56 9990 68.0 56.4 8.0 90.1 (Mg#) Cr-spl
26 0.78 14.04 4734 23.21 8.20 7.76 101.05 694 379  10.0 84.9 (Fo) Cr-spl
27 0.23 6.76  59.38 21.82 4.46 7.20 100.02 855 374 5.7 84.9 (Fo) Cr-spl
28 0.17 593 6136 20.29 3.79 8.16 99.66 874 420 4.8 84.9 (Fo) Cr-spl
29 0.12 6.52  58.71 21.67 4.42 7.23 99.54 858  37.6 5.7 84.9 (Fo) Cr-spl
30 0.37 25.73  36.54 22.98 5.49 8.54 99.97 488 402 6.4 83.9 (Fo) Cr-spl
31 0.50 26.81 36.39 21.30 5.05 9.00 99.59 477 434 5.9 83.9 (Fo) Cr-spl
32 0.52 18.97  40.46 24.87 9.55 7.28 10095 589 349 114 84.0 (Fo) Cr-spl
33 0.43 17.97  39.83 25.12 10.73 6.63 10034 598 328 129 84.0 (Fo) Cr-spl
34 0.28 26.77  29.04 23.12 11.52 8.59 9849 421 406 133 84.0 (Fo) Cr-spl
35 212 <dl 3.39 3292 60.02 <dl 9357 nc nc nc 80.1 (Mg#) Mag

36 1.12 <dl 3.38 33.36 63.74 <dl 95.65 nc nc nc Gm Mag

37 4.35 <dl 2.12 36.52 58.92 <dl 96.49 nc nc nc Gm Mag

38 432 <dl 1.67 35.74 59.35 <dl 95.90 nc nc nc Gm Mag

39 <dl 240 3476 27.45 31.46 <dl 99.40 nc nc nc Gm Mag

40 <dl 159  30.63 27.48 36.57 <dl 98.61 nc nc nc Gm Mag

(1-34) Cr-spinel: (1-5) from ankaramites; (6-18) from diopside porphyry basalts; (19-21) from the Choburak
gabbro; (22-34) from phlogopite—olivine clinopyroxenite of the Apshiyakhta intrusion; (35-40) magnetite from
ankaramites. (<dl)—below detection limits. nc—not calculated; * the contents of FeO and Fe,O3 were calcu-
lated from the total content of FeO, based on the stoichiometric considerations. Mg# =100 (Mg/(Mg + Fe*?);
Cr# =100 Cr/(Cr + Al); Fe# = 100 Fe*3/(Fe*® + Al + Cr). Mg#cpx—TFog) hostess. Cr-spl—Cr-spinel; Mag—
magnetite; Gm—microcrystals in groundmass.

Multiple trace element patterns, normalized to the primitive mantle [32], also clearly
showed common features for all clinopyroxenes from the Ust’-Sema Formation and Barangol
Complex rocks (Figure 9b,d,f,h). Negative anomalies were observed for high-field-strength
elements (Zr, Hf, Nb, and Ti) and large-ion lithophile elements (Rb) (Figures 9b,d,f,h and 10;
Table 2; Supplementary Materials). However, some clinopyroxenes from volcanic rocks
of the Biyka volcanic edifice were characterized by a positive anomaly in Ti ((Ti/Gd)pm =
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1.0-2.4) (Figures 9 and 10; Table 2; Supplementary Materials). Sr showed a positive anomaly

in the high-Mg clinopyroxenes and a negative anomaly in the low-Mg ones (Figure 10b;
Table 2; Supplementary Materials).
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Figure 9. (a,c,e,g) Chondrite-normalized rare-earth element patterns [26] and (b,d,f,h) multiple trace

element patterns normalized to the primitive mantle [32] for the clinopyroxenes from the rocks of the
Ust’-Sema Formation and the Barangol Complex.
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5. Discussion

The Ust’-Sema volcanics and Barangol Complex rocks have specific distinctive features.
First of all, the high content of diopside pyroxene, which has been paid attention to by all
previous researchers [1,4,6-10]. The reason for this is both the high content of calcium in the
parental melts, which was confirmed by the study of melt inclusions [1,7], and the possibility
for phenocryst accumulation in some portions of magma or even in separate flows.

Clinopyroxene in effusive rocks is quite resistant to alteration, and its chemical compo-
sition is widely used to determine the geodynamic setting and, consequently, the composi-
tion and nature of the melt source [11-18]. On the triple diagram TiO,-5i0, /100-Na,O [13],
points of clinopyroxene composition from the Ust’-Sema effusive rocks and Barangol
Complex intrusions mainly fall into the fields of island arcs ankaramites and tholeiites.
(Figure 11). However, a significant number of clinopyroxene compositions (mainly from
the phenocryst rims) from the Biyka edifice and the Kuyus area were shifted to the typical
MORB and OIB fields. Nevertheless, the cores of these crystals were no different from those
typical of other areas.
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Figure 11. TiO;,-5i0;,/100-NayO (wt.%) discriminating diagram [13] for clinopyroxene from the
Ust’-Sema Formation and the Barangol Complex rocks. The island arc ankaramites field is according
to [33-36] and other fields are according to [13].

