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Abstract: The lopolithic Pados-Tundra layered complex, the largest member of the Serpentinite
belt-Tulppio belt (SB-TB) megastructure in the Fennoscandian Shield, is characterized by (1) highly
magnesian compositions of comagmatic dunite-harzburgite—orthopyroxenite, with primitive levels
of high-field-strength elements; (2) maximum values of Mg# in olivine (O], 93.3) and chromian spinel
(Chr, 57.0) in the Dunite block (DB), which exceed those in Ol (91.7) and Chr (42.5) in the sills at
Chapesvara, and (3) the presence of major contact-style chromite-IPGE-enriched zones hosted by the
DB. A single batch of primitive, Al-undepleted komatiitic magma crystallized normally as dunite
close to the outer contact, then toward the center. A similar magma gave rise to Chapesvara and other
suites of the SB-TB megastructure. Crystallization proceeded from the early Ol + Chr cumulates to the
later Ol-Opx and Opx cumulates with accessory Chr in the Orthopyroxenite zone. The accumulation
of Chr resulted from efficient cooling along boundaries of the Dunite block. The inferred front of
crystallization advanced along a path traced by vectors of Ol and Chr compositions. Grains and
aggregates of Chr were mainly deposited early after the massive crystallization of olivine. Chromium,
Al, Zn and H,O, all incompatible in Ol, accumulated to produce podiform segregations or veins of
chromitites. This occurred episodically along the moving front of crystallization. Crystallization
occurred rapidly owing to heat loss at the contact and to a shallow level of emplacement. The Chr
layers are not continuous but rather heterogeneously distributed pods or veins of Chr—Ol—clinochlore
segregations. Isolated portions of melt enriched in H,O and ore constituents accumulated during
crystallization of Ol. Levels of fO, in the melt and, consequently, the content of ferric iron in Chr,
increased progressively, as in other intrusions of the SB-TB megastructure. The komatiitic magma
vesiculated intensely, which led to a progressive loss of H, and buildup in fO;,. In turn, this led to
the appearance of anomalous Chr—Ilm parageneses. Diffuse rims of Chr grains, abundant in the
DB, contain elevated levels of Fe3* and enrichments in Ni and Mn. In contrast, Zn is preferentially
partitioned into the core, leading to a decoupling of Zn from Mn, also known at Chapesvara. The
sulfide species display a pronounced Ni-(Co) enrichment in assemblages of cobaltiferous pentlandite,
millerite (and heazlewoodite at Khanlauta), deposited at <630 °C. The oxidizing conditions have
promoted the formation of sulfoselenide phases of Ru in the chromitites. The attainment of high
degrees of oxidation during crystallization of a primitive parental komatiitic magma accounts for the
key characteristics of Pados-Tundra and related suites of the SB-TB megastructure.

Keywords: chromite mineralization; ultramafic complexes; hypabyssal intrusions; highly mag-
nesian magma; komatiites; oxidation; Pados-Tundra complex; Serpentinite Belt; Kola Peninsula;
Fennoscandian Shield; Russia
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1. Introduction

Occurrences of chromite mineralization are intimately associated with complexes of
ultramafic rocks emplaced in various tectonic settings, especially with ophiolites, Ural-ian—
Alaskan-type complexes and lower units of layered intrusions, or with placers derived
from such complexes [1-6]. Chromitite zones are important because they are the well-
recognized source not only of Cr (plus accompanying Fe, Ti and V), but also of platinum-
group elements (PGE) of the iridium subgroup: Os, Ir and Ru, or IPGE [7,8]. In addition,
chromitites are a useful monitor of mantle processes, petrogenesis, conditions of magmatic
fractionation and variations in levels of oxygen fugacity (fO,) during the crystallization of
magmatic complexes [9-12].

We provide new results on the mineralogy, geochemistry and petrogenesis of the large
Pados-Tundra complex and its Cr mineralization. Pados-Tundra is the largest member of
the Serpentinite belt of subvolcanic bodies. The overall extent of this belt, which consists of
numerous bodies of fairly fresh to entirely serpentinized, variously foliated and altered
ultramafic rocks, exceeds 200 km along a curved boundary to the southwestern end of the
Sal’'nie Tundry area in the Kola Peninsula [13-15] in the Fennoscandian Shield (Figure 1).

Our previous investigations revealed the existence of cryptic layering, the develop-
ment of an unconventional type of PGE mineralization, and uncommon forms of spheroidal
weathering in the Pados-Tundra complex [16-18]. In the Chapesvara and Lyavaraka com-
plexes of the Serpentinite belt, we reported on anomalous parageneses of chromite-ilmenite
mineralization [19]. We inferred the existence of shallow plutonic associations in the Pados-
Tundra and Malyi Pados complexes and in the zoned Chapesvara sills. These presumably
all crystallized comagmatically from a primitive, Al-undepleted and highly magnesian
komatiitic magma [20]. The process of double-front crystallization documented at Chapes-
vara represents the first example reported in a highly magnesian subvolcanic complex [20].
A Paleoproterozoic age is indicated for the Pados-Tundra complex on the basis of the
Sm-Nd and U-Pb isotopic systems [21]. Our objectives here are to further characterize the
Pados-Tundra complex texturally and mineralogically, and to build on comparisons with
the closely associated comagmatic suites at Chapesvara [19,20] and Khanlauta [22].

Geological Background

The Serpentinite belt consists of several suites and fragmented bodies; in addition to
Pados-Tundra, these include the large sills at Chapesvara (I and II), Lotmvara (I and II), the
flows at Khanlauta, along with the Kareka-Tundra and Termo-Tundra suites. On a regional
scale, the belt extends over 30 km. These suites of subvolcanic origin are clustered near the
Russian-Finnish border, and are traced further in a northeasterly direction, and also to the
west, to form the Tulppio belt in Finland [23]. These suites are members of a transregional
megastructure, the “Serpentinite belt—Tulppio belt” or SB-TB structure [22], an important
component of the Fennoscandian Shield. This structure has a Paleoproterozoic age, as
indicated by results of Sm—-Nd dating of the Pados-Tundra complex: 2485 £ 38 Ma [21].

The ultramafic intrusions making up the Serpentinite belt are closely associated with
major shear zones accompanied by a collisional mélange developed as a part of the Tanaelv
high-grade ductile thrust belt (Figure 1). They are positioned along the curved boundary
of the two large terranes of the Baltic Shield: the Paleoproterozoic Lapland Granulite
Terrane, LGT (or Lapland Granulite Belt), forming part of the Paleoproterozoic Lapland-
Kola Collisional Orogen (LKCO), and the Belomorian Composite Terrane (BCT) of Archean
age [24]. These sill-like bodies formed by injection of a primitive komatiitic magma, derived
from a common mantle source, along a subparallel system of northeast-trending regional
shear zones [20].
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Figure 1. Location of the Pados-Tundra complex shown in the context of tectonic settings in the northeastern part of the
Fennoscandian Shield (after [24] and references therein).
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According to [16], the Pados-Tundra complex has a lopolith-like structure formed by
the lower Dunite and Orthopyroxenite zones. The chromite occurrences display a stratiform
arrangement of three major layers (Figure 2a) composed of chromitite pods and veins,
which are hosted by the Dunite block [15]. The results of our latest investigations indicate
that in the Pados-Tundra body, one finds the same sequence of dunite—harzburgite—
orthopyroxenite rocks as in the Chapesvara and Malyi Pados suites. The latter (Figure 2b)
is no longer proposed to be a tectonically dislocated fragment of Pados-Tundra, but is
instead another large representative of the belt produced from the komatiitic source and
comagmatic with Pados-Tundra. In addition, we interpret the contact rocks of gabbroic
affinity, i.e., gabbro or chlorite-mica—amphibole rock mapped by previous investigators

(Figure 2a,b), to represent hybrid rocks contaminated by wallrocks.
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Figure 2. Geological map of the Pados-Tundra complex (a), and of the associated Malyi Pados massif (b), modified from [15].
The lines a-b, c—d and e—f display the sampling traverses involved in the present investigation. Stratiform layers, segregations
and orebodies of chromitite are shown schematically in purple; these zones mineralized in chromian spinel (Chr) are hosted
by the Dunite block. In addition, zones of mineralization enriched in Chr are present at the outer contact; these are shown in
blue. GGD: granite-gneiss dome.

2. Materials and Methods

Our materials consist of about four hundred samples of rocks and polished mounts of
ore-bearing assemblages bearing chromian spinel (Chr), mostly sampled along the profiles
a-b, c—d, and e—f (Figure 3a,b). The profile e extends across the major zones of chromitite
ores hosted by the Dunite block, and is oriented toward and close to the outer contact.
It is not a single line sensu stricto, but is combined from results of two subparallel routes
within 0.1 km of the line. Such an approach ensures a better representation of the podiform
chromitites. Point locations of samples collected along the two routes were then projected
onto the e—f line for the sake of clarity of interpretations (Figure 3b).

Our interpretations are based on results of a total of about two thousand data-points
analyzed quantitatively by wavelength-dispersive spectroscopy (WDS) and electron-probe
microanalysis. In addition, we used original data obtained for the Mount Khanlauta suite
located about 2 km southwest of Pados-Tundra (Figure 3a). According to the findings
reported in [22], this suite is a differentiated flow composed of two zones of harzburgite
(~0.15 km thick) crystallized from a komatiitic magma; in one of the outcrops, it exhibits
columnar jointing, yielding hexagonal cross-sections. Relevant comparisons are also made
with neighboring suites, i.e., with zoned sills of the Chapesvara suite [20] located about
8 km northeast of Pados-Tundra.
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Figure 3. (a) Location of the major profiles of sampling (a—b, c—d and e—f) across the Pados-Tundra layered complex, as

shown on a SAS.Planet image. The inset shows typical examples of overlying associations composed of orthopyroxene
(Opx), olivine (Ol) and Opx—Ol cumulates along the longest traverse a-b. Relative distances (in meters) are shown in the
order from the sample PDS-1 to #93. The profile c—d also reveals the overlying sequences of Opx and Opx—Ol cumulates,

represented by the analyzed samples PDS-105 to #111. The e—f profile (b) is oriented toward the outer contact and across the
major zones of chromite mineralization hosted by the Dunite block (samples PDS-212-215 to 400-432). The location of the
Khanlauta suite also is shown (a), about 2 km southwest of Pados-Tundra. The other neighboring suites are the zoned sills

at Chapesvara [20], located at a distance of about 8 km northeast of Pados-Tundra.

