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Abstract: Dunite-harzburgite—olivine-bearing orthopyroxenite successions in the subvolcanic
Chapesvara-l and Chapesvara-Il intrusions in the Serpentinite Belt, western Kola Peninsula, are notably
magnesian. The mean Mg# value (whole-rock) is 86.6, and the olivine is Fogs_gg. The upper contact
facies (UCF) displays a lower Mg# (81.6). It consists of grains of Fogy and abundant chromian spinel,
implying rapid crystallization of an almost unfractionated melt. On average, the whole-rock Al,O3/TiO,
value is 22.45, close to 22.9 (UCF) and to the primitive mantle, ~22. The rise of primitive ultramafic
magma presumably occurred in a special tectonic setting at the boundary of the Paleoproterozoic
Lapland Granulite Terrane and the Belomorian Composite Terrane of Archean age. The Chapesvara
suite resembles examples of the Al-undepleted komatiites in the Barberton Belt, South Africa, with
magmas of up to 30-35% MgO. The UCF rock yields an anomalously low molar MgO/SiO, value,
close to that of dunitic rocks located at the center of the Chapesvara-II body. This rock is the most
primitive, as indicated by the maximum Fo content of olivine, the lowest value of (Gd/Yb)y, 0.52,
and the lowest abundances of middle to heavy rare-earth elements (REE) in the chondrite-normalized
spectrum. The crystallization of the Chapesvara-II sill-like intrusion likely proceeded in two stages,
which are evident from the olivine compositions varying from the maximum Fog, (UCF) to Fo<gg 5
(the central dunite zone). At Stage 1, the UCF rock (Fog,) crystallized first, close to the upper contact.
The area of crystallization then shifted to a central portion of the Chapesvara-II body, in which
the dunitic zone (Fogg 5) formed in situ (Stage 2). The compositional variations in chromian spinel
are consistent with this suggestion. Two crystallization trends were recognized. The type-1 trend
displays a relative maximum or minimum close to the center, and then diverges into two linear
subtrends directed upward and downward. This pattern is manifested in the variations of Mg# in
olivine and chromian spinel, the whole-rock contents of Al and Ca, and in levels of incompatible
elements: Ti, V, Zr, Y, and Hf. The type-2 trend decreases or increases uniformly from top to bottom.
Variations in amount of Ni in olivine, the Fe3*# index in chromian spinel, and in values of Mg#
(rocks), follow a type-2 trend. Variations in total amounts of REE, Nb, and Th, which gradually
increase downward, are also related to a type-2 trend. Thus, a contrasting development and possible
interference of the two types of evolutionary trends were observed in the crystallization history
of the Chapesvara-II sill-like body. A double-front crystallization, hitherto unreported, involved
two fronts moving upward and downward, respectively. The upward subtrend appeared to be of
subordinate importance, whereas the extent of fractional crystallization of the downward front was
much greater. Crystallization proceeded from the top to the bottom, presumably because of the
preferential loss of heat at the roof. Variations in the Fe>*# index indicate that the level of fO, also
increased downward with progressive crystallization. Convection cells were presumably the key
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mechanism of accumulation of the crystallizing olivine grains to form the central dunite zone close to
the center of the sill-like intrusion. The observed characteristics of the Chapesvara complex indicate
the existence of a primitive-mantle source and imply a highly magnesian composition of intruding
magma not only for Chapesvara, but also for the Pados-Tundra layered complex and associated suites
of the Serpentinite Belt in the Kola Peninsula.

Keywords: ultramafic complexes; subvolcanic intrusions; crystallization of highly magnesian magma;
komatiites; picrites; Paleoproterozoic rocks; the Chapesvara complex; serpentinite belt; Kola Peninsula;
Fennoscandian Shield; Russia

1. Introduction

The Serpentinite Belt, so named by A.M. Shukevich in the 1930s [1,2] and further investigated by
Murashov [3], located in the Kola Peninsula of northwestern Russia, consists of dunite—harzburgite—
orthopyroxenite bodies and associated serpentinite. Along the 40-km belt [4], one finds the Mount
Kareka-Tundra suite close to the Finnish border, ultramafic bodies in the upper reaches of the River
Terma, the Mount Khanlauta suite, the Chapesvara (I and II) and the Lotmvara (I and II) bodies, and the
Pados-Tundra complex [5,6]. Roughly 6 km long, the Pados-Tundra complex is the largest member of
the belt in terms of volume. It is Paleoproterozoic, dated at ~2.1 (zircon age) or 2.4-2.5 Ga [7], and was
emplaced along a regional shear zone associated with the Kola-Mezenskiy block of the Lapland
Granulite Belt (Paleoproterozoic) close to its contact with the Archean Belomorian (Belomorskiy)
block. The Pados-Tundra complex hosts chromite mineralization, both podiform and stratiform [5],
with associated platinum-group minerals, some of which (the sulfarsenides of ruthenium) are highly
unusual [8].

We focus here on the little-known Chapesvara ultramafic complex. We present information on the
mineralogy and bulk-rock geochemistry of well-located representative samples of the Chapesvara-I and
Chapesvara-II bodies. We document compositional variations, fractionation trends, and crystallization
history, which point to a double-front crystallization unreported previously. This information is used
to shed light on the petrogenesis of the ultramafic suite.

Background Information

The two components of the Chapesvara intrusive complex, located close to the Pados-Tundra body
(Figures 1-4), have previously been mapped [9-11]. The Chapesvara-II body is fairly well exposed,
and less strongly affected by cataclastic deformation than Chapesvara-1. Thus, we have essentially
a complete cross-section of this little-known body in its original position. The Chapesvara-I body
(Figure 2) was deformed during multiple phases of regional brittle and ductile deformation associated
with the Lapland—Kola orogeny at 1.94-1.86 Ga [12,13] or the Svecofennian orogeny at 1.92-1.79 Ga [14].
Our sampling of Chapesvara-I consists of representative samples taken from blocks <1 to 3—4 m across
in the area shown in Figure 2. They are judged to be sufficient to characterize the body adequately.

Gorbacheva et al. [11] provided a detailed map of the Chapesvara-II body (Figure 5). It generally
extends over 8.5 km and dips 40-60° towards the north. Harzburgite (~80% olivine) and olivine
orthopyroxenite seem to be subordinate. The proportion of the oxide minerals, mostly chromian spinel
and ilmenite, varies from <1-3 to ~15 vol. %. Two generations of chromian spinel are recognized in
the Chapesvara complex [15].
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Figure 1. The location of the Chapesvara complex in relation to other complexes of mafic-ultramafic

composition in the Kola Peninsula, northwestern Russia.
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Figure 2. The regional geology of the study area based on results of mapping by Shlayfshteyn [10].
The purple symbol shows the location of sampling area in the Chapesvara-I body (present investigation).

Ultramafic rocks of the complexes are shown in green.
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Figure 3. The regional geology of the study area based on results of mapping by Sokolova [9]. The purple
symbol shows the location of sampling area in the Chapesvara-II body (present investigation). Note
that Figures 2 and 3 display neighboring areas, and the sampling area shown in Figure 3 is located
about 8 km northeast (along the River Nota bed) of the area shown in Figure 2. Ultramafic rocks of the
complexes are shown in green.
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Figure 4. The regional geology of the study area based on results of mapping by Shlayfshteyn [10].
Ultramafic rocks of the complexes are shown in green.

Figure 5. The geology of the Chapesvara-II body based on results of mapping by Gorbacheva and
coworkers [11].

The Chapesvara ultramafic bodies are located close to the contact of two regional units of Archean
age, one mostly composed of two-mica garnet-kyanite schist and the other of granodiorite, granite,
granitic gneiss, and migmatite (Figures 2—4). A sharp inflection in the course of the River Nota (Figures 3
and 4) presumably reflects a control by the fine-grained ultramafic rocks exposed at the northern end
of the Chapesvara-II sill-like body. Shlayfshteyn [10] revised the small-scale map of [9], on which the
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Lotmvara complex is shown as a single body. The first author’s 2019 field work implies the existence
of Lotmvara-I and Lotmvara-II as separate northeast-striking linear bodies that are subparallel and
generally conformable with the Chapesvara-II body. Therefore, all these sill-like bodies may well
have formed by injection of an ultramafic magma, derived from a common mantle source, along a
subparallel system of northeast-trending regional shear zones.

2. Materials and Methods

A set of fifty representative samples were collected in the areas shown in Figures 2, 3 and 6. Thirty
of these samples, labeled CHP-1-15 (Chapesvara-I) and CHP-16-30 (Chapesvara-II), were studied in
detail mineralogically and geochemically. The Chapesvara-Il samples were taken along the traverse
a-b (Figure 6) and across the following units (bottom to top; this study): amphibole-olivine zone (IV),
central dunite zone (II), olivine-bearing orthopyroxenite zone (III), and the upper contact facies (I)
(Figure 7). These lithologies represent a comagmatic series that likely formed in the order from I to
IV under closed-system conditions during crystallization of the komatiitic magma. A representative
example of the outcrops sampled is shown in Figure 8.

Figure 6. Thelocation of sampling—traverse (oriented from the pointa to b) and across the Chapesvara-II
body. The GPS coordinates are plotted on a SAS.Planet© image. Note the development of two systems
of abundant perpendicular fractures, which likely formed as a result of contraction at a shallow level as
the pressure and temperature decreased sharply.
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Figure 7. A generalized scheme (this study) showing the internal structure of the Chapesvara-II body
observed along the traverse a—b shown in Figure 6. The Roman numerals display relative temporal
relationships (i.e., the inferred sequence of crystallization) between the lithological units from I (early)
to IV (late). See the text for results and discussion. The khaki green color is used (this study) to show
the upper contact facies (UCF).
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Figure 8. Characteristic features of a bedrock outcrop in the study area, which indicate the effects of a
glacial erosion in the Chapesvara-II area.