Distinctive features of clinopyroxene from some Biyka rocks and the Kuyus area
include the high contents of TiO; and Al,O3 and the moderate enrichment of light REE
(Figures 7 and 9). A high TiO, content was also characteristic for these rocks’ bulk composi-
tions (Figure 5e). These features are likely related to the fact that the Ust’-Sema Formation
volcanics in this area overlap are an older Manzherok Formation of an OIB-type intraplate
volcano (seamount). There was undoubtedly a hiatus between the end of the OIB-type
volcanism and ankaramitic volcanism beginning, during which, at least, a significant part
of the guyot carbonate cap (Cheposh Formation) was formed [8]. However, its duration has
not been reliably established and is debatable. It is possible that at the upper levels of the
plumbing system feeding volcanoes, the ankaramite magma either interacted with high-Ti
basalts and gabbroids, which formed during the crystallization of magma of the Manzherok
magma chambers, or even mixed with some portion of the OIB-type melt. In any case,
this interaction did not take place in a deep magma source but at higher levels—that is,
in the crust.

A dramatic difference in the texture and chemical composition of the clinopyroxene
cores and rims in most grains, as well as frequent signs of the cores’ partial dissolution,
indicate an abrupt change in PTx conditions in the magmatic system. Various authors,
based on the allocation of clinopyroxenes compositional groups, propose the identification
of a series of different magmatic reservoirs or suggest that the magmatic abrasion resulted
in adding into the magma of some clinopyroxene grains from the paragenesis of lover-crust
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granulites or lithospheric mantle [15,16]. Pressure estimates for our data set from single-
clinopyroxene geobarometers [37,38] show inconsistent values that contradict geological
data, mainly due to the elevated levels of Al and Na in the rims. For cores, the pressure
estimates ranged mainly from 4 to 9 kbar.

Gibsher et al. [4] suggested that the source of green chromium-bearing diopside cores
are mantle peridotites. The comparison to the clinopyroxene compositions from the typical
subduction-zone lherzolite from the Kamchatsky Mys [31] confirms that the Ust’-Sema
clinopyroxene cores were crystallized from the basaltic melt and were not from mantle
paragenesis, considering that the clinopyroxenes from mantle lherzolite were strongly
depleted on the light REE and characterized by negative Sr anomalies (Figure 9). Moreover,
general similarities were observed when compared to the clinopyroxene composition from
non-mantle rocks, for example, ankaramites of island arcs [33] (Figure 9).

The trace element composition of the clinopyroxene phenocrysts cores from the rocks
of the Ust’-Sema Formation coincides with the composition of the clinopyroxenes from
phlogopite-olivine clinopyroxenite of the Apshiyakhta intrusion, melagabbro of the Elanda
intrusion, and Choburak gabbro (Figures 9 and 10; Table 2). The rims, meanwhile, coincided
with the composition of the clinopyroxene from gabbro and monzodiorite of the Elanda
intrusion, and gabbro of the Barangol intrusion (Figures 9 and 10; Table 2).

Thus, the clinopyroxenes from the Ust’-Sema Formation and the Barangol Complex
rocks have common geochemical features: the same chondrite-normalized REE spectrum
distribution; negative correlation rare and rare-earth element concentrations with Mg#;
negative anomalies in high-field-strength elements (Zr, Hf, Nb, and Ti) and large-ion
lithophile elements (Rb); Sr behavior with Mg# variability (Figures 9 and 10; Table 2).

Some models suggest that the differentiation of such a high-calcium melt in island
arc-related magma chambers leads to the formation of Ural-Alaskan-type massifs [39,40].
From the point of mineralogical criteria, their ultramafic-mafic units were characterized
by the abundance of high-calcium clinopyroxene and the absence of plagioclase and
orthopyroxene as well as the high chromium content values in Cr-spinels [39,41-43]. The
gabbro units also retain the high-calcium clinopyroxene’s specificity. Such features are also
observed in the Barangol Complex intrusions.

Common features also included high Mg# in clinopyroxene; negative correlations
of Mg# with Ti, Al, and Na contents; positive correlations with Cr; uniform distribution
spectra of rare-earth elements; spider diagrams with negative anomalies in Zr, Hf, Nb, Tj,
and large ionic lithophilic elements (Ba), as well as coincidence with the trend of island arc
cumulates (Figures 12 and 13).

On the Al;,*100/2 and TiO; diagram and other binary plots (Figure 12), variations
in the composition of clinopyroxene from rocks of the Ust’-Sema Formation coincided
with the trend for island arc cumulates, which is typical for clinopyroxene from island arc
ankaramites. At the same time, if we separately take the composition of clinopyroxenes
from effusive rocks (basalts) of modern island arcs (for example, the Aleutian arc [44,45]),
then variations in their composition take place in a much narrower range (Figure 12).
However, the trace and REE spectra were very similar to each other (Figure 13).