Whole-rock major- and trace-element analyses were performed in the Analytical
Center for multi-elemental and isotope studies, SB RAS, Novosibirsk, Russia. Contents of
major and minor elements were established via X-ray fluorescence analysis (XRF) using the
facility ARL-9900XP (Thermo Fisher Scientific Ltd., Waltham, MA, USA). Levels of high-
field-strength elements (HFSE), including the rare-earth elements (REE), were measured
by high-resolution inductively coupled plasma—mass spectrometry (ICP-MS) using the
instrument ELEMENT (Finnigan MAT, San Jose, CA, USA). Analytical details have been
described [25-27]. Reliance on the same sets of facilities and analytical conditions used to
characterize the three suites was deemed essential to avoid potential discrepancies due to
technical differences.

The minerals were analyzed using a JEOL JXA-8100 instrument (JEOL Ltd., Tokyo,
Japan) operated in the WDS mode. An accelerating voltage of 20 kV and a probe current
of 50 nA were used. We employed K« analytical lines for all elements except for Cr; the
Kp1 line was used because of peak overlap. Periods of measurements at the peaks were
20 or 10 s. The superposition of the TiKf3; line on the VK« line and of the VKf3 line on the
CrKa line were accommodated using the OVERLAP CORRECTION software. The probe
diameter was ~1-2 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,O4 (Zn), and V,05 (V) were used
as standards for chromian spinel. Grains of orthopyroxene and hydrous silicates 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). All data were processed with the ZAF method of corrections. The calculated values
of detection limit (1o criterion) are: <0.01 wt.% for Ti, Cr, Fe, Ni, Ca, Zn, Mn, and K,
and 0.02 wt.% (Na and Al). Special tests [28,29] were done to evaluate the accuracy and
reproducibility of the analytical procedures. The sulfide minerals were analyzed at 20 kV
and 50 nA using a finely focused beam (~1 pum), the standard Phi-Rho-Z procedure and
the following lines (and standards): FeKa, CuKe, SKoc (CuFeS,), CoKx, NiK« (synthetic
FeCoNi alloy); the slight overlaps of the FeKf line with the CoK line were corrected.
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3. Results and Observations
3.1. Olivine and Olivine—Chromite Parageneses

In the Orthopyroxenite zone, olivine appears sparsely, in quantities distinct from those
present in the overlying sequences of Ol-free and Ol-bearing orthopyroxenite (~5-10 vol.% Ol)
and harzburgite (~70-80 vol.% Ol). In the Dunite block, olivine grains are extensively
altered and replaced by a mixture of serpentine-group minerals, clinochlore, and Mg-rich
carbonates. Fresh grains or large relics of Ol grains are preserved in some exposures
of dunite documented along the composite profile e—f, which is most informative as a
cross-section across the major zones of chromitites (Figure 3b). We established the com-
position of olivine in lode outcrops exposed along the traverses a—b and c—d (n = 46;
Figures 3a, 4a and 5a). Values of the Mg# index, i.e., 100Mg/(Mg + Fe** + Mn), in Ol grains
vary from 85.7 to 91.0, with a mean of 87.6 along these traverses. These are representative
of the entire Orthopyroxenite zone. Contents of NiO and MnO, expressed in weight %, are:
0.26-0.49, mean 0.34, and 0.12-0.24, mean 0.17 wt.%, respectively.

Figure 4. (a) One of the lode exposures of ultramafic rocks examined along the traverse a-b in the Orthopyroxenite zone
at Pados-Tundra. Note the development of a cellular-like parting with shagreen surfaces over the head of S.S. Kramzaev.
(b—d): Shapes of representative segregations and veins of chromitite (Chr) hosted by dunite (Dn) in the Dunite block.
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Figure 5. Back-scattered electron (BSE) images show representative textures and associations of ultramafic rocks in the
Pados-Tundra complex. (a) A droplet-shaped grain of olivine (Ol) in the center is associated with grains of orthopyroxene
cumulate (Opx). Subhedral grains of accessory chromian spinel (Chr) are present. (b) A grain of magnesian ilmenite (Ilm)
occurs at the boundary of an orthopyroxene grain (Opx) and is associated with hydrous silicates (Sil) of deuteric origin, i.e.,
clinochlore and talc. (¢) An intergrowth of tiny grains of chromite (Chr) and pentlandite (Pn) at the boundary of silicate
minerals (Sil). (d) Irregular grains of pentlandite (Pn) occur in association with chromian spinel (Chr); these are located
close to the boundary of an orthopyroxene grain (Opx).

The rocks in which grains of Ol were analyzed in the Dunite block are composed of
(1) fine-grained olivine (samples PDS-212-215) enriched in disseminated grains of Chr;
(2) semi-massive samples of dunite containing chain-like aggregates of Chr grains that
are commonly and strongly zoned (PDS-400, 409; Figure 6a,c); (3) Ol-Chr cumulates, in
which equigranular crystals of Ol coexist with abundant and well-developed grains of
zoned Chr (PDS-405, 432; Figure 6b,d and Figure 7d); and (4) small relics of corroded
Ol grains in Ol-Chr rocks enriched in clinochlore. The following ranges of Ol composi-
tions were documented on the basis of 79 data-points that pertain to the Chr-mineralized
zones (Figure 3b): Mg# 89.9-93.3, mean 91.5, with 0.32-0.50 wt.% NiO (mean 0.41) and
0.07-0.21 (mean 0.15) wt.% MnO. The notably Mg-enriched compositions are clearly char-
acteristic of the Dunite block, which thus crystallized before the Orthopyroxenite zone.
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Figure 6. Characteristic textures and associations observed in chromite—olivine cumulates of the Dunite block at Pados-
Tundra, as shown in BSE images. Zoned grains of chromian spinel (Chr) with a diffuse rim (bright) form chain-like
aggregates or clusters that tend to accumulate and locate in intergranular spaces among the olivine grains (a,c). (b) shows
an interesting example of an equally grained Ol-Chr cumulate. Some grains of zoned chromite (Chr) are also deposited in
the space among the Ol grains. (d) displays a taxitic chromitite that is composed of two contrasting parts, one of which
consists of a micro-aggregate of Chr grains (less than 0.1 mm in size, in the left bottom corner). The labels Srp and Chl
(clinochlore) refer to members of the serpentine and chlorite group, respectively.

On the basis of overall variations in Ol, the highest values of Mg# were attained along
the contact of the Dunite block in the Chr-mineralized area (Figure 3b). The maximum in
Mg# (93.3; #27, Table 1) was documented in sample PDS-415, and about the same level
(Mg# 93.0) is present in sample PDS-214 (#19, Table 1). Note that both are located very
close to the outer contact, in common with observations made in the Chapesvara sill, in
which the maximum (Fog,) occurs in the Upper Contact Facies [20].



Minerals 2021, 11, 68

9 of 32

— 0.1 mm
PDS-422

JEOL COMP

Chr

— 0.1 mm
PDS-427

JEOL COMP

10Bpm WO1 tmm

"=0.1 mmi
PDS-426

JEOL COMP  20.0kY  18Pum “WD11mm

PP

; ¥ chl
_01 mm .. =% v."

PDS-432 JEOL COMP pkY  108pm WD11mm

Figure 7. BSE images display characteristic examples of variously mineralized chromitite ores, the grade of which increases

from that shown in (a—c), in the Dunite block at Pados-Tundra. (d) shows well-developed shapes of olivine grains (Ol)

associated with chromian spinel (Chr) and clinochlore (Chl).

Table 1. Compositions of olivine in the Pados-Tundra complex.

Sample Zone # Si0; Cr,0s5 FeO MnO MgO NiO CaO  Total Fo Fa Tep Mg#
PDS-1 1 4113 002 861 012 498 045 001 10016 906 88 0. 91.0
PDS-8 2 4072 002 1139 023 4770 029 001 10035 877 117 02 88.0
PDS-41 3 4077 004 1188 016 4700 032 001 10018 871 124 02 87.4
PDS-44 4 4054 003 1228 015 4718 030 001 10047 869 127 02 87.1
PDS-50 5 4040 bdl 1330 020 4561 032 001 9984 855 140 02 85.8
PDS-54 6 4074 001 1266 019 4612 031  bdl 10004 862 133 02 86.5
PDS-75 7 4145 001 1191 013 4656 034 001 10041 870 125 01 87.3
PDS-77 8 4032 bdl 1313 020 4636 031  bdl 10032 858 136 02 86.1
PDS-80 9 4069 005 1296 019 4583 033  bdl 10005 858 136 02 86.1
PDS-82 OPXZ 10 4043 bdl 1266 016 4668 035 001 10030 863 131 02 86.6
PDS-86 11 3977 005 1122 018 4814 033 002 9971 80 115 02 883
PDS-88 12 4070 002 1168 017 4735 037  bdl 10030 874 121 02 87.7
PDS-90 13 4001 004 1159 015 4726 036 001 9943 874 120 02 87.8
PDS-93 14 3992 001 1227 019 4748 037 001 10026 868 126 02 87.2
PDS-97 15 4120 011 992 018 4854 038 001 10035 892 102 02 89.5
PDS-103 16 398 003 1135 016 4807 030 001 9978 879 116 02 88.2
PDS-108 17 4085 002 1187 017 4706 035 001 10033 871 123 02 87.4
PDS-111 18 4103 bdl 1020 014 4830 035 bdl 10001 890 105 0.1 89.3
PDS-214 19 4111 001 673 015 5097 042 001 9939 926 69 02 93.0
PDS-400 20 4097 002 954 018 4932 037 001 10041 897 97 02 90.0
PDS-403 21 4094 005 906 018 4920 036 001 9980 901 93 02 90.5
PDS-405 22 4071 bdl 889 016 4992 040 001 10009 904 90 02 90.8
PDS-406 23 4125 003 748 015 5028 041  bdl 9961 918 77 02 922
PDS409A [\ 24 4092 001 857 015 4995 039 001 10000 907 87 02 91.1
PDS-409B 25 4077 bdl 872 017 4921 038  bdl 9926 904 90 02 90.8
PDS-409D 26 4074 002 883 015 4952 037 bdl 9962 904 90 02 90.8
PDS-415 27 4161 001 650 007 5147 041 001 10007 929 66 01 933
PDS-422 28 4031 005 830 017 4991 041  bdl 9914 909 85 02 91.3
PDS-422A 29 4070 007 800 016 4974 041  bdl 9906 912 82 02 91.6
PDS-432 30 4109 001 702 013 5151 050 bdl 10025 923 71 01 928