All the analyses were conducted at the Analytical Center for Multi-Elemental and Isotope Studies,
Institute of Geology and Mineralogy, SB RAS, in Novosibirsk, Russia. The minerals were analyzed using
a JEOL JXA-8100 instrument in wavelength-dispersion spectrometry mode (WDS). An accelerating
voltage of 20 kV and a probe current of 20-50 nA were used. We employed K analytical lines for all
elements except for Cr, where the K1 line was used because of peak overlap. Periods of measurements
at the peaks were 20 or 10 s. The superposition of the TiKg1 line on the VK line and of the VKg line
on the CrK4 line was accommodated using the ovERLAP CORRECTION software. The beam diameter
was ~1 um. Natural specimens of olivine (Mg, Si, Fe and Ni) and chromiferous or manganiferous
garnet (Ca, Cr and Mn) were used as standards for olivine. A natural specimen of magnesian chromite
(for Cr, Fe, Mg, and Al), manganiferous garnet (Mn), ilmenite (Ti), and synthetic oxides NiFe,O4 (Ni),
ZnFe;0y (Zn), and V,0s5 (V) were used as standards for the chromian spinel. Grains of orthopyroxene
and amphiboles were analyzed using pyrope (Si, Al, Fe), a glass Ti standard (GL-6), chromiferous
garnet (Cr), diopside and pyrope (Mg, Ca), manganiferous garnet (Mn), albite (Na), and orthoclase (K).
Clinopyroxene was analyzed with essentially the same set of standards, and diopside was used for Si,
Ca, and Mg. The following standards were applied in the analysis of plagioclase: orthoclase (Si, Al,
K), diopside (Ca), pyrope (Fe), and albite (Na). All the data were processed with the ZAF method of
corrections. The calculated values of detection limit (for 1o criteria) are: <0.01 wt. % for Ti, Cr, Fe,
Ni, Ca, Zn, Mn, and K, and 0.02 wt. % (Na and Al). Special tests [16,17] were done to evaluate the
accuracy and reproducibility of the analytical procedures.

The whole-rock abundances of trace elements, including the rare-earth elements (REE), were
established at the same center by inductively coupled plasma—mass spectrometry (ICP-MS) using a
high-resolution Finnigan MAT mass spectrometer (the model ELEMENT; Finnigan MAT, San Jose,
CA, USA). The analytical procedures used were described in [18,19]. Contents of major oxides in the
rocks were established at the same center by X-ray fluorescence (XRF) using procedures [20] based
on the use of an ARL 9900XP spectrometer Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a Lifumat 2.0-Ox high-frequency induction furnace (Linn High Therm GmbH, Eschenfelden,
Germany) and a HERZOG hydraulic HTP 40 pellet press (HERZOG Maschinenfabrik GmbH & Co. KG,
Osnabriick, Germany). A special set of state-approved standards was used to evaluate the precision of
the XRF analyses.
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3. Results

3.1. Rock Textures and Mineral Associations

The Chapesvara-l and Chapesvara-II bodies exhibit notable similarities in their textural
characteristics (Figures 9 and 10). Modal proportions of olivine vary considerably from <10 vol.
% in orthopyroxenite to >90 vol. % in dunite. Their fine grain-size, down to 0.1-0.3 mm across
(Figure 10a), is indicative of fairly rapid crystallization in a subvolcanic setting. Medium-grained
varieties also are present. As found in the Pados-Tundra complex [6], a magnesian calcic amphibole
corresponding to tremolite is abundant not only as interstitial grains coexisting with fresh domains of
olivine, but also as a deuteric (autometamorphic) phase formed by replacement of orthopyroxene or
olivine (Figure 9a,b). On the other hand, it is common to see grains of orthopyroxene preferentially
replaced by this amphibole, whereas the associated olivine remains relatively fresh. These relations
recall observations documented in spheroidally textured specimens (cf. Figure 2 in [21]) of the
Pados-Tundra layered complex, in which orthopyroxene oikocrysts are preferentially replaced by
tremolite and talc, leaving the matrix olivine intact [21].

022022 mmas
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202 mm — 0.2 mm =—

JEOL COMP 28.8kY 18Bpm WD1imm JEOL COMP 20.0kY  10@ym WD1lmm
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Figure 9. Characteristic textures of ultramafic rocks of the Chapesvara complex, as shown in
back-scattered electron images (BSE) in (a—f). Specimens of fine-grained dunite grading to harzburgite
and olivine-bearing orthopyroxenite are composed mainly of olivine (Ol) and orthopyroxene (Opx).
Minor clinopyroxene (Cpx) and plagioclase (Pl) are rare in this complex. The label Amp is amphibole,
and Chr stands for chromian spinel. Note that a late generation of Opx (dark phase) is present in (c).
A reaction assemblage (e), consists of successive rims of Pl and Amp (i.e., an aluminous amphibole of
pargasitic composition), which mantles a core of Cpx.
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Figure 10. Examples of textures and mineral associations in dunite and Ol-bearing orthopyroxenite of
the Chapesvara complex, as shown in BSE images in (a—f). The labels used are the same as in Figure 9.
Chromian spinel (Chr) is present as accessory grains, Chl is a member of the chlorite group (clinochlore),
Pn is pentlandite, and the labels sil-1 and sil-2 pertain to grains of hydrous silicates composed of the
assemblage of talc + clinochlore. Note that a late generation of Opx-2 (d) occurs as veinlets or rim-like
zones (dark in color) replacing the early generation of orthopyroxene (Opx-1: light phase).

Chromian spinel typically forms accessory grains located at boundaries of olivine grains
(Figure 9c¢,d,f and Figure 10c,f), implying that these grains crystallized after olivine. Two textural
variants of orthopyroxene, indicative of two generations, are recognizable at Chapesvara (I and II),
in agreement with observations at the Pados-Tundra complex [6]. The first is early and pertains to the
orthopyroxene of magmatic origin. The second generation is late and occurs in veinlets or as a rim-like
zone (dark in back-scattered images: Figures 9c and 10d), or a peripheral replacement, or as lamellae
not attributed to exsolution hosted by the matrix phase of early orthopyroxene: cf. Figure 8 in [6].

Clinopyroxene and plagioclase occur sporadically as rare constituents of ultramafic rocks of the
Chapesvara bodies. They are involved in breakdown reactions, showing the following assemblages:
Cpx — P1 — aluminous Amp, or Pl — aluminous Amp (Figure 9¢,f and Figure 10b). On textural
evidence, the amphibole rims likely formed from a late hydrous fluid as a result of plagioclase
decomposition, which seems to have been the source of the Al

On the basis of microscopic observations, we infer that the investigated rocks are very poor in
S. Pentlandite was documented only as tiny grains ~50 pm in size (Figure 10f).
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3.2. Mineralogical Variations

3.2.1. Olivine, Chromian Spinel, and Orthopyroxene

The field of compositions of olivine in rocks of Chapesvara-I and Chapesvara-II (Table 1,
Figure 11a,b) largely overlap as a consequence of the close petrogenetic relationship existing between
these bodies. A slightly positive correlation of the Mg# index, defined as 100Mg/(Mg + Fe?* + Mn),
versus Ni, and a slightly negative one of Mg# versus Mn, were observed. Trends for these two suites
are similar. Note that the compositions of olivine in fine-grained rocks of the upper contact facies
(UCEF) are plotted in an area distinct from the rest. This unit is distinctive, as is argued below.

Table 1. Compositions of olivine in the Chapesvara (I and II) ultramafic bodies.

Sample *M SiO, FeO MnO NiO MgO CaO Total Mg#

CHP-1 - 39.82 14.44 0.13 0.38 4522 bdl 99.99 84.7
CHP-4 - 40.09 11.41 0.13 0.40 47.74 0.01 99.78 88.1
CHP-5 - 40.07 13.41 0.18 0.34 46.56 bdl 100.56 85.9
CHP-6 - 40.07 11.12 0.17 0.39 47.98 bdl 99.72 88.3
CHP-7 - 40.14 11.10 0.16 0.38 48.07 bdl 99.84 88.4
Chera_l CHP-8 - 40.22 11.29 0.17 0.37 47.36 bdl 99.41 88.0
CHP-9 - 39.07 14.58 0.18 0.31 45.00 bdl 99.14 84.5
CHP-10 - 40.13 12.63 0.18 0.33 46.59 0.01 99.86 86.6
CHP-11 - 40.19 12.11 0.15 0.39 47.36 0.01 100.20 87.3
CHP-12 - 39.78 12.83 0.20 0.35 46.43 0.01 99.59 86.4
CHP-13 - 40.17 12.49 0.16 0.31 47.27 0.01 100.40 87.0
CHP-15 - 40.76 11.01 0.15 0.36 48.06 0.01 100.35 88.5

CHP-17 10 40.34 11.72 0.21 0.35 46.68 bdl 99.30 87.5
CHP-19 495 40.00 13.06 0.21 0.32 46.53 0.01 100.12 86.2
CHP-20 743 40.12 12.51 0.17 0.35 47.39 0.01 100.54 87.0
CHP-21  123.8 40.09 13.79 0.17 0.33 46.06 bdl 100.45 85.5
CHP-22 2129 40.82 10.64 0.17 0.39 48.26 bdl 100.27 88.8
CHP-23  237.6 40.39 10.37 0.15 0.39 48.82 bdl 100.11 89.2
Ch-ra-Il CHP-24 247.5 39.91 10.30 0.14 0.39 49.37 0.01 100.12 89.4
CHP-25 297 41.01 10.18 0.16 0.38 48.51 0.01 100.25 89.3
CHP-26  371.3 40.38 10.46 0.13 0.43 48.46 0.02 99.89 89.1
CHP-27  420.8 40.19 10.84 0.10 0.44 48.03 bdl 99.60 88.7
CHP-28  544.5 40.69 11.07 0.13 0.42 48.14 0.01 100.45 88.5
CHP-30 579.2 40.55 791 0.19 0.41 50.30 bdl 99.37 91.7
CHP-30 579.2 40.58 8.03 0.17 0.40 50.17 bdl 99.35 91.6

Note. Results of electron-microprobe analyses (WDS data) are listed in wt. %. Mg# = 100Mg/(Mg + Fe?* + Mn). *Mis a
relative distance (in meters) from the point “a” toward “b” in the transection a-b oriented across the Chapesvara-II
body (Figures 2 and 5). bdl: below detection limits.

0.50
a
0.45 -
g 0.40 -
20351
9
2 0.30 1
025 1 0 Chapesvara-| 0.05 1
n=177 0 Chapesvara-II
0.20 T T T T T 0 T T T T T
820 840 860 880 90.0 920 940 820 840 860 880 900 920 940
Mg# olivine Mg# olivine

Figure 11. Plot of values of the index Mg# 100Mg/(Mg + Fe?* + Mn) compared to the amounts of
NiO (a) and MnO (b) expressed in wt. % in WDS compositions of olivine from the Chapesvara-I (blue
symbol) and Chapesvara-II (brown symbol) bodies. Results of a total of 177 data-points are plotted.
The label UCF (the upper contact facies) refers to a distinctive rock unit (see text for details).
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Figure 12a displays an interesting and unusual trend in olivine composition across the Chapesvara-II
body. Except for the UCF unit, the maximum value of Mg# is attained in olivine of the central dunite
zone (Figure 7) close to the center of the ultramafic body. From this point, the values decrease upward
and downward, respectively, relative to the a—b traverse direction (Figure 6). Note that the downward
subtrend is much more pronounced, showing a broad range of variations. In contrast, the values of Ni
in solid solution display rather a single trend decreasing downward (Figure 12b).
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Figure 12. Variations in values of the Mg# index in olivine (a), orthopyroxene (c), and accessory grains
of chromian spinel (d), contents of NiO in olivine (b, quoted in wt. %), and values of the Cr# index
100Cr/(Cr + Al), a ratio of atoms per formula unit, apfu) and of the index Fe3*# 100Fe3*/(Fe>* + Fe?*)
in chromian spinel (e,f), which are observed along the traverse a-b (shown in Figure 6) oriented across
the Chapesvara-II body. The ordinate axis represents the distance (in meters) between sample locations
of the profile a-b (Figure 6). The label UCF pertains to a rock of the upper contact facies (see text
for details).