The Cr-spinel from the Ust’-Sema and Barangol Complex intrusions was generally
similar to the Ural-Alaskan ones with a slight difference in higher Cr# and Mg# and low
contents of Al and Ti for some grains (Figure 14).
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Figure 12. Variations in the composition of clinopyroxene from the rocks of the Ust’-Sema Formation
and the Barangol Complex compared with clinopyroxene from island arc ankaramites [33-36],
Ural-Alaskan-type intrusions [39,41,42], and basalts of the Aleutian arc [44,45]. (a) Mg# vs. Al,O3;
(b) Mg# vs. TiOy; (c) Mg# vs. NayO; (d) Mg# vs. CrpO3; (e) Mg# vs. CaO (f) TiO; vs. Al;,*100/2. The
boundaries of the fields from [46] and the trends from [47].
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Figure 13. (a,b) Chondrite-normalized spectrum distribution of the rare-earth elements [26] and
(c,d) primitive mantle-normalized spider diagrams [32] for the clinopyroxenes from the Ust’-Sema
Formation and the Barangol Complex rocks compared with clinopyroxene compositions from island
arc ankaramites [33] and mantle lherzolite of the Kamchatsky Mys [31] are shown. Continued line:
core of crystal; dashed line: rim of crystal with clinopyroxene from island arc ankaramites [33],
Ural-Alaskan-type intrusions [42], and basalts of the Aleutian arc [48].
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In addition, it should be noted that in Uureg Nuur, Northwestern Mongolia, there is a

similar-in-scale high-calcium magmatic association, also having an Early Cambrian age [49].
It is interesting that it is connected with local placer ferroplatinum mineralization [50],
which style is typical for Ural-Alaskan-type ore systems.
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Figure 14. Variations in the composition of Cr-spinel from the rocks of the Ust’-Sema Forma-

tion and the Barangol Complex compared with the compositions of Cr-spinel from island arcs
ankaramites [34-36] and Ural-Alaskan-type intrusions [39,41,42]. (a) Mg# verses Cr#; (b) Mg# verses
Fe#; (c) Al,O3 versus TiO, discrimination diagram of spinels from different tectonic settings [30].
IABs—island-arc basalts; OIBs—ocean island basalts; MORBs—mid-ocean ridge basalts; LIPs—
basalts of large igneous provinces.

6. Conclusions

1.

Middle Cambrian Ust’-Sema Formation ankaramites and high-calcium diopside
basalts have a single origin and a uniform magmatic source. The ankaramites were
characterized by high contents of MgO (8.27-14.34 wt.%), CaO (12.09-14.48 wt.%) and
a high CaO/Al,Oj3 ratio (1.1-1.6). The diopside porphyry basalts had low contents of
CaO (9.79-11.86 wt.%) and MgO (6.35-7.84 wt.%), a low CaO/Al,Os ratio (0.6-0.8),
and a higher content of Al;O3 (13.74-16.67 wt.%).

The Barangol Complex rocks were clinopyroxenite and gabbro and shared common
features with the Ust’-Sema volcanic rocks, especially in the composition of clinopy-
roxene and Cr-spinel. These features are typical for subduction-related ankaramites
worldwide and Ural-Alaskan-type intrusions.

The cores of clinopyroxene phenocrysts were represented only by diopside in all
types of rocks. The cores’ composition was characterized by increased Cr, Ni, and
Mg contents. The cores sometimes have a complex structure with a large number of
inclusions but, at the same time, are homogeneous in chemical composition, while
the rims had a more variable composition and much fewer inclusions. The rims were
characterized by higher Fe, Al, Na, Ti, Mn, V, and Zr contents. In areas with oscillatory
zoning, the contents of these elements varied greatly, but they were always higher
than in the cores.

LA-ICP-MS analysis of the clinopyroxenes from both volcanic and intrusion rocks
showed slight depletion of light rare-earth elements; strong depletion in high-field-
strength (Zr, Hf, and Nb) and large-ion lithophile (Rb) elements and positive Sr anomaly.
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5. Major- and trace-element composition of the clinopyroxenes showed that the Ust’-
Sema clinopyroxene cores were crystallized from the basaltic melt and were not from
mantle paragenesis.

6. The increased contents of Ti and incompatible elements in the rims of diopside
phenocrysts from the Biyka volcano indicate a possible interaction of ankaramite-style
magmas with high Ti melts or contamination with OIB-type rocks.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min12020113/s1, Table S1: Major- and trace-element compositions
of the clinopyroxene from the Ust’-Sema Formation and the Barangol Complex rocks, Gorny Altai;
LA-ICP-MS and SEM EDS data set.
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