Note: The label OPXZ is Orthopyroxenite zone, and DB is the Dunite block of the Dunite zone (DNZ); bdl stands for below the

detection limit.
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Note that the compositions of olivine plot along a single trend of crystallization that
extends linearly from the elevated Mg# values in the Dunite block toward notably less
magnesian compositions of the Orthopyroxenite zone (Figure 8a). As noted previously [16],
the Mg# values of Ol and Opx (and of accessory grains of Chr, as is noted below) tend to
decrease toward the central part of the complex. Also, note that the coexisting grains of Ol
and Chr behave coherently (Figure 8b), showing a systematic decrease in their Mg# values
from dunite of the Dunite block toward the Ol-Opx cumulates of the Orthopyroxenite zone.
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Figure 8. (a) Plot of values of NiO (in wt.%) vs. Mg# in compositions of olivine grains (Ol) from the Orthopyroxenite zone
(open symbol) and the Dunite block (filled symbol) of the Pados-Tundra complex. (b) Sympathetic covariations are observed
between Mg# values of the coexisting grains of olivine (Ol) and cores of chromian spinel (Chr) in the Orthopyroxenite zone
and the Dunite block. Values of correlation coefficient (R) were calculated on the basis of 125 data-points of Ol compositions,
n = 125 (Figure 8a), or for a total of 125 pairs of the coexisting Ol and Chr (cores) in Figure 8b. (c,d) are plots of MgO
(in wt.%) vs. MnO and NiO, respectively, also in weight %, in grains of chromian spinel (Chr) of the Pados-Tundra complex.

Accessory grains of Chr analyzed in ultramafic sequences across the Orthopyroxenite (Opx) zone are shown as reddish

brown filled diamonds. Cores of Chr grains in chromitite and Chr-enriched zones of the Dunite block (DB) are plotted as

filled green circles. Rims of zoned grains (or margins in unzoned grains) from the Dunite block are shown as purple squares.

3.2. Compositional Variations of Ol and Chr across Chr-Rich Zones of the Dunite Block

Variations in Mg# values of Ol and Chr analyzed in Chr-mineralized samples along the
composite traverse e-f, oriented generally from points e to f (Figure 3a,c), are summarized
schematically in Figure 9a—c. Two groups of data points are present; these reflect the
increase in Mg# toward the western contact and its systematic increase toward the northern
contact of the Dunite block. The Mg# values display a general rise in Mg enrichment in Ol
and Chr toward the curved outer contact of the Dunite block. Note that the amount of Mn
in olivine displays a clear antipathetic relationship with the Mg# values (Figure 9b). In the
associated suite at Khanlauta (Figure 3a), the amount of Mn in Ol also was indicative of
two zones, labeled I and 1II, defined on the basis of Ol-Chr compositions [22].
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Figure 9. Compositional variations in olivine (Ol) are demonstrated in terms of values of Mg# (a) and contents of MnO

(in weight %: (b); Mg# values of the core of grains of chromian spinel (Chr: (c)) are observed across the major zones of
chromitite mineralization in the Dunite block and over the length (in meters) of the composite traverse e—f (Figure 3a,b).
The dotted and dashed lines shown on the plots 9a-c display general trends based on both maximal and minimal values in

the observed ranges. (d) is a plot of contents of MgO (in weight %) vs. CrpO3 in compositions of clinochlore from ultramafic

rocks of the Orthopyroxenite zone (OPX; open symbol) and Dunite block (DB: filled symbol).

3.3. Orthopyroxene, Ca-(Fe-Mg) Amphiboles, Clinochlore and Uncommon
Serpentine-Group Mineral

Orthopyroxene, with a Mg-enriched composition, exhibits a fairly limited variabil-
ity: Wop.1-3.0Engs.1-912Fsg 1-125 at Pados-Tundra [16]. Two generations of Opx are de-
veloped [16], as in the associated Chapesvara sills [20]. The early Opx is primary and
magmatic; it is replaced locally by a secondary Opx that is depleted in the non-essential
cations (Ca, Al, and Cr). Furthermore, the grains of Opx are preferentially replaced
by deuteric assemblages of tremolite-anthophyllite, clinochlore and subordinate talc,
whereas the associated grains of Ol typically remain relatively fresh or only slightly affected
by alteration [18]. The same phenomenon, distinct from the well-known “uralitization”
(developing after clinopyroxene), is also typical of the Chapesvara complex [20].

In addition, at Pados-Tundra, large (up to 4 cm in diameter), elliptical or perfectly
spheroidal (in cross-section) grains of Opx were replaced by talc and tremolite (Mg# 95-96),
hosted by a matrix of fresh Fogy 5 [18]. A similar texture formed by oikocrystic Opx (Engg )
was documented in spheroids of the Monchepluton layered complex, Kola Peninsula,
Russia [30].

Tremolite is the principal species of amphibole, associated intimately with antho-
phyllite; they both occur as deuteric assemblages at Pados-Tundra [16]. An overall set of
about 200 WDS compositions of tremolite, analyzed at Pados-Tundra, Chapesvara and
Khanlauta [16,20,22], display a negative correlation of Na,O vs. SiO, (with a value of
correlation coefficient R = —0.8), and a positive correlation of NayO vs. Al,O3 in weight %,
(R = 0.8), which point to a limited extent of the coupled substitution 2Na + 2Al =2Ca + 5i + [.
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Clinochlore is one of the major minerals in the Dunite block. It occurs in abundance
in all of varieties of chromitite, and in various proportions as Ol-Chr—clinochlore rocks
(Figures 6d and 7a-d). Interestingly, relict grains of Opx are entirely absent in such
chromitite, in which clinochlore typically is not involved in reactions with Ol grains
(Figure 7d). There are thus two possibilities to account for these observations: (1) the Opx
extensively reacted with hydrous fluid just after its crystallization as an early magmatic
mineral; (2) at least some of the interstitial grains of clinochlore crystallized directly from
a fluid phase. Note that crystals of such “primary” clinochlore coexist with intergrowths
with Ru-based sulfide-sulfoselenide species of PGM (platinum-group minerals), hosted as
micro-inclusions in Chr grains at Pados-Tundra [17]. Inclusions of clinochlore of primary
origin were also documented at Chapesvara [19]. Note that grains of clinochlore analyzed
in the Dunite block are typically more magnesian and enriched in Cr relative to grains
examined in ultramafic successions of the Orthopyroxenite zone (Table 2; Figure 9d). These
distinctions are a reflection of the greater primitiveness of rocks of the Dunite block.

Table 2. Compositions of grains of clinochlore in the Pados-Tundra complex.

Sample Zone # SiO, TiO, Al,O3; Cr0O3 FeO MnO MgO CaO Na, O K,O Total
PDS-5 1 33.66 0.07 13.62 2.88 2.03 bdl 34.78 0.01 0.07 bdl 87.13
PDS-11 2 34.08 0.06 14.63 1.69 2.23 0.01 34.51 0.02 bdl 0.18 87.39
PDS-27 3 33.82 0.03 14.29 3.24 2.21 0.02 34.69 0.03 0.02 bdl 88.35
PDS-30 4 35.24 0.06 13.40 2.23 3.03 0.02 34.47 0.02 bdl 0.01 88.49
PDS-50 5 33.91 0.04 12.68 3.28 3.32 0.02 32.52 0.01 0.02 0.01 85.79
PDS-88 6 34.34 0.01 12.89 3.03 3.49 0.02 34.63 0.02 0.03 bdl 88.45
PDS-94 7 33.24 0.06 14.51 2.18 243 0.03 35.00 bdl bdl bdl 87.45
PDS-95 OPXZ 8 33.56 0.05 13.95 3.39 2.37 0.03 34.32 0.01 bdl bdl 87.68
PDS-96 9 32.45 0.06 15.17 2.59 3.13 0.03 33.77 bdl bdl bdl 87.19
PDS-103 10 33.14 0.04 13.37 3.13 2.95 0.01 33.75 0.03 bdl bdl 86.42
PDS-106 11 32.21 0.05 15.46 1.63 2.70 0.02 34.17 0.01 0.01 0.02 86.27
PDS-107 12 33.31 0.05 13.92 2.54 2.42 bdl 34.71 0.01 bdl bdl 86.96
PDS-108 13 34.39 0.02 12.34 3.71 3.32 0.02 34.11 0.01 bdl bdl 87.91
PDS-110 14 36.00 0.03 12.81 1.23 2.86 bdl 34.41 0.02 bdl 0.01 87.38
PDS-111 15 34.52 bdl 12.51 3.47 2.77 0.02 34.93 0.02 bdl 0.01 88.25
PDS-403 16 34.45 Bdl 9.09 2.84 3.46 0.02 35.17 0.02 0.02 bdl 85.08
PDS-405 17 33.72 0.01 10.66 3.18 3.07 0.02 35.99 0.02 bdl bdl 86.67
PDS-406 18 33.31 0.02 11.62 3.37 3.06 0.01 35.48 bdl bdl 0.01 86.87
PDS-407 19 33.49 0.01 12.62 3.46 2.86 0.01 35.80 0.03 bdl bdl 88.30
PDS-409 20 33.89 0.01 12.46 3.86 2.88 0.01 34.00 bdl 0.02 bdl 87.14
PDS-409A 21 34.69 0.01 11.80 3.62 3.18 0.04 34.73 0.01 0.01 bdl 88.07
PDS-409B 22 34.66 0.02 10.82 3.59 2.76 bdl 35.80 0.01 0.01 bdl 87.66
PDS-410 DB 23 32.95 bdl 11.44 3.00 2.60 0.01 34.44 0.01 0.01 bdl 84.45
PDS-411A 24 32.64 bdl 10.32 4.28 2.16 0.02 34.29 0.01 bdl 0.01 83.71
PDS-414A 25 34.05 0.02 11.51 3.75 2.70 0.03 36.19 0.01 bdl bdl 88.24
PDS-415 26 34.33 bdl 9.93 3.50 2.49 0.02 36.60 0.01 bdl bdl 86.89
PDS-419 27 30.14 0.03 12.20 3.90 1.65 0.02 34.67 0.02 bdl bdl 82.62
PDS-422 28 35.09 0.02 9.58 3.22 2.70 0.02 37.97 bdl bdl bdl 88.60
PDS-430 29 32.25 bdl 11.27 3.56 3.18 0.01 34.22 0.02 0.06 bdl 84.57
PDS-432 30 33.97 0.01 11.74 3.89 2.46 0.02 37.22 0.02 0.04 bdl 89.36