Compositional variations in the chromian spinel (Table 2, Figure 12d) are clearly sympathetic
with respect to those of olivine. The data points also display, from the same horizon close to the center,
a characteristic split into two separate subtrends directed upward and downward in the Chapesvara-II
body. Values of the Cr# index 100Cz/(Cr + Al) exhibit a relative decrease at the same central position
(Figure 12e), which is accompanied by the corresponding increase in the spinel component (MgAl,Oy)
at this level. Values of the index Fe*>*# 100Fe’*/(Fe>* + Fe?") gradually increase downward (Figure 12f),
implying a progressive rise in oxygen fugacity, fO,, in this direction during crystallization.
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Table 2. Compositional variations of accessory grains of chromian spinel along a transection oriented across of the Chapesvara-II ultramafic body.
# Sample *M  TiO, AlLO; Cr,03 V,0; ;F:tgl (I;:g Fg;lcc’ ® MnO MgO NiO ZnO Total Mgt  Crt  Fe*#
1 CHP-17 10 1.73 0.26 22.02 0.22 69.73 30.38 43.73 0.45 1.18 0.44 0.13 100.54 6.4 98.2 56.4
2 CHP-17 10 1.74 0.22 21.86 0.24 70.05 30.65 43.78 0.50 0.96 0.43 0.16 100.54 5.2 98.5 56.2
3 CHP-18  24.8 1.52 0.19 17.11 0.24 74.91 30.05 49.85 0.47 1.40 0.35 0.16 101.32 7.5 98.4 59.9
4 CHP-18 248 1.51 0.14 16.76 0.28 76.01 30.92 50.11 0.40 0.90 0.36 0.15 101.54 4.9 98.8 59.3
5 CHP-19 495 1.75 0.19 19.67 0.17 7342 31.18 46.94 0.45 0.91 0.42 0.14 101.81 49 98.6 57.5
6 CHP-19A 49.5 1.66 0.21 20.47 0.21 71.83 30.80 45.60 0.45 0.93 0.42 0.15 100.89 5.0 98.5 57.1
7 CHP-20 743 1.65 0.29 24.35 0.23 68.38 30.92 41.62 0.38 0.86 0.49 0.25 101.03 47 98.3 54.8
8 CHP-20 743 1.37 0.15 15.70 0.26 75.76 29.94 50.92 0.29 1.25 0.55 0.05 100.49 6.9 98.6 60.5
9 CHP-21 123.8 0.91 1.95 45.87 0.30 44.58 28.55 17.81 0.55 1.89 0.10 0.32 98.26 10.4 94.0 35.9
10  CHP-21 123.8 1.05 1.73 45.81 0.30 44.96 28.83 17.93 0.55 1.80 0.12 0.29 98.40 9.8 94.7 35.9
11 CHP-22 2129 1.23 6.63 46.72 0.17 40.21 28.16 13.39 0.62 3.34 0.13 0.24 100.63 17.2 82.5 30.0
12 CHP-22 2129 1.32 11.11 42.55 0.19 39.70 27.57 13.48 0.56 4.47 0.14 0.26 101.65 22.1 72.0 30.5
13 CHP-23 237.6 0.75 1.97 52.56 0.13 40.88 28.78 13.45 0.70 221 0.10 0.20 100.84 11.8 94.7 29.6
14  CHP-23 2376 1.36 1.76 48.33 0.20 44.35 28.81 17.27 0.65 2.57 0.22 0.15 101.32 13.4 94.9 35.0
15 CHP-24 2475 2.14 5.18 45.59 0.22 40.59 28.25 13.72 0.64 3.42 0.18 0.19 99.52 17.4 85.5 30.4
16~ CHP-24 2475 0.77 3.74 55.46 0.22 34.89 27.43 8.29 0.69 3.18 0.08 0.24 100.09 16.8 90.9 214
17 CHP-24 2475 0.80 16.58 42.69 0.21 3277 2534 8.26 0.50 6.01 0.19 0.44 101.00 29.3 63.3 22.7
18 CHP-25 297.0 0.78 10.04 50.57 0.14 32.59 26.08 7.23 0.59 4.82 0.10 0.38 100.74 244 77.2 20.0
19  CHP-25 297.0 1.27 7.52 48.67 0.25 36.51 27.49 10.03 0.63 3.76 0.12 0.33 100.06 19.2 81.3 24.7
20 CHP-25 297.0 0.49 1717  45.63 0.10 29.13 24.07 5.63 0.49 6.76 0.08 0.50 100.90 32.9 64.1 17.4
21  CHP-26 3713 1.30 4.58 55.25 0.41 34.18 27.90 6.98 0.42 3.48 0.12 0.42 100.86 18.0 89.0 18.4
22 CHP-26 3713 0.81 3.13 57.27 0.29 33.48 27.50 6.65 0.45 3.08 0.09 0.40 99.67 16.4 92.5 17.9
23 CHP-27 420.8 1.16 5.69 52.90 0.46 34.90 27.83 7.87 0.51 3.46 0.06 0.34 100.27 17.9 86.2 20.3
24  CHP-27 420.8 0.84 3.81 55.71 0.40 34.23 27.88 7.05 0.53 2.83 0.11 0.38 99.53 15.1 90.8 18.5
25  CHP-27 4208 1.56 7.30 48.83 0.45 36.60 27.97 9.58 0.49 3.74 0.13 0.34 100.40 19.0 81.8 23.6
26  CHP-28 544.5 1.13 1.61 44.06 0.28 48.33 28.88 21.62 0.50 2.20 0.26 0.35 100.88 11.8 94.8 40.3
27  CHP-28 544.5 1.14 1.61 44.59 0.27 48.56 28.99 21.74 0.51 2.31 0.25 0.34 101.76 12.2 94.9 40.3
28  CHP-30 579.2 0.23 2.98 47.90 0.08 42.36 25.49 18.75 0.82 3.88 0.14 0.29 100.54 20.8 91.5 39.8
29  CHP-30 579.2 0.23 8.24 50.02 0.07 34.14 24.32 1091 0.73 5.25 0.09 0.34 100.22 27.2 80.3 28.8
30  CHP-30 579.2 0.35 1.64 45.43 0.08 46.40 26.18 22.46 0.83 3.34 0.26 0.20 100.77 18.1 94.9 43.6

Note. These compositional data (WDS; in weight percent) were observed along the traverse a-b (shown in Figure 6) oriented across the Chapesvara-II body. The label UCF pertains to the
upper contact facies (see text for details). Contents of ferric and ferrous iron were calculated on the basis of stoichiometry and charge balance. *M is the distance in meters. Values of the

Mg# index = 100Mg/(Mg + Fe?* + Mn); the Cr# index = 100Cr/(Cr + Al); the Fe>*# index = 100Fe>*/(Fe3* + Fe?*).
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In the Chapesvara-II body, compositions of orthopyroxene show relatively broad lateral variations
(Figure 12¢, Table 3), which reflect the presence of two generations of the mineral. At low stratigraphic
levels, orthopyroxene could not be analyzed, as it was totally transformed to a tremolite-dominant
assemblage, presumably as a result of an increase in H,O in the system (in the late-crystallized portions).
The two generations of orthopyroxene are separated by a gap (Figure 13a—c). Group-1’s pyroxene
(the original phase) contains normal levels of incorporation of Ca, Al, and Cr. In contrast, compositions
of the second generation (group 2), which formed by replacement of the original phase, are highly
depleted in Ca, Al, and Cr (Figure 13a—c).

Table 3. Compositions of orthopyroxene in the Chapesvara (I and II) ultramafic bodies.

# Sample SiO, TiO, AlLO3; Cr,O3 FeO MnO MgO CaO Total Mg#
1 CHP-4 5628  0.06 1.51 0.70 6.72 016 3226 158 9925 88.6
2 CHP-4 56.08 0.05 1.39 0.76 6.89 018 3205 158 9898 884
3 CHP-6 56.32  0.06 1.45 0.72 6.59 018 3264 148 9943 894
4 CHP-6 5750  0.02 0.02 0.06 8.25 020 3337 004 9944 865
5 CHP-7 5621  0.07 1.50 0.67 6.66 014 3263 165 9952 897
6 CHP-7 56.37  0.05 1.29 0.67 6.48 017 3260 145 99.08 887
7 Chera—I CHP-10 56.63  0.07 1.37 0.72 7.67 017 3197 133 9992  86.6
8 CHP-10 56.61  0.06 1.24 0.72 7.00 015 3254 124 9955 88.0
9 CHP-12 56.37  0.06 1.19 0.76 7.07 018 3221 144 9928 876
10 CHP-12 55.53  0.09 191 0.76 7.80 019 3022 271 9922 863
11 CHP-14 57.72  0.02 0.17 0.08 7.89 021 3366 007 9981 87.1
12 CHP-14 5645  0.10 1.90 0.63 7.71 019 3193 131 10022 86.6
13 CHP-15 57.10  0.08 1.53 0.60 6.73 016 3222 179 10020 873
14 CHP-15 57.24  0.03 1.26 0.57 6.58 015 3273 137 9993 876
15 CHP-26 56.59  0.06 1.35 0.74 6.57 014 3276 135 9957  89.0
16 CHP-26 57.79  0.01 0.03 0.02 7.03 021 3434 005 9949 889
17 Chera_II CHP-27 5722 0.07 1.28 0.68 6.98 017 3213 140 9992 86.2
18 CHP-27 56.98  0.05 1.38 0.67 717 016  31.60 165 99.66 858
19 CHP-28 56.65  0.05 1.29 0.61 7.54 018 31.84 137 9952  86.6
20 CHP-28 58.01  0.03 0.02 0.05 7.70 020 3406 006 10013 87.8
Note. Results of electron-microprobe analyses (WDS) are listed in weight percent. All Fe is given as FeO.
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Figure 13. Plot of values of the Mg# index in orthopyroxene (WDS compositions) versus their levels
of incorporation of Ca (a), Al (b), and Cr (c) (expressed in apfu). Two groups of compositions were
observed. Group-1’s pyroxene is normal and pertains to the original (magmatic) phase. The group-2
generations is poor in Ca, Al, and Fe; they are represented by late phases (dark veinlets and peripheral
zones shown in Figure 10d) formed by replacement of the original phase of Opx. The dashed lines
show relative compositional gaps existing between the group-1 and group-2 generations.