Note: The label OPXZ stands for the Orthopyroxenite zone, and DB refers to the Dunite block of the Dunite zone.

In the present investigation, we document new occurrences of a chromiferous and alu-

minous member of the serpentine group (Table 3), related to a previously described phase

that occurs as the fracture-filling material in olivine in the Dunite block. The serpentine-

type phase, likely antigorite, contains 0.20 Alyt. and 0.07 Cr atoms per formula unit (a.p.f.u.)
which are likely incorporated via the following scheme: 2 (VI AL + Cr)3* + [0 <+ 3 Mg(Fe?"),
with a minor exchange at tetrahedral sites: [IVIAL 45 Si [16]. Our data are consistent with

this scheme, and indicate that special conditions, crucial for the crystallization of the un-

common variant, were attained episodically in different areas during the postmagmatic
stage of formation of the Dunite block. The majority of the grains of serpentine, as well
as Mg-rich carbonates (magnesite and dolomite) have common and, as expected, highly

magnesian compositions.
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Table 3. Compositions of chromiferous aluminous serpentine in the Dunite block at Pados-Tundra.
Sample # SiO, TiO, AlLO3; Cr, O3 FeO MnO MgO CaO Na, O K,O Total (wt. %)
PDS-400 1 41.91 0.01 3.03 1.51 3.43 0.04 37.57 0.01 bdl 0.02 87.53
PDS-400 2 41.82 bdl 3.55 1.68 3.56 0.03 38.39 bdl bdl bdl 89.03
PDS-403 3 4143 bdl 3.00 1.63 3.40 0.03 38.56 0.01 bdl 0.00 88.05
PDS-409D 4 42.64 bdl 3.26 1.70 3.07 0.02 38.14 bdl bdl 0.01 88.85
PDS-409D 5 43.33 bdl 2.65 0.51 3.31 0.03 39.69 bdl 0.03 0.01 89.56
Atoms per Formula Unit (O = 7 a.p.f.u.)
# Si Ti VAl VIAL Al Cr Mg Fe Ca Mn Na K Loct. Leat, Mg#
1 1.96 - 0.04 0.12 0.17 0.06 2.62 0.13 0.001 0.002 - 0.001 297 497 95.1
2 1.92 - 0.08 0.12 0.19 0.06 2.63 0.14 - 0.001 - - 3.02 5.02 95.1
3 1.93 - 0.07 0.09 0.16 0.06 2.67 0.13 0.001 0.001 - - 3.03 5.03 95.3
4 1.96 - 0.04 0.13 0.18 0.06 2.61 0.12 - 0.001 - 0.001 2.97 4.97 95.7
5 1.97 - 0.03 0.11 0.14 0.02 2.69 0.13 - 0.001 0.003 0.001 2.98 4.98 95.5

Note: The formulae were calculated on the basis of charge balance for O =7 a.p.f.u.

3.4. Textures, Associations and Compositions of Chr and Magnesian IIm

The chromitite ore zones, distributed in stratiform fashion in the Dunite block (Figure 2a),
are composed of separate podiform and more or less isometric aggregates or veinlet-like
segregations enriched in Chr (Figure 4b,c), some of which exceed 0.3-0.4 m in thickness
(Figure 4d). Petrographically, these ores consist of chromite or magnesiochromite + olivine
+ clinochlore rocks hosted by dunite to harzburgite.

In this study, three major types of Chr occurrences at Pados-Tundra were examined.
(1) Accessory grains of Chr are present sporadically in the Orthopyroxenite zone (along
the profiles a—b and c—d) as separate grains (Figure 5a,d), commonly subhedral or, in some
cases, intergrown with pentlandite (Figure 5c). (2) Cores of zoned grains (Figure 6a—d)
are a prominent characteristic of the majority of Chr grains in ore zones of the Dunite
block (profile e—f, Figure 3a,b). Analytical results are presented for the central portions of
unzoned grains of Chr, although these are strongly subordinate to the zoned grains. (3) We
also provide data on rims or peripheral zones of zoned grains of Chr, and also the margin
in unzoned grains that occur in the Dunite block.

In the chromitite zones of the Dunite block, the amount of Chr may attain or even
exceed 80% by volume (Figure 7c). Note that fine-grained textures prevail in the chromitite
specimens; grain sizes of Chr vary from <0.1 to 0.3 mm, with the presence of microgranular
occurrences of Chr related to some taxitic or banded ore-bearing varieties (Figure 7a—c).

Compositional variations of accessory grains of Chr were evaluated in the overlying
Opx—0l cumulates (mostly orthopyroxenite and olivine orthopyroxenite) along the Or-
thopyroxenite zone (Table 4). These results show a clear tendency of an overall decrease
in Mg# values toward the center of the magmatic complex. The same character of cryptic
variations was previously noted for Ol and Opx [16].

In Figures 10 and 11, we examine compositional variations and differences existing
among various associations of Chr on the basis of our sets of WDS data collected for the
following occurrences: 1) accessory grains of Chr in the Orthopyroxenite zone (a total of
67 data-points; n = 67), 2) cores of zoned or unzoned grains of Chr in chromitite zones of
the Dunite block (n = 90), and 3) rims (or margins of unzoned grains) in chromitite zones
of the Dunite block (1 = 90). Selected results of these sets are presented in Tables 4—6.
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Table 4. Compositions of accessory grains of chromian spinel from ultramafic sequences of the Orthopyroxenite zone in the

Pados-Tundra complex.

Sample #  TiO, ALO; Cr0; ﬁi?) (E:I% :2‘22133 V,0; MnO MgO NiO ZnO (Tx:a}) Mg# Cr# Fed*#
PDS-1 1 016 1448 5031 2736 2342 438 bdl 038 670 0.06 049 10037 334 700 144
PDS1A 2 013 1198 5457 2549 2217  3.69 0.04 029 753 0.08 023 10070 374 754 13.0
PDS-3 3 017  12.03 5413 2585 2226 399 0.02 035 742 0.08 028 10072 369 751 139
PDS-3A 4 030 1419 5111 2714 2371 381 bdl 042 657 0.07 055 10072 327 707 126
PDS-5 5 010 1249 53.01 2708 2319 431 0.01 042 669 0.05 045 10073 335 740 143
PDS-8 6 015 1273 5226 2943 2612  3.68 bdl 066 473 0.03 041 10076 239 734 112
PDS-11 7 014 1241 5278 28.08 2434 415 0.01 043 591 0.05 052 10073 29.8 740 133
PDS-27 8 0.85 11.61 4978 2985 2458 586 0.17 038 583 0.11 044 9966 296 742 177
PDS-27 9 027 1229 5313 2684 2316 4.09 0.13 035 689 0.07 033 10072 343 744 137
PDS-41 10 030 11.21 5263 3048 2632  4.61 0.10 039 465 0.04 045 100.69 237 759 13.6
PDS-41A 11 025 11.06 5195 3026 2582 494 0.12 043 471 0.04 043 99.75 242 759 147
PDS-44 12 032 11.04 5191 3029 2635 4.37 0.12 046 427 0.04 050 9940 221 759 13.0
PDS-50 13 029 1091 5135 3155 2684 523 0.11 050 394 0.02 056 9975 204 759 149
PDS-54 14 031 1099 5279 31.06 27.05 445 0.16 047 414 0.02 046 10084 212 763 129
PDS-64 15 0.27 9.77 5415 3065 2646  4.66 0.09 059 411 0.01 0.81 10090 213 788 137
PDS-75 16 0.49 9.63 5196 3298 2732 629 0.15 042 384 0.05 057 10073 19.8 783 172
PDS-77 17 022  10.08 5350 3113 2695  4.65 0.15 055 388 0.04 0.57 10059 201 781 134
PDS-80 18 0.62 827 5263 3400 27.66 7.04 0.11 059 356 0.06 043 10096 183 810 186
PDS-82 19 1.05 6.95 5201 3585 2846 821 0.14 050 318 0.09 047  101.05 164 834 206
PDS-82A 20 0.25 9.59 5331 31.65 2680 539 0.15 044 402 0.03 054 10052 208 789 153
PDS-86 21 023 1126 5273 3024 2596 476 0.12 047 489 0.02 033 10076 248 759 142
PDS-88 22 025 1062 5068 3318 2682  7.07 0.17 052 415 0.06 040 10071 213 762 192
PDS-90 23 029 11.88 5207 3034 2638 440 0.22 050 4.68 0.04 036 10082 237 746 13.1
PDS-90A 24 025 11.23 5242 3072 26,51  4.68 0.14 048 447 0.04 036 10058 228 758 137
PDS-93 25 0.16 490 51.73 39.65 28.02 1292 0.05 051 287 0.06 036 10156 152 876 293
PDS-94 26 048  14.07 50.67 2694 2310 427 0.06 036 715 013 039  100.67 352 707 143
PDS-95 27 034 1627 49.64 2361 2022 3.77 0.09 022 931 012 0.14 100.12 448 672 144
PDS-95A 28 051 1569 4920 2668 23.05 4.03 0.09 024 747 011 043 10081 364 678 13.6
PDS-97 29 040 1242 5129 2910 2461 499 0.21 057 580 0.06 0.54 100.88 291 735 154
PDS-97A 30 024 1022 5250 3101 2524 641 0.13 0.63 504 0.06 055 101.01 258 775 186
PDS-103 31 0.33 671 5705 3129 2687 491 0.07 053 375 0.04 047 10073 19.6 851 141
PDS-107 32 027 12.06 5406 2632 2336 3.29 0.11 034 681 0.06 0.18 10053 339 750 112
PDS-108 33 037 1334 4999 3051 2613 486 0.08 049 498 0.05 041 10069 25.0 715 143
PDS-111 34 041 1344 50.69 2897 2513 @ 4.27 0.15 047 575 0.05 029 10066 28.6 717 133
Note: These specimens of Chr-bearing rocks were sampled along the traverses a—b and c—d (Figure 3a). The index Mg# is