3.2.2. Clinopyroxene, Plagioclase and Aluminous Amphibole

Clinopyroxene (Wo43.9-46.0En4y 6-49.1Fs¢.4-70) has a highly magnesian composition at Chapesvara
(Table 4). The compositions plot close to the boundary of diopside with augite, as defined in the accepted
nomenclature [22]. Plagioclase (Figures 9e and 10b; Table 4) represents a late phase formed from
portions of interstitial melt. It is strongly enriched in the albite component: Abyg g 40.1AN397-530010.1-0.2.
The aluminous amphibole (Table 4) displays notable variations: (Naj 15-1.26Ca056-1.31K0.02-0.18)



Minerals 2020, 10, 14 13 of 30

(IMg3 66-4.43Fe* 0 50-0.77Mn0,01-0.031 Alg 99-1.28)(Si5 77-6 15Al1 85-2.23)O22(OH),. These compositions are
closest to pargasite, although somewhat deficient in Ca [23].

Table 4. Compositions of clinopyroxene, plagioclase and aluminous amphibole in the Chapesvara-I

ultramafic body.
# Sample Mineral S§i0, TiO, AlL,03 Cr,0O3 FeO MnO MgO CaO NaO K;O Total
1 Cpx 5298 019 281 132 379 013 1670 21.16 0.84 0.01 9991
2 5244 021 330 126 393 010 1658 2097 0.72 bdl  99.51
3 5737 bdl 2641 bdl 014 0.01 bdl 875 732 0.02 100.02
4 CHP-10 Pl 5438 bdl 2823 bdl 0.11 bdl bdl 1098 579 0.04 99.54
5 4063 0.03 20.68 bdl 502 015 1791 812 424 019 9698
6 Amp 4349 004 1707 001 474 013 1884 828 436 0.19 97.13
7 4246 008 1771 003 455 008 1852 857 440 048 96.88
8 Cpx 5232 019 3.02 141 371 014 1603 2153 0.80 bdl  99.14
9 51.84 025 374 135 4.07 012 1653 2057 0.77 bdl  99.24
10 5364 bdl 2894 bdl 0.06 bdl bdl 1181 577 0.04 100.26
11 CHP-12 Pl 55.04 bdl 28.00 bdl 0.12 bdl bdl 1069 6.63 0.03 100.51
12 42,02 0.08 18.15 bdl 419 012 1731 1121 452 032 9791
13 Amp 4155 0.06 1995 bdl 659 028 20.68 527 464 016 99.17
14 4214 005 1992 bdl 6.03 021 2135 378 467 012 9827
15 43.03 0.06 18.06 bdl 497 015 2087 575 423 1.00 9812

Note. Results of electron-microprobe analyses (WDS) are listed in weight percent. All Fe values are given as FeO.
Cpx is clinopyroxene, Pl is plagioclase, and Amp is aluminous amphibole (pargasite).

3.2.3. Calcic and Iron-Magnesium Amphiboles, and Deuteric-Stage Assemblages

Compositional fields of the Ca amphibole (tremolite) and Fe-Mg amphibole (anthophyllite)
overlap in the Chapesvara-I and Chapesvara-II bodies (Figure 14a,b; Tables 5 and 6) as a result of
the close relationship between these bodies. As noted, the calcic amphibole develops locally in fairly
fresh rocks in association with unaltered olivine or orthopyroxene. This mode of occurrence reflects a
primary crystallization at a late stage as a result of increase in levels of H,O, cf. [24,25]. It thus differs
from amphibole formed deuterically or during regional metamorphism.

Representatives of the serpentine-group minerals, chlorite (clinochlore), talc, and a magnesium
carbonate (likely magnesite) are invariably highly magnesian at Chapesvara (Table 7), as a reflection of
the composition of primary grains of olivine and orthopyroxene.
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Figure 14. Compositional variations of values of MgO plotted against FeO (weight percent) in grains
of calcic amphibole (tremolite; a) and Fe-Mg amphibole (anthophyllite; b) in the Chapesvara bodies.
A total of 102 (a) and 77 data-points (b) are plotted.
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Table 5. Compositions of calcic amphibole in the Chapesvara (I and II) ultramafic bodies.
# Sample SiO, TiO; Al,O3 Cr,O03 FeO MnO MgO CaO Na,O K;O Total
1 CHP-1 5818 003 052 003 240 0.08 2299 1260 056 0.02 9740
2 CHP-1 5628 0.09 205 031 3.09 0.09 2238 1197 145 0.04 9775
3 CHP-2 5784 004 08 008 287 006 2277 1221 080 0.03 9755
4 CHP-3 5802 005 074 012 278 007 2315 1217 067 0.03 9779
5 CHP-4 5880 002 016 005 1.8 007 2293 1338 0.07 0.01 9737
6 CHP-4 5794 002 050 010 217 0.08 2294 1314 023 0.03 9715
7 CHP-5 5832 004 043 002 240 0.09 2366 1255 038 0.02 9791
8 CHP-5 5843 002 030 002 218 0.08 2341 13.02 023 0.02 9770
9 Chral CHP-6 5802 006 075 008 204 007 2314 1249 035 002 97.02
10 CHP-7 5844 002 065 005 200 0.08 2284 1277 024 002 9711
11 CHP-7 5751 008 112 010 213 0.07 23.08 1244 051 0.03 97.06
12 CHP-8 5914 001 019 003 179 007 2284 1346 017 0.01 9770
13 CHP-9 5853 005 062 005 260 0.08 2307 1235 0.64 0.02 9799
14 CHP-11 5862 002 042 006 247 010 2338 1216 049 0.03 9775
15 CHP-13 5890 004 023 004 206 005 2317 1265 034 0.02 9748
16 CHP-14 5653 013 248 014 234 0.09 2287 1206 083 0.04 9750
17 CHP-14 5883 002 031 0.02 187 0.04 2333 1287 015 0.01 9746
18 CHP-16 5880 005 030 0.07 251 010 2310 1261 020 0.02 9774
19 CHP-17 5880 004 024 006 205 013 2314 1265 028 0.01 9739
20 CHP-18 5818 002 033 0.01 238 0.09 2372 1250 032 0.03 9758
21 CHP-19 5860 004 037 007 233 012 2316 1246 040 0.02 9756
22 CHP-20 5785 005 051 018 223 0.08 2341 1239 063 0.02 9735
23 CHP-21 5813 004 057 009 242 008 2321 1201 070 0.02 9727
24 Chra-Il CHP-22 5779 006 1.00 017 212 0.08 2322 1238 0.83 003 97.68
25 CHP-24 5806 005 045 011 187 0.08 2362 1264 044 001 9733
26 CHP-25 5848 005 059 013 191 0.07 2330 1241 051 0.03 9748
27 CHP-25 5859 003 044 015 220 012 2423 1166 034 0.02 9778
28 CHP-26 5794 006 069 020 19 0.09 2340 1246 049 0.01 9730
29 CHP-28 5819 005 056 019 215 0.07 2349 1221 041 001 9733
30 CHP-28 5850 006 043 010 208 0.07 2337 1238 033 0.02 9733
Note. Results of electron-microprobe analyses (WDS) are listed in wt. %. All Fe is given as FeO.
Table 6. Compositions of Fe-Mg amphibole in the Chapesvara (I and II) ultramafic bodies.
# Sample SiO; TiO; AlLO3 Cr,0O3 FeO MnO MgO CaO NaO KO Total
1 CHP-1 5818  bdl 013 003 1041 028 2721 1.06 010 0.01 9740
2 CHP-1 5877 003 010 0.01 1035 028 2783 035 0.12 bdl  97.82
3 CHP-2 59.07 bdl 005 0.05 1115 032 2686 0.60 0.08 bdl  98.18
4 CheraI CHP-3 58.60 bdl 005 0.01 1122 029 2762 053 003 0.01 9836
5 CHP-5 5891  bdl 0.08 0.02 1012 036 2793 065 0.04 bdl 98.10
6 CHP-9 5929 bdl 0.08 0.03 10.03 030 2778 051 0.09 bdl  98.10
7 CHP-11 5924 0.01 005 0.01 955 029 2842 058 0.04 bdl  98.18
8 CHP-13 59.17 001 006 002 977 031 2793 062 0.05 bdl  97.92
9 CHP-16 5940 0.01 0.01 002 971 032 2747 057 0.01 bdl  97.53
10 CHP-17 59.01 bdl 002 003 942 043 2772 065 0.05 bdl  97.33
11 CHP-18 58.67  bdl 0.03 0.01 973 035 2848 052 0.01 bdl  97.81
12 CHP-19 59.13 0.01 0.05 bdl 965 040 2781 0.63 0.07 bdl  97.75
13 CHP-19A 59.10 0.02 0.07 0.02 10.03 048 2768 0.71 0.03 bdl  98.13
14 Ch-raII CHP-20 5861  bdl 007 003 940 034 2847 067 003 0.01 97.63
15 CHP-21 5886 001 008 005 1016 031 2775 060 0.09 bdl  97.92
16 CHP-26 59.13 0.01 0.06 bdl 829 030 2871 050 0.04 bdl  97.03
17 CHP-26 59.01 0.01 0.10 bdl 855 029 2881 0.65 004 0.01 9746
18 CHP-27 5931 0.01 009 0.02 9.01 026 2813 062 0.08 bdl  97.52
19 CHP-28 5941 002 008 003 880 024 2862 059 0.04 bdl  97.82
20 CHP-28 59.19 0.01 0.05 bdl 922 028 2834 0.62 0.03 bdl  97.74

Note. Results of electron-microprobe analyses (WDS) are listed in weight percent. All Fe is given as FeO.
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Table 7. Compositions of deuterically formed assemblages of hydrous silicates and a magnesium
carbonate in the Chapesvara (I and II) ultramafic bodies.

# Sample Mineral SiO, TiO; AlLLO3 Cr,O3 FeO MnO MgO CaO NaO K;O Total
1 CHP-2 3323 003 1470 253 423 003 3314 0.01 bdl 0.01  87.90
2 Chl 3278 0.03 1420 277 419 0.03 3310 bdl bdl bdl  87.10
3 CHP-3 3248 004 1367 245 478 002 3245 0.03 bdl 0.02 8594
4 3251 002 1448 230 400 001 3333 004 001 001 8671
5 CHP-8 Srp 39.73 002 014 001 9.06 008 3632 0.03 bdl bdl  85.39
6 CHP-11 Crb 0.01 bdl 001 001 542 023 4220 020 0.02 bdl  48.09
7 Srp 4186 002 0.03 001 929 015 3562 0.07 bdl bdl  87.04
8 CHP-15 3242 0.03 1655 173 293 0.02 33.68 bdl bdl bdl  87.35
9 Chl 3193 007 1692 211 3.09 0.02 3375 bdl bdl bdl  87.88
10 CHP-16 3435 004 1338 196 396 0.02 3440 bdl 0.02 bdl  88.13
11 3338 0.05 1433 205 422 0.02 33.83 bdl 0.01 bdl  87.89
12 Stp 4178 0.01 bdl 0.02 1393 030 3312 0.07 bdl bdl  89.23
13 CHP-18 4162 001 0.03 001 1361 026 3356 008 0.01 bdl  89.20
14 3448 0.02 1086 151 538 0.06 3557 bdl bdl bdl  87.87
15 3427 003 1333 180 455 0.02 33.01 bdl 0.02 0.01 87.04
16 CHP-21 Chl 3432 003 1314 239 395 0.02 3239 bdl 0.05 bdl  86.29
17 3286 0.03 1259 335 331 0.02 35.06 bdl bdl bdl  87.21
18  CHP-23 3289 0.02 1289 334 324 0.01 3541 bdl bdl bdl  87.79
19 Crb bdl 001 0.00 001 449 025 4339 0.16 bdl bdl  48.30
20 CHP-24 Tle 6175 0.02 033 003 130 001 3133 0.01 024 bdl  95.02
21 6218 0.02 029 002 121 001 3087 001 026 001 9488
22 CHP-25 Chl 3437 005 1358 333 270 002 3332 0.02 bdl 0.01  87.40
23 Tle 6156 0.06 081 014 126 bdl 31.08 bdl 063 0.01 9554
24 CHP-29 6041 011 194 027 134 001 3124 bdl 126 002 96.61
25 Chl 3338 005 1363 231 366 001 3499 0.01 bdl 0.01  88.05
26 3344 004 1362 229 366 0.02 3526 bdl bdl 0.01 8834
27 ) 63.37  bdl 014 0.04 082 001 3087 bdl 0.12 bdl  95.38
28 CHP-30 Tle 63.00 bdl 011 0.03 1.00 0.01 3090 bdl 0.07  bdl 9512
29 3288 0.01 1382 312 293 002 3495 0.01 bdl bdl  87.73

30 Chl 33.08 002 1368 316 3.01 002 3502 002 001 001 88.01

Note. Results of electron-microprobe analyses (WDS) are listed in weight percent. All Fe is given as FeO. Labels
CHP-2 to CHP-15 pertain to Chapesvara-I, and CHP-16 to CHP-30 pertain to Chapesvara-II. Labels Chl is chlorite
(clinochlore), Tlc is talc, Srp is serpentine, and Crb is a magnesium carbonate (magnesite). Bdl: below detection limits.

3.2.4. Cobaltiferous Pentlandite

As noted, sulfide occurrences are extremely scarce in these samples. A Co-bearing pentlandite
(1.2-1.7 wt. % Co) is the only sulfide species documented at Chapesvara (Table 8). Values of the
Ni:Fe ratio (atomic) are 0.8-1.1, close to a 1:1 proportion. In general, cobaltiferous pentlandite could
represent one of index minerals of the entire Serpentinite Belt. Indeed, it occurs at Pados-Tundra [6],
at Khanlauta and at Kareka-Tundra (Barkov et al.; unpublished data).

Table 8. Compositions of Co-bearing pentlandite in the Chapesvara-I-II complex.

Sample Fe Co Ni S Total (E}I)\;[E) Ni/Fe (apsfu)
CHP-13 Ch-ra-1 30.40 1.73 33.94 33.84 99.91 8.87 1.1 8.13
CHP-13 Ch-ra-I 30.15 1.67 33.76 33.87 99.45 8.84 1.1 8.16
CHP-18 Ch-ra-1I  31.89 1.24 33.88 33.63 100.64 8.96 1.0 8.04
CHP-18 Ch-ra-II  31.52 1.19 33.83 33.42 99.96 8.96 1.0 8.04
CHP-18 Ch-ra-II  31.69 1.19 33.84 33.41 100.13 8.97 1.0 8.03
CHP-18 Ch-ra-II  31.72 1.19 33.64 33.49 100.04 8.95 1.0 8.05
CHP-19A  Ch-ra-II  35.09 1.43 30.59 33.45 100.56 9.00 0.8 8.00
CHP-19A  Chra-II 3491 1.52 30.27 33.62 100.32 8.95 0.8 8.05
CHP-19A  Ch-ra-II 3498 1.35 30.36 33.65 100.34 8.95 0.8 8.05
CHP-19A  Ch-ra-II  35.03 1.33 30.41 33.71 100.48 8.95 0.8 8.05

Note. Results of electron-microprobe analyses (WDS) are quoted in weight percent. The values in apfu (atoms per
formula unit) are based on a total of 17 apfu.
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3.3. Geochemical Characteristics

3.3.1. Whole-Rock Variations and Fractionation Trends

The rocks of the sequence dunite-harzburgite—olivine-bearing orthopyroxenite are highly magnesian.
Mean values of Mg# 100MgO/(MgO + FeOyqta)), calculated on a whole-rock (molar) basis, are nearly
identical: 86.6 for Chapesvara-I (n = 13) and 86.5 for Chapesvara-II (n = 14) (Table 9). A substantial
enrichment in Cr (1-2 wt. % Cr,QO3) is invariably observed. The whole-rock ratios for Al,O3 and TiO,
(ratios of wt. % values) are 23.9 and 21.0, respectively. These values are indicative of crystallization
from batches of a primitive magma derived from a common mantle source.

The whole-rock compositions (Tables 9-11) display low contents of Ca and Al and a characteristic
depletion in REE and high field-strength elements (Y, Nb, Hf, and Th). The mean values of the (Gd/Yb)n
ratio (Table 10), normalized with respect to the C1 chondrite [26], are 1.19 (Chapesvara-I) and 1.11
(Chapesvara-II). These very similar values exhibit a minor extent of depletion in the heavy REE. Mean
values of the index Eu/Eu* (Table 10) also are close: 0.72 (Chapesvara-I) and 0.82 (Chapesvara-II). They
indicate a slightly negative Eu anomaly, which could reflect a minor extent of plagioclase fractionation.

The two patterns of fractionation recognized in the primary minerals at Chapesvara-II (Figure 6,
Tables 1 and 2) are reflected in geochemical profiles (Tables 9-11). Pattern 1 displays a relative maximum
or minimum close to the body center. A split into two subtrends then develops, both of which are
approximately linear and directed upward and downward in the plots, respectively. This pattern,
established on the basis of values of Mg# in Ol and Chr (Figure 12a,d), is also reflected in the whole-rock
contents of Al and Ca (Figures 15e and 16d), and levels of incompatible elements: Ti (Figure 15d), V
(Figure 17a), Zr (Figure 18b), Y (Figure 18d), and Hf (Figure 18e). The second pattern is representative
of variations in values of Ni in olivine (Figure 12b), the Fe3*# index in Chr (Figure 12f), and the Mg#
index in bulk-rock compositions (Figure 15b), which all show a single trend of values progressively
decreasing or increasing from top to bottom. The variations observed in ZREE (Figure 18a), Nb,
and Th (Figure 18c,f), which gradually increase downward, are related to the second type of trend.
The similarities observed in chondrite-normalized spectra of ultramafic rocks of the Chapesvara-I and
Chapesvara-II bodies (Figures 19 and 20) provide convincing evidence that they are comagmatic and
belong to a single complex.
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Table 9. Whole-rock contents of major oxides in representative samples of the Chapesvara bodies (I and II).

Sample Si02 Ti02 A1203 F8203 MnO MgO CaO NaZO K20 P205 BaO 503 V205 Cl‘203 NiO LOI Total Mg# A1203/Ti02
CHP-1 38.18  0.10 250 1243 013 3594 2.08 0.07 0.04 0.02 0.01 0.07 0.01 1.28 0.22 6.61 99.69 85.1 25.0
CHP-3 4915 0.10 4.78 8.85 018 2819 254 0.12 0.01 0.01 0.01 <0.03 0.01 1.20 0.12 459 9989 863 47.8
CHP-4 4368 0.07 152 1125 016 3961 0.89 <005 0.01 0.01 <0.01 <0.03 0.01 127 023 1.00 99.74 875 21.7
CHP-5 4028 0.12 262 1218 015 3301 243 <005 0.01 0.02 0.01 0.06 0.01 0.95 0.20 776  99.85 843 21.8
CHP-6 4425 0.07 1.60 1019 016 3862 112 <0.05 0.01 0.01 0.01 <0.03 0.01 1.14 0.20 219  99.65 88.2 229
CHP-7 4505 0.07 1.57 1037 016 3949 105 <005 0.01 0.01 0.01 <0.03 0.01 1.18 0.21 0.79  100.04 88.3 224
Ch-ra-1 CHP-8  40.02 0.07 135 1194 016 4163 0.86 <0.05 0.01 0.01 0.01 <0.03 0.01 1.46 0.25 1.80 99.62 874 19.3
CHP-9 4426 0.12 276 1127 016 31.84 251 0.06 0.02 0.02 0.01 0.06 0.01 0.90 0.16 555 9970 84.8 23.0
CHP-10 4393 0.18 394 11.08 016 3322 294 0.51 0.18 0.02 0.01 0.05 0.01 1.14 0.18 2.53  100.09 85.6 21.9
CHP-11  36.85 0.09 1.84 1078 015 36.06 129 <0.05 0.01 0.01 0.01 0.06 0.01 1.60 023 1081 99.79  86.9 20.4
CHP-12 4535 017 372 1093 016 3354 273 0.45 0.16 0.02 0.01 <0.03 0.01 1.12 0.17 1.68 100.26 85.9 21.9
CHP-14 4157 0.08 1.72 1155 015 4083 1.08 <0.05 0.01 0.01 0.01 <0.03 0.01 1.50 0.25 1.30 100.13 875 21.5
CHP-15 4379 0.07 1.50 1063 015 3955 099 <0.05 0.01 0.01 0.01 <0.03 0.01 1.23 0.21 112 9936  88.1 21.4
CHP-16 4145 018 415 1143 016 2847 344 <0.05 0.02 0.03 0.01 0.16 0.01 1.64 0.18 8.73  100.04 83.2 23.1
CHP-17 39.06 017 342 1095 016 3274 204 <0.05 0.01 0.03 0.01 <0.03 0.01 1.45 0.20 930 9958 85.6 20.1
CHP-18 40.62 018 415 1036 014 3122 320 <0.05 0.01 0.03 0.01 0.07  0.01 1.14 0.19 798 9935 857 23.1
CHP-19 3990 018 405 1191 016 31.68 292 0.07  0.02 0.02 0.01 <0.03 0.02 1.60 0.19 6.71 9948 84.1 22.5
CHP-20 4120 0.13 266 1152 016 3476 171 <005 0.01 0.02 0.01 <0.03 0.01 1.22 0.21 559 9928 857 20.5
CHP-21 4831 0.13 2.61 9.45 015 31.82 2.08 0.14 0.02 0.02 0.01 <0.03 0.01 1.19 0.14 359 99.69 87.0 20.1
Ch-ra-II CHP-22 3818 0.07 1.53 1223 016 4250 079 <0.05 0.01 0.01 0.01 <0.03 0.01 2.25 0.30 126 9938 87.3 21.9
CHP-23 3948 0.05 081 1179 016 4395 040 <0.05 0.00 0.01 0.01 <0.03 0.01 1.23 0.31 1.34 9956 88.1 16.2
CHP-24 38.67 0.05 099 1149 015 4487 020 <005 0.01 0.01 0.01 <0.03 0.01 1.29 0.31 1.75 99.81 88.6 19.8
CHP-25 3858  0.05 1.04 1131 016 4490 058 <0.05 0.01 0.01 0.01 <0.03 0.01 1.50 0.31 142 9990 887 20.8
CHP-26 4640 0.07 1.48 9.28 015 3817 111 <005 0.01 0.01 0.01 <0.03 0.01 0.81 0.21 1.72 9948 89.1 21.1
CHP-27 4838  0.07 1.49 9.36 014 3595 124 <005 0.01 0.01 <0.01 <0.03 0.01 0.89 0.16 215 9993 884 21.3
CHP-28 4899 0.08 1.69 9.73 016 3416 134 <005 0.01 0.01 0.01 <0.03 0.01 1.02 0.16 222 9964 874 21.1
UCF* CHP-30 30.95 0.09 206 1654 026 3704 006 <005 0.01 0.01 0.01 <003 0.02 1003 027 246 9986 81.6 22.9