100Mg/(Mg + Fe?* + Mn). The index Cr# is 100Cr/(Cr + Al). The index Fe>*# is 100Fe>* / (Fe3* + Fe?*).
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Figure 10. Plots of contents of ZnO vs. MgO (a) and MnO (b), and Al,O3 vs. MgO (c,d), all expressed in weight %, in
WDS compositions of chromian spinel from various areas and mineralized occurrences of the Pados-Tundra complex. The

symbols are the same as those used in Figure 8c.



Minerals 2021, 11, 68

15 of 32

5.00

10.00

60.0

60.0

Mg#

Figure 11. Plots of contents of V,03 vs. MgO, in weight % (a), values of the Cr# vs. Mg# (b), and Fe3*# vs. Mg# (c,d),
derived from WDS compositions of chromian spinel from various areas and mineralized occurrences of the Pados-Tundra

complex. The symbols are the same as those used in Figure 8c.

Table 5. Compositions of cores in grains of chromian spinel from the Dunite block of the Pados-Tundra complex.

FeO

FeO

F6203

Total

Sample # TiO, Al,O3 Cr,0s3 (tot) (calo)  (calo) V,0; MnO MgO NiO ZnO (Wt.%) Mg#  Cr# Fed*#
PDS-400 1 0.26 11.09 5048 3149 2471 7.54 0.15 0.67 5.30 0.04 0.84 101.07 271 753 215
PDS-403 2 0.22 1126  51.77 29.76  24.41 5.96 0.10 0.66 5.48 bdl 0.79 100.64 28.0 755 18.0
PDS-405 3 0.29 12.10 51.26 2843 23.32 5.67 0.09 0.60 6.26 0.11 0.75 10045 31.8 740 179
PDS-406 4 0.44 1149 5074 30.23 24.11 6.79 0.15 0.65 5.88 0.03 0.83 101.10 29.7 748 202
PDS-406 5 0.39 11.28 50.72 3091 2453 7.09 0.10 0.63 5.56 0.08 0.80 101.19 283 751  20.6
PDS-407 6 0.19 1219 5146 2870 23.59 5.68 0.10 063 6.10 bdl 0.85 100.80 31.0 739 17.8
PDS-407 7 0.26 11.79 50.96 2892 23.40 6.13 0.13 062 6.12 bdl 0.83 100.25 31.2 743  19.1
PDS-409 8 0.30 1020 5392 27.72 2263 5.65 0.06 042 691 0.05 0.40 100.53 34.8 780 183
PDS-409A 9 0.32 11.87 51.10 29.38 2357 6.46 0.12 059 6.35 0.03 0.62 101.01 319 743  19.8
PDS-409B 10 0.20 1094 49.29 3219 24.20 8.88 0.12 0.64 5.53 0.06 0.76 100.61 284 75.1 248
PDS-409D 11 0.26 1220 5031 29.04 23.10 6.61 0.15 0.62 6.39 0.20 0.67 10048 324 735 205
PDS-410 12 0.19 1226 51.19 28.12 22.88 5.83 0.14 058 6.61 bdl 0.70 100.37 334 737 18.6
PDS-414A 13 0.29 1233  51.30 2849 2341 5.64 0.10 043 6.38 0.31 0.59 100.77 323 736 17.8
PDS-414A 14 0.19 1238 51.27 2745 2271 5.27 0.11 042 6.71 0.15 0.55 99.77 34.1 735 17.3
PDS-415 15 0.23 1092 4960 30.58 2261 8.85 0.14 051 6.73 0.04 0.49 100.10 34.1 753  26.0
PDS-419 16 0.17 11.33 5323 2487 19.79 5.64 0.06 040 875 bdl 0.24 99.59 43.6 759 204
PDS-422 17 0.24 1231 51.52 28.67 23.74 5.48 0.09 044 6.19 0.09 0.75 100.85 31.3 737 172
PDS-422A 18 0.24 11.78 51.02 29.19 23.99 5.78 0.20 0.47 5.79 0.14 0.71 10012 29.7 744 178
PDS-426 19 0.27 9.70 5456 2656  21.49 5.64 0.10 042 7.57 0.05 0.27 100.06  38.1 79.1  19.1
PDS-427 20 0.25 10.39 5641 2137 16.89 497 0.12 0.39 10.80 0.13 0.07 10042 527 785 209
PDS-427 21 0.26 1052 56.66 20.66 16.28 4.86 0.06 037 11.21 0.15 0.11 10048 545 783 212
PDS-428 22 0.29 11.44 5347 2619 21.36 5.37 0.13 045 7.87 0.08 0.47 100.92  39.1 758 184
PDS-429 23 0.16 12.84 52.63 2468 20.62 4.50 0.09 041 8.28 0.11 041 100.06 41.2 733 164
PDS-429 24 0.19 12.88 5221 2537 21.09 4.76 0.13 038 8.10 bdl 0.44 100.17  40.2 731 169
PDS-429 25 0.20 1249 5231 2692 2229 5.14 007 044 738 0.01 0.39 100.73 367 738 172
PDS-430 26 0.27 9.83 53.80 29.37 24.47 5.44 0.07 051 540 0.06 0.74 100.60 27.8 786 16.7
PDS-430 27 0.18 9.95 53.33 2892 24.01 5.45 0.11 049 5.55 0.05 0.69 99.81 28.8 782 17.0
PDS-432 28 0.15 10.71 53.00 28.73 22.59 6.83 0.09 047 693 0.09 0.55 101.40 349 76.8 214
PDS-214 29 0.30 1143 51.16 29.26 22.70 7.29 0.16 073 6.86 0.07 0.45 101.13 343 750 224
PDS-216 30 0.39 11.82 51.16 2822 2217 6.72 0.15 0.65 7.34 0.08 0.38 100.85 36.4 744 214
PDS-211 31 0.32 11.24 50.65 2958 2295 7.37 0.15 072  6.39 0.04 0.80 100.64 32.5 751 224
PDS-211 32 0.25 1147 51.15 28.89 2255 7.04 0.13 069 6.73 0.05 0.75 100.81 34.0 749 219
PDS-213 33 0.34 12.07 50.97 28.77 2298 6.44 0.12 056  6.66 0.07 0.78 100.98 33.5 739 20.1
PDS-202 34 0.12 10.31 5326 2299 1524 8.61 0.09 099 10.87 0.04 1.04 100.58 544 776 33.7
PDS-209 35 0.13 1192 52.09 2352 16.20 8.14 0.12 0.80 10.67 0.02 1.04 101.12 528 746 31.1
PDS-208 36 0.12 1143 5157 2478 17.21 8.41 0.13 1.00 9.79 0.08 0.84 100.58 48.9 752  30.5
PDS-205 37 0.13 11.21 5199 2436 15.96 9.34 0.08 1.04 10.78 0.04 0.76 101.33 53.1 757 345
PDS-201 38 0.36 11.70 52.88 21.24 14.73 7.23 0.14 098 11.71 0.04 0.65 100.43 57.0 752  30.6
PDS-203 39 0.13 10.68 5281 2499 17.21 8.65 0.05 094 9.97 0.06 0.74 101.21 495 76.8 31.1

Note: Numbers 1-28 pertain to the profile e-f. Numbers 29 and 30 are Chr-enriched specimens of disseminated ores of the Dunite block
(DB); #31-33 are segregations in situ in the DB; #34-39 are examples of fragmented chromitites collected in the Dunite block.
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Table 6. Compositions of rims or margins in grains of chromian spinel from the Dunite block of the Pados-Tundra complex.

FeO FeO Fe,0O3 . Total

Sample # TiO, Al,O3 Cr,0;3 (tot) (cale)  (calo) V,0; MnO MgO NiO ZnO (Wt.%) Mg#  Cr# Fed*#
PDS-400 1 0.31 0.29 37.07 5743 2820 3248 0.06 0.72 1.86 045 0.28 101.70 10.3 989 509
PDS-403 2 0.30 0.37 36.64 5736 28.01 32.61 0.08 0.70 201 0.31 0.27 101.29 111 985 51.2
PDS-405 3 0.32 0.26 3147 6181 2782 37.77 0.11 0.57 197 059 0.24 101.11  11.0 988 55.0
PDS-405 4 0.30 0.10 2490 6826 2822  44.50 0.11 0.48 1.51 094 0.18 101.24 85 994 587
PDS-406 5 0.19 2.82 47.74 4380 2621 19.55 0.05 077 343 022 0.47 10145 185 919 402
PDS-406 6 0.24 1.26 45.72 4684 2622 2292 0.10 0.81 3.18 0.25 0.39 101.09 17.3 96.1 44.0
PDS-407 7 0.16 3.24 4792 4291 2573 19.10 0.01 077 372 026 0.47 101.36  20.0 909 40.0
PDS-407 8 0.34 0.79 4243 50.78 26.61 26.87 0.13 074 3.04 032 0.33 10159 166 973 476
PDS-409 9 0.23 9.99 53.99 2798 2299 5.55 0.02 0.43 6.51 0.07 0.45 100.22  33.1 784 17.8
PDS-409A 10 0.34 0.94 4440 48.64 2676 2431 0.02 0.74 3.04 bdl 0.32 100.86 164 970 45.0
PDS-409B 11 0.30 0.54 4343 49.69 26.76 2548 0.08 0.79 259 0.51 0.33 100.80 14.3 982 46.2
PDS-409D 12 0.30 0.79 4258 4945 2622 2582 0.10 0.76 281 0.56 0.40 10034 157 973 470
PDS-410 13 0.28 1220 50.84 2840 23.12 5.87 0.12 0.61 6.38 0.11 0.69 100.23 324 736 18.6
PDS-410 14 0.15 3.28 4697 4313 25.63 1945 0.06 0.72 372 024 0.39 100.60 20.1 90.6 40.6
PDS-411A 15 0.31 0.68 4480 4567 2286 2535 0.08 1.07 507 0.36 0.37 10093 274 978 499
PDS-414A 16 0.33 1.14 46.04 46.86 26.65 2246 0.11 0.56 314 0.27 0.27 10097 17.1 964 43.1
PDS-415 17 0.35 0.58 45.67 4791 2626 24.06 0.09 0.60 338 044 0.19 101.60 183 982 452
PDS-415 18 0.25 1.16 4749 4538 2599 21.55 0.14 0.61 355 0.32 0.26 101.31  19.2 965 427
PDS-419 19 0.16 1032 52.84 2682 20.42 7.11 0.11 0.39 823 0.15 0.19 99.92 41.3 774 239
PDS-419 20 0.19 9.88 52.77 2699 19.98 7.78 0.06 0.40 8.49 0.09 0.21 99.84 42.6 782 26.0
PDS-422 21 0.34 0.32 29.62 6211 27.10 3891 0.11 044 207 1.04 0.20 100.15 11.8 984 564
PDS-422A 22 0.33 0.46 40.26 52,60 26.82 28.65 0.09 0.56 267 0.52 0.29 100.64 148 983 49.0
PDS-426 23 0.25 9.61 55.14 2696 21.84 5.69 0.11 041 751  0.07 0.23 100.85 37.6 794  19.0
PDS-426 24 0.22 7.52 5482 30.33 22.79 8.38 0.04 0.45 6.72  bdl 0.21 101.14 34.0 83.0 249
PDS-427 25 0.25 10.80 56.13 20.96 16.39 5.08 0.07 0.40 11.17 0.11 0.12 100.52 54.3 77.7 218
PDS-428 26 0.28 10.61 5249 29.02 24.07 5.50 0.11 0.48 5.67 0.08 0.67 99.95 29.1 768 17.1
PDS-428 27 0.20 11.21 53,54 27.16 22.46 523 0.07 047 699 0.03 0.60 100.79 35.2 762 17.3
PDS-429 28 0.25 1264 5231 2649 22.02 497 0.13 0.42 7.63  bdl 0.39 100.75 37.7 735 169
PDS-429 29 0.26 2.33 4926 4311 2721 17.66 0.12 0.65 285 0.05 0.46 100.85 154 934 369
PDS-430 30 0.09 3.35 50.76  40.21 2645 15.30 0.05 0.58 329 0.04 0.55 10044 17.8 91.0 342
PDS-430 31 0.16 2.29 50.13 41.89 2630 17.33 0.09 0.59 343 0.03 0.44 100.77 18.5 93.6 372
PDS-432 32 0.21 10.11 5249 29.58 2297 7.35 0.06 0.46 6.52  0.09 0.57 100.84 33.2 777 223
PDS-432 33 0.21 5.24 4945 38.16 2439 15.31 0.05 0.52 503 0.07 0.46 100.72  26.5 86.4 36.1
PDS-202 34 0.31 0.65 45.15 4358 19.73  26.51 0.07 144 689 0.38 0.53 101.66 36.7 979 547
PDS-207 35 0.22 3.16 4948 36.19 18.65 1948 0.02 1.40 785 0.22 0.59 101.06 41.1 91.3 484
PDS-207 36 0.25 2.52 49.78 3720 19.18 20.03 0.04 1.44 753 0.23 0.58 101.56 394 93.0 484
PDS-208 37 0.32 0.88 48.00 42.01 2155 22.73 0.08 134 595 0.24 0.47 101.54 31.6 973 487
PDS-205 38 0.25 0.64 4769 4204 2042 24.03 0.07 1.51 6.56 0.28 0.43 101.85 347 981 514
PDS-201 39 0.38 2.19 4931 3752 1871 20.90 0.04 1.41 795 0.29 0.42 101.60 41.3 93.8 50.1

Note: Numbers 1-33 pertain to the sampling profile e—f; #34-39 are specimens of fragmented chromitite ores collected in the Dunite block.
Analytical results obtained for rim-like zones are listed in the present Table 6, except for #9, 13, 19, 20, 23-28, and #32, which represent
margins of slightly zoned grains or compositionally unzoned grains of Chr.

The compositions of Chromite cores developed in the Dunite block exhibit the max-
imum values of the index Mg#, i.e., 100Mg/(Mg + Fe?* + Mn), which attain 54.5-57.0
(sample PDS-427). The margin of the unzoned grains, as expected, shows about the same
Mg# value as the core. In Figures 10a—d and 11a—d, margin compositions are thus plotted
in the core-dominant fields. In the rims, which mostly are diffuse, maximum values of
Mg# typically vary over the range 42.6-43.4 (e.g., sample PDS-419; Table 6). These values
are rather close to the maximum Mg# value (44.8, PDS-95) recorded in the population of
accessory Chr grains in the Orthopyroxenite zone (Table 4). One can conclude that the
high-Mg cores of the Dunite block crystallized first. The similarity observed in values of
Mg# in rims of Chr of the Dunite block with the accessory grains in the Orthopyroxenite
zone implies that they crystallized more or less simultaneously under essentially uniform
conditions and attained equilibrium in a large volume of melt.

It is fairly unusual that the rim of the zoned grains of Chr in the Dunite block, and even
a large number of high-Mg cores, are enriched in the minor elements Mn and Ni to a no-
tably greater extent than grains of accessory Chr in the Orthopyroxenite zone (Figure 8c,d).
In addition, these rims are comparatively enriched in both Mn and Ni compared to the
cores. Note also that both Ni and V display a tendency of progressive increase in concen-
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tration during crystallization of the accessory Chr, followed by the expected decrease in
magnesium content with a normal drop in temperature (Figures 8d and 10a).

Another aspect of interest involves the distribution of zinc. It is present as a minor (up
to 1.0 wt.%) constituent, preferentially in the highly magnesian core of Chr in the Dunite
block (Figure 10a). Moreover, Zn and Mn display a contrast in behavior: Zn exhibits its
maximum in the core, whereas Mn is relatively enriched in the rim of zoned grains of Chr
(Figure 10b). Evidence of decoupling of Zn from Mn during crystallization of zoned grains
of Chr was also documented in zoned sills of Chapesvara [19]. The Mg vs. Al correlation
is positive in Chr compositions of the population of accessory grains (Figure 10b), and,
with much broader variations, of grains analyzed in the Dunite block (Figure 10d). This
correlation reflects the fact that Mg and Al are linked via the spinel component, MgAl,Oy,
which is stable at a high temperature in coexistence with forsteritic olivine [31].

Values of the index Chr#, 100Cr/(Cr + Al), and the index Fe3*#, 100Fe3+/ (Fe3Jr + Fe2+),
are negatively correlated with the degree of Mg enrichment of Chr (Figure 11c,d). A
progressive core-to-rim increase in the Fe3*# is indicated for associations of Chr in the
Dunite block. The overall trend of variations, observed in terms of Cr-Fe3*-Al space
(Figure 12a), clearly extends toward the rims of zoned Chr grains in the Dunite block, in
which the enrichment in ferric iron is extreme.

Fes+ FeS+

a b

Pados-Tundra | Chapesvara

cr : e e

Figure 12. Compositions of chromian spinel from chromite-bearing lithologies of the Pados-Tundra
complex (a) and of the Chapesvara sills (b) [19] in Cr-Fe3*—~Al compositional space. The symbols
used for Pados-Tundra are the same as those shown in Figure 8c.

Grains of accessory ilmenite (Figure 5b) analyzed in rocks of the Orthopyroxen-
ite zone display a constant composition invariably enriched in the geikilite component
(~18 mol.%: Table 7). Interestingly, a grain of ilmenite in sample PDS-30 contains 4.86 wt.%
MgO (#1, Table 7), which is notably more strongly magnesian than the associated Chr
(2.78 wt.% MgO); this tendency recalls similar occurrences of anomalous Chr-Ilm parage-
neses documented at Chapesvara and Khanlauta [19,22].

Table 7. Compositions of grains of magnesian ilmenite in the Pados-Tundra complex.