Note. Results of XRF analyses are listed in weight percent; all Fe is quoted as Fe;O3. Mg# = 100MgO/(MgO + FeOyota1) on a molar basis. *UCF means the upper contact facies. LOI: loss

on ignition.
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Table 10. Whole-rock contents of rare-earth elements, Hf and Th in representative samples of the Chapesvara (I and II) ultramafic bodies.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th (Gd/Yb)ny  Eu/Eu*
CHP-1 0.61 1.73 0.24 1.01 0.21 0.066 0.23 0.040 0.29 0.066 0.20 0.030 0.18 0.028 0.16 0.13 1.03 0.93
CHP-2 0.57 1.93 0.34 1.60 0.41 0.084 0.40  0.063 0.42 0.085 0.23 0.033 0.21 0.030 0.22 0.13 1.56 0.62
CHP-4 0.41 0.74 0.11 0.39 0.070 0.011 0.053 0.011 0070 0.019 0.055 0.010 0.070 0.010 0.10 0.13 0.61 0.53
CHP-5 0.54 1.42 0.22 0.77 023 008 024 0037 024 005 017 0026 016 0.025 0.19 0.16 1.21 1.09
CHP-6  0.54 1.10 0.14 050 009 0024 012 0.020 014 0032 010 0.015 0.099 0.015 014 0.095 0.98 0.70
CHP-7 042 0.84 0.10 042 009% 0025 0100 0.020 015 0033 010 0.017 012 0.018 0.11 0.13 0.67 0.79
Chra-I CHP-8 042 0.89 0.13 0.57 0.11 0.020 012 0.020 013 0027 0.085 0.013 010 0.014 013 0.13 1.03 0.52
CHP-9 0.82 1.98 0.28 1.27 035 0082 036 0053 038 0.08 024 0038 023 0037 020 0.22 1.27 0.69
CHP-10 3.1 6.3 0.74 2.9 0.61 0.17 0.54 0.10 0.61 0.12 034 0050 033 0.050 043 0.48 1.33 0.87
CHP-11 153 2.8 0.30 1.22 026 0042 023 0029 020 0.042 012 0019 013 0.020 0.16 0.19 1.46 0.51
CHP-12 28 5.8 0.65 2.6 0.58 0.18 0.62  0.091 0.57 0.12 034 0050 032 0.048 037 0.48 1.55 0.89
CHP-14 043 1.16 0.17 0.72 0.16  0.041 020 0029 018 0.034 010 0016 010 0.016 0.14 0.13 1.60 0.69
CHP-15 038 0.82 0.12 0.43 012 0022 014 0.021 013 0033 010 0.015 0.098 0.015 010 0.095 1.17 0.53
CHP-16 173 3.8 0.54 22 050 0.098 054 0.09 058 0.13 037 0054 034 0.050 046 0.35 1.28 0.57
CHP-17 096 2.6 0.39 1.74 0.53 0.12 0.45  0.081 0.53 0.11 0.31 0.050 031 0.048 0.39 0.29 1.17 0.70
CHP-18 4.6 9.0 1.00 3.9 0.72 0.22 0.75 0.12 0.77 0.16 043 0064 042 0.064 052 0.70 1.45 0.90
CHP-19 34 6.3 0.76 2.8 0.61 0.17 0.57 0.080  0.52 0.11 035 0052 035 0.051 0.48 0.51 1.32 0.88
CHP-20 1.38 2.8 0.36 1.49 0.41 0.081 030 0050 034 0.084 023 0036 022 003 029 0.29 1.14 0.67
CHP-21 2.2 3.9 0.42 1.51 037 008 034 0055 032 0073 021 0.031 021  0.031 0.25 0.29 1.30 0.73
Ch-ra-II CHP-22 0.61 1.25 0.13 0.54 012 0038 014 0020 014 0.028 0.078 0.012 0071 0.011 0.14 0.13 1.60 0.87
CHP-23  0.20 043 0053 024 0078 0.017 0.074 0011 0077 0.020 0.062 0.010 0.075 0.012 0.051 0.13 0.79 0.69
CHP-24 0.11 0.21 0.029 0.11 0.026  0.009 0.03¢ 0.006 0039 0.009 0.025 <0.005 0.025 <0.005 0.051 0.03 1.09 0.93
CHP-25 0.62 1.24 0.12 0.50 012 0029 0073 0.013 0.092 0.019 0.059 0010 0.058 0.009 0.076 0.095 1.02 0.90
CHP-26  0.71 1.40 0.17 0.61 014 0045 015 0.022 012 0.027 008 0013 0.09 0014 0.10 0.13 1.35 0.94
CHP-27  0.29 0.82 0.12 0.55 013 0.029 0100 0.019 014 0.032 0.11 0.019 014 0.023 0.08 0.10 0.58 0.75
CHP-28  0.55 1.11 0.13 0.60 014 003 016 0023 015 0.03 012 0020 014 0.021 0.11 0.10 0.90 0.73
*UCF  CHP-30 0.17 035 0039 015 0.021 0.008 0.020 <0.005 0.030 0.007 0.027 0.005 0.031 0005 <0.05 0.03 0.52 1.18

Note. Results of ICP-MS analyses are listed in ppm. The C1-chondrite-normalizing values take after [26]

. *UCF means the upper contact facies. Eu/Eu* are the Eu-anomaly values.
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Table 11. Whole-rock contents of different elements in representative samples of the Chapesvara (I and II) ultramafic bodies.

19 of 30

Sample Sc \' Cr Co Ni Cu Zn Rb Sr Y Zr Nb Cs Ba Ta 8]
CHP-1 108 50 8803.6 135 19073 135 92 0.89 24 1.79 7.8 0.31 <0.1 3.3 <0.05 0.06
CHP-2 132 60 8159.5 68 1053.8 139 70 1.10 18.0 34 10.5 0.46 <0.1 36 0.058 0.06
CHP-4 8.9 45 8441.1 118 19379  10.7 67 1.44 79 1.30 8.5 0.19 <0.1 6.0 <0.05 0.03
CHP-5 118 64 6357.6 107 17279 72 61 151 29 2.6 8.5 0.27 <0.1 9.3 <0.05 0.09
CHP-6  10.1 44 7847.1 108 17484 139 57 1.40 14.9 1.04 47 0.19 <0.1 5.7 <0.05 0.03
CHP-7 9.6 45 7812.7 117 1844.9 7.0 109 0.72 111 1.13 8.9 0.27 <0.1 4.2 <0.05 0.03
Ch-ra-I  CHP-8 7.3 44 9359.6 143 22634 84 64 0.72 10.6 0.81 10.6 0.23 <0.1 4.5 <0.05  <0.02
CHP9 145 69 5791.5 114 14629 9.3 62 1.13 23 2.7 9.8 0.39 <0.1 <3 <0.05 0.06
CHP-10 140 78 7668.7 109 1606.1 27 64 3.0 48 3.7 19.0 0.73 <0.1 63 <0.05 0.06
CHP-11 74 50 10480.6 129 2037.5 <5 76 0.55 8.1 1.40 79 0.31 <0.1 3.3 <0.05 0.03
CHP-12 138 74 7229.9 108 15278 28 76 34 43 34 18.4 0.69 <0.1 59 <0.05 0.06
CHP-14 82 48 9714.9 139 22271 7.8 76 0.65 11.0 1.49 10.7 0.23 <0.1 4.8 <0.05 0.03
CHP-15 8.7 44 8117.1 122 1952.4 7.6 71 0.68 9.8 1.39 43 0.15 <0.1 3.5 <0.05 0.03
CHP-16 126 86 10,581.6 101 1591.1 26 103 0.99 13.0 3.8 21 0.35 <0.1 55 <0.05 0.03
CHP-17 113 67 9250.2 116 17821 7.5 69 0.79 17.4 3.2 17.8 0.85 <0.1 6.1 <0.05 0.09
CHP-18 125 75 7692.4 109 1788.6 27 67 0.72 21 4.5 25 0.96 <0.1 11.0 0.057 0.09
CHP-19 120 94 11,088.8 116 16778 121 131 1.27 25 3.8 21 0.73 <0.1 6.2 <0.05 0.09
CHP-20 108 64 7986.6 113 1855.1 7.2 72 0.72 15.5 2.8 12.9 0.35 <0.1 <3 <0.05 0.03
CHP-21  13.1 63 7683.4 93 1198.2 6.9 63 1.10 20 23 11.4 0.39 <0.1 8.6 <0.05 0.03
Ch-ra-I CHP-22 63 48 14,160.8 136 26622 6.9 80 1.16 82 1.04 6.0 0.19 <0.1 34 <0.05 0.03
CHP-23 53 29 8503.4 143 2899.3 114 17284  0.62 <3 0.58 1.75 0.35 <0.1 3.7 <0.05 0.09
CHP-24 5.2 32 8480.8 139 2763.0 9.4 55 0.75 52 0.62 4.5 0.12 <0.1 35 <0.05 <0.02
CHP-25 5.9 32 10,063.5 144 27293 6.0 151 0.79 3.9 0.84 3.7 0.15 <0.1 <3 <0.05  <0.02
CHP-26 9.6 39 5402.9 110 18809  14.3 80 0.86 5.8 0.91 6.7 0.12 <0.1 <3 <0.05  <0.02
CHP-27 9.9 44 5868.6 110 1474.8 8.6 47 0.75 4.6 1.20 6.5 0.15 <0.1 <3 <0.05 0.03
CHP-28 135 47 6729.9 99 14174 <5 71 0.82 5.6 1.27 4.5 0.15 <0.1 106 <0.05 0.03
UCF* CHP-30 4.9 149 >10,000 200 22975 88 335 43 <3 0.65 1.13 0.19 0.11 <3 <0.05 0.03