Sample # TiO, Cr,O3 FeO MnOMgO NiO V;05 P(I;t:?;o) Ti Cr Fe Mn Mg Ni  Mg#
PDS-30 1 5331 027 3973 057 486 011 bdl 9884 099 0.005 082 001 018 0.002 17.7
PDS-106 2 5474 006 3971 060 478 012 0.14 100.16 1.00 0.001 0.81 001 0.17 0.002 175
PDS-106 3 5456 012 3979 058 4.85 013 021 10024 1.00 0.002 0.81 001 0.18 0.003 17.6
PDS-110 4 5335 025 3968 043 5.06 012 017 99.06 0.99 0005 0.82 001 019 0002 183
PDS-110 5 53.77 011 4015 044 5.04 012 015 9976 0.99 0002 0.82 001 018 0.002 181
PDS-110 6 53.83 023 4041 045 5.09 012 023 10036 099 0004 0.82 001 0.18 0002 182

Note: Al was sought, but not detected (bdl). The formulae were calculated on the basis of charge balance for O = 3 atoms per formula unit;

Mg# = 100 Mg/ (Mg + Fe** + Mn).
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In addition, grains of chromiferous rutile (6.3 wt.% Cr,O3) and monazite-(Ce),
(Ceg.arLag 38Ndo 10Prp.035mg 01Cag.01)x1.00P1.0004, were found as rare phases in specimens
of chromitite of the Dunite block.

3.5. Associations of Sulfide Minerals

Occurrences of base-metal sulfides are extremely scarce at Pados-Tundra, thus imply-
ing a S-depleted parental magma. Sporadic and tiny grains (Figure 5a,b) of cobaltiferous
pentlandite (1.3-3.5 wt.% Co) and subordinate millerite (#6, Table 8) are present. Values of
the Ni/Fe ratio, 1.2-1.4, are moderately high (cf. [32]) in pentlandite of the Orthopyroxenite
zone; they thus are close to the 0.8-1.1 (with 1.2-1.7 wt.% Co) and 0.9-1.3 (1.0 to 16.7 wt.% Co),
the values observed in compositions of pentlandite at Chapesvara and Khanlauta, respec-
tively [20,22]. This ratio is much higher in pentlandite from chromitite hosted by the Dunite
block (2.2, #5, Table 8).

Table 8. Compositions of grains of sulfide minerals in the Pados-Tundra complex.

Sample # Fe Ni Co Cu S ("53: ?,/t) Fe Ni Co Cu IMe S Ni/Fe
PDS-11 1 Pn 26.87 3839 1.38 bdl 33.64  100.29 3.70 5.04 0.18 - 8.92 8.08 1.4
PDS-11 2 26.62 3829 1.39 bdl 33.78  100.08 3.67 5.03 0.18 - 8.88 8.12 14
PDS-103 3 2891 3623 1.33 0.30 3263  99.40 404 481 018 0.04 9.06 794 12
PDS-103 4 2891 3656 1.31 0.29 33.09 100.16 4.00 4.81 0.17 0.03 9.02 7.98 1.2
PDS-214 5 19.02 4394 3.52 bdl 3352  100.0 264 580 046 - 890 810 22
PDS-214 6 Mlr 0.84 65.48  bdl bdl 33.19 99.50 0.01 1.03 - - 1.04 0.96 -

Note: The atomic proportions are based on a total of 17 atoms per formula unit (a.p.f.u.) for pentlandite (Pn) and 2 a.p.f.u. for millerite
(Mlr); bdl is below the detection limit.

In chromitites of the Dunite block, various species of PGM are present. The PGM
occur as single inclusions or intergrowths (<1-10 um) hosted by grains of Chr. Laurite of a
low-Os composition is most abundant as intimate intergrowths with grains of “primary”
(i.e., non-replacement) clinochlore (>80% laurite grains), followed by Os- and Ir-dominant
alloys corresponding to the minerals of osmium and iridium, a Se-rich laurite (members of
the RuS,-RuSe; series), unnamed RuSe; and RhTe, and native ruthenium that occurs as
micro-(nano)-spherules in framboid-type aggregates [17].

3.6. Geochemical Variations in the Pados-Tundra Complex

Ultramafic rocks analyzed along three cross-sections at Pados-Tundra invariably
display high contents of Mg, with a mean value of Mg# 87.6 (this study), which is close
to a mean Mg# of 86.7 reported for the zoned Chapesvara-II sill [20] and 86.1 inferred for
the Khanlauta flow [22]. The high-Mg compositions are combined with elevated levels of
Cr (up to 26.72 wt.% CrpOs3: Table 9) in the mineralized specimens of dunite of the Dunite
block (Figure 13a); these also are anomalously enriched in Al owing to the abundance of
clinochlore (Figures 6d and 7) and to segregations of Chr enriched in the spinel component
(Figure 13d). Positive Ni vs. Mg covariations (Figure 13c) are a reflection of the preferred
incorporation of Ni in the Fo-rich olivine (Figure 8a).
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Table 9. Major element contents of rocks of the Pados-Tundra complex.
. . F€203 FeO .
Sample # SiO, TiO, Al,0;3 (tob) Cr,05 (tod) MnO MgO CaO NiO BaO NaO K;,O V,05 P05 SO; LOI  Total Mg#
PDS-1 1 5454 0.07 1.61 6.53 0.79 5.88 0.13 33.67 1.39 0.09 <0.01 0.12 0.02 0.01 0.01 <0.03 0.05 99.04 909
PDS-3 2 5457 0.07 1.87 6.51 0.80 5.86 0.14 33.34 1.51 0.09 <0.01 0.16 0.01 0.01 0.01 <0.03 0.03 99.14 90.8
PDS-11 3 5487 0.07 1.69 6.83 0.79 6.14 0.13 3320 1.39 0.09 <0.01 0.08 0.01 0.01 0.01 <0.03 0.08 99.26 904
PDS-27 4 5377 0.07 1.86 7.12 0.80 6.40 0.13 3349 148 0.08 0.01 0.16 0.02 0.01 0.01 <0.03 0.11 99.13  90.1
PDS-30 5 5477 0.08 1.50 8.14 0.61 7.32 0.17 3237 1.37 0.08 <0.01 0.09 0.01 0.01 0.01 <0.03 0.17 9940 88.5
PDS-41 6 4850 0.05 1.01 9.94 0.88 8.95 0.16 37.14 0.80 0.15 <0.01 0.07 0.01 0.01 0.01 <0.03 0.38 99.14 879
PDS-50 7 4871 0.05 1.06 9.80 0.88 8.82 0.17 35.83 0.77 0.14 <0.01 0.08 0.01 0.01 0.01 <0.03 171 99.25 87.7
PDS-54 8 5043 0.05 1.12 9.41 0.93 8.46 0.17 35.43 098 0.12 <0.01 0.09 0.01 0.01 0.01 <0.03 0.96 99.73 88.0
PDS-64 9 5462 0.07 1.39 7.23 0.74 6.51 0.15 33.07 1.25 0.09 <0.01 0.08 0.01 0.01 0.01 <0.03 0.55 99.30 89.8
PDS-77 10 46.09 0.05 0.93 1036 0.95 9.32 0.17 3750 0.69 0.18 0.01 0.07 0.01 0.01 0.01 <0.03 212 99.14 87.6
PDS-80 11 4898 0.05 1.07 10.04 0.96 9.03 0.17 3598 0.82 0.15 <0.01 0.08 0.01 0.01 0.01 <0.03 1.07 9941 875
PDS-82 12 50.80 0.05 1.10 9.67 0.83 8.70 0.17 35.08 0.99 0.12 0.01 0.09 0.01 0.01 0.01 <0.03 1.19 100.14 87.6
PDS-88 13 3829 0.03 0.53 12.81 1.16 11.53 0.17 4491 0.16 0.37 0.01 0.05 0.01 0.01 0.01 <0.03 174 100.26 87.3
PDS-90 14 37.44 0.03 0.55 1248 1.30 11.23  0.16 4477  0.26 0.31 0.01 0.05 0.01 0.01 0.01 <0.03 2.35 99.74 875
PDS-93 15 37.69 0.03 0.56 12.10 1.36 10.89 0.17 45.67 0.15 0.29 0.01 0.06 0.01 0.01 0.01 <0.03 2.00 100.14 88.0
PDS-212 16 3549 0.04 1.55 13.31 2.89 1197 0.15 40.17 0.11 0.28 <0.01 0.05 0.01 0.01 0.01 <0.03 5.26 99.33 855
PDS-215 17 25,55 0.26 11.78 10.66 14.38 9.59 0.56 33.08 0.10 0.09 0.02 0.20 0.02 0.09 0.02 <0.03 3.25 100.03 85.3
PDS-400 18 36.95 0.04 1.14 1242 241 1117  0.17 41.66  0.06 0.27 0.01 <0.05 0.01 0.01 0.01 <0.03 457 99.76  86.8
PDS-406 19 3221 0.06 7.26 10.53 8.08 947 0.15 38.54 0.03 0.23 <0.01 <0.05 <0.01 0.02 0.01 0.06 2.77 99.94 877
PDS-409 20 2293 0.13 9.56 1435 1692 1292 0.22 3242  0.09 0.14 <0.01 <0.05 <0.01 0.04 0.01 0.05 3.02 99.88 81.5
PDS-423 21 2320 0.14 10.64 1270 18.82 1143 0.20 3146 0.03 0.10 <0.01 <0.05 <0.01 0.05 0.02 0.02 2.51 99.87 82.8
PDS-432 22 1481 0.19 9.67 2411 26.72 21.70 0.36 23.66 0.00 0.10 <0.01 <0.05 <0.01 0.05 <0.01 0.02 0.03 99.71 65.7

Note: Results of XRF analysis are expressed in weight percent. The sampling profiles are a—b (PDS-1 to # 93) and e—f (PDS-212 to #432),
which are shown in Figure 3a. Samples #19-22 contain 0.06, 0.11, 0.11, and 0.25 wt.% ZnO. LOI: Loss on ignition. They also contain
0.02-0.04 wt.% Co304. Mg# = 100 MgO /(MgO + FeOyo ), expressed as a molar ratio.
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Figure 13. Plot of values of the Mg# index, which is the molar ratio 100 MgO/(MgO + FeOxot), vs. contents of Cr,O3 in
wt.% (a), MgO vs. CaO (b), NiO (c) and Al;O3 (d) in wt.% in ultramafic rocks of the Pados-Tundra layered complex (shown
by green symbols: open circles for the Orthopyroxenite zone and filled circles for the Dunite block), compared with the
associated suites of the Chapesvara sill [20], shown by blue squares, and the Khanlauta differentiated flow [22], shown by
orange triangles. The field labeled Chr (Figure 13d) shows the mineralized varieties enriched in chromian spinel in the
Dunite block at Pados-Tundra.
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The Pados-Tundpra suite is poor in Ca and Al (Figure 13b,d), as is reflected in the virtual
absence of plagioclase and clinopyroxene in these rocks. Owing to a largely incompatible
behavior during the crystallization of Ol and Opx, Ca and Al accumulate in a hydrous
medium and form abundant grains of tremolite at the expense of the primary grains of Opx.