Note. Results of ICP-MS analyses are listed in ppm. *UCF means the upper contact facies.
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3.3.2. The Upper Contact Facies (UCF)

The upper contact facies (UCF) represents a distinct unit of fine-grained ultramafic rocks at the top
of the Chapesvara-II body (Figure 7). Compared to the rocks below, this unit displays the most strongly
magnesian grains of olivine (Fogy; Figure 12a and Table 1). No orthopyroxene grains were observed
in the UCF rock. The relative modal proportion of olivine in this rock is greater (Figure 15a), which
accounts for the elevated level of Ni (Figure 16e). The presence of abundant disseminations of chromian
spinel (Figure 10e) leads to a notable enrichment in Cr (Figure 16a). The UCF rocks also consist of
substantial amounts of hydrous silicates, talc [(Mg2.74_2,78Feo'06A10_01_0_02CI‘0_01)Si4_06_4_08010(OH)2],
and Cr-enriched clinochlore [(Mg4.65_4.72F60.22)Al(Si3.26_3.28A10.47_0.49Cr0.22_0.23)010 (OH)S], which
locally form whitish or colorless spherules up to 4-5 mm in diameter. The other geochemical
characteristics are: markedly lower SiO, (Figure 15¢) and CaO (Figure 16d) and high values of the
molar ratio of MgO/SiO, (Figure 16f), along with greater abundances of Mn (Figure 16b), V, and Co
(Figure 17a,b). In spite of the high MgO (37.04 wt. %), the UCF rock is also enriched in Fe; consequently,
the calculated value of its Mg# is not so high (Figure 15b).

2600 {2 v uck | | 56001 UCF-»<0r b
% 500 % 500 - = .
£ 400 - £ 400 - %
8 300 - $ 300 - 58
§ 200 - § 200 - ;
7] i 7} J \@)
2100 2 100 o8
0 T T 0 T ’ T
0 50 100 70 80 90
Olivine (vol.%) Mg# in rocks
2600 {C  (3re-UCF 2600 s5ie-UCF @
© 500 1 : %5 500 :
€ 400 € 400 -
8 300 - 8 300 - )
§ 200 - § 200 - O,
[7) i (2] i N LY
2100 2100 8 o
O T T T 0 T T T Q
20 30 40 50 60 0 005 010 015 020
SiO2 in rocks (wt.%) TiO2 in rocks (wt.%)
2600 { € J5v<-UCF 2600 | f e
@ 500 - % 500 -
£ 400 - R £ 400 - 3
8 300 - A 9 30 A
[£] (5]
§ 200 A 59"@..., § 200 - S
2100 - B, 2100 - o
2 0 : s : a2
0 2 4 0 5 10 15 20
Aly03 in rocks (wt.%) Fe203 in rocks (wt.%)

Figure 15. Variations in estimated amounts of olivine in volume percent (a), values of the Mg# index
in rocks (b); and whole-rock contents of SiO, (c), TiO, (d), Al,O3 (e), and Fe,Oj3 (f, all Fe as Fe,O3),
all expressed in weight percent in results of XRF analyses, which are observed along the traverse a—b
oriented across the Chapesvara-II body. The ordinate axis represents the distance (in meters) between
sample locations of the profile a—b (Figure 6). As noted, the Chapesvara-II intrusion dips 40-60° towards
the north. Therefore, the sampling traverse a-b (i.e., points CHP-17 to CHP-30), shown in Figure 6,
is oriented from the bottom to the top. The label UCF pertains to the upper contact facies (see text
for details).
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Figure 16. Variations in whole-rock contents of Cr,O3 (a), MnO (b), MgO (c), CaO (d), and NiO (e),
expressed in weight percent, and values of the molar MgO/SiO, ratio derived from results of XRF

analyses of rock samples collected along the traverse a—b (shown in Figure 6) oriented across the

Chapesvara-II body. The ordinate axis represents the distance (in meters) between sample locations of

the profile a—b (Figure 6). The label UCF pertains to the upper contact facies (see text for details).

The UCF rocks have a low Al,O3/TiO, value, 22.9 (Mg# = 81.6; Table 9), and are relatively depleted
in incompatible elements: REE (Figures 17c—f and 18a), Zr (Figure 18b), Y, Hf, and Th (Figure 18d—f).
Their chondrite-normalized spectra are the most primitive in the series, with the lowest abundances of
the middle to heavy REE (Figure 20). The indexes (Gd/Yb)n and Eu/Eu* normalized with respect to the
C1 chondrite [26] are also anomalous in the UCF rocks: 0.52 and 1.18 (i.e., the Eu anomaly is positive),
respectively (Table 10). For comparison, the mean (Gd/Yb)y values are 1.19 (Chapesvara-I) and 1.11
(Chapesvara-II). The mean values of the index Eu/Eu* are 0.72 (Chapesvara-I) and 0.82 (Chapesvara-II).
As noted, the UCF rock is composed of the most magnesian olivine: Fog, versus Focgg 5 in the central
dunite zone and other ultramafic rocks of the complex (Figure 11a). On the basis of these results, we
infer that the UCF rocks represent the most primitive member of the ultramafic suite at Chapesvara.
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Figure 17. Variations in whole-rock contents of vanadium (a), cobalt (b), cerium (c), lanthanum (d),
praseodymium (e), and neodymium (f), all expressed in parts per million (ppm), in results of ICP-MS
analyses of rock samples collected along the traverse a—b (shown in Figure 6) oriented across the
Chapesvara-II body. The ordinate axis represents the distance (in meters) between sample locations of
the profile a-b (Figure 6). The label UCF refers to the upper contact facies (see text for details).
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Figure 18. Variations in total amounts of whole-rock contents of rare-earth elements (a), zirconium (b),
niobium (c), yttrium (d), hafnium (e), and thorium (f), all expressed in parts per million (ppm), in results
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of ICP-MS analyses of rock samples collected along the traverse a-b (shown in Figure 6) oriented across

the Chapesvara-II body. The ordinate axis represents the distance (in meters) between sample locations

of the profile a-b (Figure 6). The label UCF refers to the upper contact facies (see text for details).
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Figure 19. The Cl-chondrite-normalized plots of contents of rare-earth elements, hafnium, and thorium

in results of whole-rock analyses (ICP-MS) of ultramafic rocks in the Chapesvara-I body. The sampling

area is shown in Figure 2. The Cl-chondrite-normalizing values [26] were used.
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Figure 20. The C1-chondrite-normalized plots of contents of rare-earth elements, hafnium, and thorium
in results of whole-rock analyses (ICP-MS) of ultramafic rocks in the Chapesvara-II body. The sampling
traverse location (points Chp-16 to Chp-30) is shown in Figures 3 and 6. The label UCF refers to the

upper contact facies (see text for details). The C1-chondrite-normalizing values [26] were used.

4. Discussion

The successions of dunite-harzburgite—olivine-bearing orthopyroxenite in the Chapesvara-I and
Chapesvara-II subvolcanic intrusive complexes are notably magnesian. The mean Mg# values are 86.6
(Chapesvara-I) and 86.5 (Chapesvara-II). A UCF rock (upper contact facies) displays a slightly lower
value, 81.6. This unit occurs near the upper contact, presumably part of a chilled margin, and was
likely produced by the rapid crystallization of the intruding melt in its almost unfractionated state.
The whole-rock Al,O3/TiO, values are 23.9 (Chapesvara-I) and 21.0 (Chapesvara-II), giving a mean of
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22.45, close to 22.9 (UCF), all very close to the primitive mantle value of ~22 [26]. The depleted mantle
has a notably higher Al,O3/TiO, value of ~32 [27], consistent with the greater compatibility of Al with
respect to Ti.

We thus believe that primitive ultramafic magma rose from a deep level in the Chapesvara area
of the Serpentinite Belt as a consequence of an unusual tectonic setting. Indeed, the Chapesvara
sill-like bodies are located within a major shear zone accompanied by an abundant collisional mélange,
part of the Tanaelv high-grade ductile thrust belt. This belt is closely associated with the Lapland
Granulite Terrane, LGT (or Lapland Granulite Belt), forming part of the Paleoproterozoic Lapland-Kola
Collisional Orogen (LKCO). The Chapesvara intrusive bodies are thus positioned at the boundary of
the two large terranes of the Baltic Shield: the Paleoproterozoic LGT and the Belomorian Composite
Terrane (BCT) of the Archean age. Deep channels controlling the migration of ultramafic magma thus
appeared because of the presence of major faults marking this juxtaposition. Note that the LKCO
structure is an essential component of Paleoproterozoic orogenies affecting the entire North Atlantic
region and resulting in the formation of a considerable portion of the Nuna supercontinent; the Baltic
(Fennoscandian) Shield is considered to be one of surviving fragments of the Nuna supercontinent [28].

On the basis of geochemical characteristics and their highly magnesian nature, the Chapesvara
rocks resemble some picrites [29,30]. In spite of the absence of spinifex textures, they closely resemble
some examples of the most highly magnesian komatiites, such as those of the Barberton Belt in South
Africa, for which magmas with up to 34.8% MgO (and 30.9% MgO in a chilled margin sample) were
postulated on the basis of whole-rock chemistry and olivine compositions ([31-39], and references
therein). The chilled margin sample of the Alexo komatiite flow in Ontario, Canada contains 28%
MgO [32], and ~26% MgO is found in a komatiitic sequence at Inyala in Zimbabwe [39]. In addition, a
Hawaiian picrite at Mauna Loa was reported with olivine having a Mg# up to ~92, corresponding to a
calculated value 21.2% MgO in a parental melt [30]. The level of ~28% MgO is considered to be realistic
for the parental magma of the Munro komatiites in the Abitibi Greenstone Belt, Ontario, Canada.
The Munro-type komatiites are Al-undepleted, also having close to a primitive-mantle Al,O3/TiO; ratio
of about 22 [31]. Note that Al-depleted komatiites are considered to have been produced in unusually
hot mantle plumes by extremely deep (~400 km), high-degree and equilibrium melting at a depth
where garnet was a stable residual phase. In contrast, Al-undepleted and Al-enriched komatiites are
produced in mantle plumes as a result of shallower melting associated with a garnet-free residue ([37]
and references therein).

According to calculations [37], the estimated parental magma of the Al-undepleted komatiite
at Komati contains ~30 wt. % MgO and ~12 wt. % FeO, leading to the initial crystallization of Fooy.
The analyzed UCF sample at Chapesvara-II gave 37.04% MgO, 14.88% FeOyta1 (or 16.54% Fepr O3 total),
and the olivine phase is Fog,. This sample (CHP-30) yields a very low value of the molar MgO/SiO,
ratio, close to that of dunitic rocks located at the center (Figure 16f, Table 9). Thus, this sample is unlikely
to have been subjected to any extent of magmatic contamination by the host rock. Besides, this sample
seems to be undifferentiated. Indeed, it is the most primitive of the suite, as indicated by the lowest
value of (Gd/YDb)y;, 0.52, and the lowest abundances of middle to heavy REE in the chondrite-normalized
spectrum (Figure 20). Thus, we contend that this sample reflects fairly well the basic characteristics of
a primary melt. The Cr content of sample CHP-30 is anomalously high (10.03 wt. % CryO3; Table 9).
This enrichment is related to the occurrence of a contact-style mineralization in disseminated chromite.

We thus infer that the UCF rock, which contains the most magnesian olivine (Fogy), was the first
to crystallize close to the upper contact. Similarly, Arndt [32] documented the occurrence of most
magnesian composition of olivine (Fog,) in the upper chilled margin of the Alexo komatiite flow in
Ontario, Canada. After the UCF zone, the inferred area of further crystallization shifted to a central
portion of the Chapesvara-II body, where the olivine phase, Fogg 5, crystallized as the second most
magnesian composition (Figure 12a). The documented trend of chromian spinel variations is consistent
with the inference that crystallization continued at the center (Figure 12d). The zone of high-MgO
dunitic rocks (Figures 7 and 16¢) crystallized in situ in the central portion at this stage of crystallization.
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Asnoted, at low stratigraphic levels, orthopyroxene was entirely transformed to a tremolite-dominant
assemblage as a result of an increase in HyO in the system; i.e., in the late-crystallized portions. In addition,
the extent of deuteric alteration and the development of hydrous silicates increase toward the bottom.
The inferred crystallization of a primary amphibole at a late magmatic stage presumably reflects the
buildup in levels of H,O in the magma. Synthetic tremolite is in its field of stability at 840 °C and
6 kbar [24], whereas the association enstatite + quartz is converted to anthophyllite in the presence of
H,0 over a range of 670-800 °C at 2 kbar [25]. These conditions are consistent with deposition of the
calcic amphibole from a hydrous fluid.

Two trends of evolution are recognized at Chapesvara-Il. The first trend displays a relative
maximum or minimum close to the center, which then splits into two linear subtrends. These are
divergent and directed upward or downward. This pattern is manifested in the variations documented
of Mg# in olivine and chromian spinel, the whole-rock contents of Al and Ca, and in levels of
incompatible elements: Ti, V, Zr, Y, and Hf (Figure 12a,d, Figure 15d,e, Figure 16d, Figure 17a,
Figure 18b,d,e). The second type of element distribution is represented by a single line and shows
a decrease or increase from top to bottom; such a pattern applies to the variations in incorporation
of Ni in olivine, the Fe>*# index in chromian spinel, and in values of Mg# in bulk-rock compositions.
In addition, the total amounts of REE, Nb, and Th, which gradually increase downward, are related to
the type-2 trend (Figure 12b,f, Figure 15b, and Figure 18a,c,f).

The contrasting development and possible interference of the two types of evolutionary trends
reveal a complex history of crystallization in the Chapesvara-II body. It began with the formation of
the UCF zone and continued with the crystallization and accumulation of olivine in the dunite zone
close to the center. There were two fronts of crystallization, one moving upward and one progressing
downward. The upward subtrend appears to be of subordinate importance, as relevant ranges of
values are at least two times smaller than those displayed by the downward subtrend (Figure 12a,d,
Figure 15d,e, Figure 16d, Figure 17a, Figure 18b,d,e). Along the downward trend, the extent of
progressive fractional crystallization was much greater (Figure 12b,f, Figure 15b, Figure 18a,c,f). These
observations indicate that the general crystallization of the Chapesvara-II sill-like body proceeded
from the top to the bottom in response to the preferential heat loss through the roof. At the same
time, the lithological units observed in the comagmatic series likely formed in the order from I to IV
(Figure 7) under closed-system conditions during crystallization of the komatiitic magma.

The oxidation state of iron in spinel-type phases is a well-established monitor of magmatic oxygen
fugacity [40,41]. Our results based on compositions of chromian spinel (Figure 12f) imply that the
general level of fO, likely increased downward with progressive crystallization of the Chapesvara-II
body. In addition, a relative increase in fO, at the UCF level, associated with the deposition of accessory
chromite, points to the intruding melt itself as the likely agent of oxidation. The inferred trend of
increasing fO, downward (Figure 12f) and close to the chilled margin was likely caused by a relative
enrichment in oxygen content of the evolving magma due to the escape of hydrogen once bubbles of
H,0 appeared [42].

As noted, tremolite-dominant assemblages formed at the expense of Ca-poor pyroxene in the
late-crystallized portions at Chapesvara-II. This feature implies the influx of Ca via a late hydrous
fluid at a stage of deuteric alteration. What we found, thus, differs from a normal process of
“uralitization” [43,44], which represents an autometasomatic alteration of primary clinopyroxene to
form “uralite” (i.e., Ca-amphiboles of the actinolite—tremolite series). The same phenomenon is evident
in the Pados-Tundra intrusion, where orthopyroxene oikocrysts are entirely replaced by a deuteric
assemblage of talc + tremolite [21]. The relative Ca-enrichment, thus, occurred under closed-system
conditions at Chapesvara, in contrast to other systems (e.g., [45]).

A puzzling aspect of the Chapesvara—II zoned sill is the presence of the Central Dunite Zone
(Figure 7, Figure 15a, and Figure 16¢). This zone contrasts with the olivine-enriched cumulates in the
more voluminous Pados-Tundra complex [6] and other layered intrusions, which are located at a lower
structural level [46,47]. The buildup of olivine in the core of concentrically zoned complexes of alkaline
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ultramafic rocks like Kondyor [48] seems unrelated in view of the important petrogenetic differences.
A zonal arrangement of the same type as that at Chapesvara-II seems present in a large ultramafic
complex (possibly up to ~15 km? in size) investigated previously in the upper reaches of the River
Terma in the Serpentinite Belt. As noted [49], there is a reported dominance in central portions of
dunite, grading to peridotite (harzburgite) towards the periphery in this body.

We presume that three events (Figure 21a,b) could be crucial in the crystallization history of the
Chapesvara-II sill: (I) the formation of a complementary system of convection subcells around a zone of
very hot melt present in the center of magmatic reservoir during cooling; (II) an intensive accumulation
of crystallizing olivine crystals in the area between the functioning subcell-I and subcell-1I; and (III) the
double-front crystallization of the bulk volume of remaining melt. The inferred subcells generated
around the zone of thermal maximum (Figure 21a) are elliptical and subvertically elongate in the
cross-section, as expected in case of sheet-like or similar geometries (cf. [50]). In addition, komatiite
flows are expected to convect vigorously during cooling [32]. In our case, these subcells of convection
may have played a twofold role: (1) to transport and accumulate the olivine crystals suspended and
clumped together close to the center to form the central dunite zone, and (2) to cause the split of the
magmatic reservoir into two subsystems in the upper and bottom half of the sill, which evolved more
or less independently, thus showing the contrasting fronts and fractionation trends. The phase Fogg 5
presumably crystallized close to the thermal maximum area in the center, and the opposite trends of
cryptic variations involve progressively less forsteritic olivine (Figure 12a).
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Figure 21. (a,b). Schematic representation of main events inferred in the crystallization history of the
Chapesvara-II sill-like body.
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The conditions of crystallization could differ in important ways in other portions of the chamber,
in which olivine-rich cumulate likely formed as a result of olivine settling to the bottom. Thus, there
might be areas showing the development of rhythmic cycles of dunite-(harzburgite)-olivine-bearing
orthopyroxenite, as was reported by the previous investigators (Figure 5) [11]. On the other
hand, our observations may stimulate a re-examination of the presently known structure of the
Chapesvara complex.

5. Conclusions

(1) The Chapesvara-I and Chapesvara-II bodies are comagmatic. They belong to one and the same
ultramafic subvolcanic complex, which forms part of the Serpentinite Belt in the Kola Peninsula.

(2) The Chapesvara complex is a well-documented example of a highly magnesian Al-undepleted
komatiite related to a primitive mantle source, which is associated with northeastern-striking shear
zones related with the Tanaelv high-grade ductile thrust belt in the northeastern Fennoscandian Shield.

(3) The Chapesvara complex crystallized from a primitive komatiitic melt that displays an unusual
combination of a highly magnesian and Cr-enriched composition with a relative enrichment in Fe,
as follows from our observations made on the rock of the upper contact facies at Chapesvara-II.
The latter rock is the most primitive in the series, as it contains the most forsteritic olivine (Fogy),
has the lowest value of (Gd/Yb)y;, 0.52, and the lowest abundances of middle to heavy REE in the
chondrite-normalized spectrum. It likely is representative of the basic characteristics of primary melt
inferred not only for Chapesvara, but also for the Pados-Tundra layered complex and other subvolcanic
suites of the Serpentinite Belt.

(4) We documented a double-front type of crystallization for the first time in a subvolcanic
ultramafic complex.

(5) The Chapesvara-II body displays a progressive build-up in fO, during crystallization.
The parental komatiitic melt itself was likely the source of oxidation. We attribute the enrichment
in intrinsic oxygen fugacity of the evolving magma to the escape of hydrogen upon degassing in a
subvolcanic setting upon vesiculation and dissociation of H,O.

(6) The characteristics of the Chapesvara-II sill-like body are indicative of vigorous convection of
the komatiitic magma with the inferred existence of a complementary system of convection subcells
functioning around a zone of very hot melt (present in the center of magmatic reservoir). These
circumstances were important (a) to cause the split of the magmatic reservoir into two subsystems,
evolving independently, and (b) to transport and accumulate the olivine crystals suspended and
clumped together close to the center to form dunitic cumulate of the central dunite zone.
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