Among the trace elements, the high-field-strength elements (HFSE) and the rare-
earth elements (REE) all correlate sympathetically, e.g., in the selected pairs of Nb vs. Zr,
Y vs. V (excluding the Chr-rich varieties that are normally rich in V), and Sm vs. Nd.
(Figure 14a—c).
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Figure 14. Plot of values of Zr vs. Nb (a), V vs. Y (b), Nd vs. Sm (c), all expressed in ppm, and values of the indexes
(Gd/Yb)yn vs. Eu/Eu* (d) in ultramafic rocks of the Pados-Tundra layered complex (shown by green symbols: open
circles for the Orthopyroxenite zone and filled circles for the Dunite block), and compared with the associated suites of the
Chapesvara sill [20], shown by blue squares, and the Khanlauta differentiated flow [22], shown by orange triangles.

Our data indicate that compositions of the ultramafic successions of the Pados-Tundra
layered complex, which form a part of a comagmatic shallow plutonic association, display
a distinctly stronger primitive character than the Chapesvara and Khanlauta suites [20,22].
Note that Mg#max values are somewhat greater (Figure 13a), whereas (Gd/Yb)y values
are lower (Figure 14d), with a general depletion in all incompatible elements at Pados-
Tundra (Figure 14a—c). The chondrite-normalized spectra are notably primitive in all
members of the ultramafic successions at Pados-Tundra, which are closely similar geo-
chemically to the zoned Chapesvara sills, including a rock of the Upper Contact Facies
(Figure 15). The latter rock is inferred to represent the closest approximation to the parental
magma of Al-undepleted komatiitic composition responsible for the intrusions of the
Serpentinite belt [20].
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Figure 15. The CI-chondrite-normalized plots of contents of lanthanides in results of whole-rock
analyses (ICP-MS) of ultramafic rocks of the Pados-Tundra complex (PDS), in comparison with the
Upper Contact Facies (UCF) in the Chapesvara complex, CHP [20]. The CI chondrite-normalizing
values by McDonough and Sun [33] were used.

4. Discussion
4.1. Geotectonic Settings and Relationships of the Pados-Tundra Complex with Associated Suites

The Pados-Tundra layered complex and accompanying suites of subvolcanic rocks
are located at the boundary of two megastructures of the Fennoscandian Shield: the
Paleoproterozoic Lapland granulite terrane (belt) and the Belomorian composite terrane of
Archean age [24,34]. The emplacement of the Pados-Tundra complex and large associated
ultramafic sills and flows, such as Chapesvara [20] and Khanlauta [22], is related to the
development of a collision mélange in the Tanaelv belt (Figure 1), which underlies rocks of
the Lapland granulite terrane forming part of the Paleoproterozoic Lapland—Kola orogen.

We believe that the regionally developed komatiitic magmatism resulted in numerous
suites of ultramafic compositions in the Serpentinite belt-Tulppio belt (the SB-TB structure)
and defines a large igneous province. The emplacement of related complexes of shallow
plutonic rocks of highly magnesian composition likely proceeded in response to a large-
scale mantle plume. We propose that the central portion of this plume corresponds to major
occurrences of dunite—harzburgite—orthopyroxenite complexes: Pados Tundra—Malyi
Pados, zoned sills of Chapesvara and Lotmvara, and flows at Mount Khanlauta. The
central portions of the plume are expressed in (1) the highly magnesian compositions of
these ultramafic rocks, which crystallized from Al-undepleted komatiitic magma [20], (2)
the highly magnesian compositions of olivine at Pados-Tundra (Fog3) and Chapesvara
(Fogy), and 3) the presence of major deposits of chromite-IPGE-bearing ores hosted by
the Pados-Tundra intrusion. In addition, the high values of Cr# in compositions of Chr
(Tables 4 and 5, Figure 11b) can also point to the existence of an asthenospheric diapir, i.e.,
a thermal plume.

In the Russian-Finnish border area, the ultramafic suites (Kareka-Tundra, Termo-
Tundra, among others) of the SB-TB structure are clustered within the Paleoproterozoic
“Kareka suite” [35]. As noted, the Pados-Tundra and other major representatives were
emplaced in relation with the development of the Tanaelv high-grade ductile thrust belt,
followed by the development of the collisional mélange (Figure 1). The associated sills
of the Chapesvara and Lotmvara complexes are controlled by a system of shear zones of
a north-northeasterly strike. Large volumes of komatiitic magma were able to intrude
along the subparallel regional shear zones to form the ultramafic sills. Our observations



Minerals 2021, 11, 68 22 of 32
reveal that the level of magnesium enrichment in the ultramafic suites generally decreases
(to about 22.67 wt.% MgO in a whole-rock composition) to the west of the Pados-Tundra
complex. Indeed, the Fo values in some specimens of the Mount Kareka-Tundra suite are
in the range 80-84 and even 72-77 in relics of olivine grains preserved in ultramafic rocks.
Those rocks and their regional equivalents could well be attributed to peripheral areas of
the inferred asthenospheric plume.

Close similarities are observed between the geochemical attributes of dunite rocks
exposed along the e—f traverse (Figures 2a and 3a,b) and close to the boundary of the Dunite
block at Pados-Tundra (Tables 9 and 10) and those of the UCF rock of the Chapesvara-II sill;
these rocks are close to the parental Al-undepleted komatiitic magma of the Serpentinite
belt [20]. The observed trends (Figures 13-15) are consistent with the development of
comagmatic series of differentiates of komatiitic magma in a subvolcanic setting. The
UCEF rock has 37.04 wt.% MgO, 14.88 wt.% FeOyq,1, molar MgO/SiO, = 1.8, Mg# 81.3, and
contains olivine Fog, [20]. An approximate estimate of parental melt for the Pados-Tundra
complex could be made on the basis of sample PDS-409, which is close: 32.42% MgO,
12.92% FeOypta1, MgO/SiO; = 2.1, Mg# 81.5, and Foy;.

Table 10. Minor and trace element contents of rocks of the Pados-Tundra complex.

Sample # Sc v Cr Co Ni Cu Zn Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Tb
PDS-1 1 14.8 38.6 5623.2 75.8 856.0 14.8 40.5 1.30 37 063 1.10 <0.05 <0.1 <3 0.21 0.33 0.04 0.19 0.06 0.02 0.06 0.01
PDS-3 2 15.8 37.6 5717.3 755 888.9 13.8 492 1.48 <3 0.63 1.82 <0.05 <0.1 3.0 0.22 0.38 0.05 0.20 0.05 0.02 0.07 0.01
PDS-11 3 15.2 399 5643.3 709 858.0 6.5 435 1.61 <3 0.66 1.62 0.072 <0.1 <3 0.14 0.37 0.06 0.22 0.06 0.02 0.08 0.01
PDS-27 4 152 39.0 5751.5 775 856.7 14.1 443 1.68 3.1 0.63 141 0.072 <0.1 3.0 019 0.38 0.05 0.23 0.06 0.02 0.07 0.01
PDS-30 5 15.4 46.0 4345.7 91.0 816.8 7.9 48.7 1.82 44 091 6.30 0.11 <0.1 <3 0.42 0.93 0.12 0.47 0.13 0.03 0.13 0.02
PDS-41 6 11.8 35.1 6241.9 93.3 14454 323 60.8 2.03 <3 0.35 0.66 <0.05 <0.1 <3 0.07 0.14 0.02 0.08 0.03 0.01 0.03 0.01
PDS-50 7 11.7 39.0 6077.8 86.5 13492 140 70.0 223 <3 0.41 0.62 0.072 <0.1 <3 0.09 0.92 0.03 0.11 0.03 0.01 0.04 0.01
PDS-54 8 12.5 39.9 6224.2 80.3 1192.5 8.5 63.8 2.30 <3 0.44 0.72 <0.05 <0.1 <3 0.07 0.16 0.02 0.08 0.03 0.01 0.05 0.01
PDS-64 9 16.3 34.2 5039.1 77.5 892.8 13.8 54.4 212 <3 0.56 1.41 <0.05 <0.1 <3 0.13 0.24 0.03 0.15 0.04 0.01 0.05 0.01
PDS-77 10 9.6 35.9 6217.1 98.2 1591.5 10.8 72.8 230 <3 0.31 0.41 <0.05 <0.1 <3 0.06 0.11 0.01 0.05 0.02 0.01 0.03 0.01
PDS-80 11 10.7 40.3 6372.6 83.8 1336.6 9.4 719 234 <3 0.31 1.12 <0.05 <0.1 <3 0.05 0.11 0.02 0.07 0.02 0.01 0.03 0.01
PDS-82 12 119 39.4 5412.3 103.0 1187.2 10.3 57.0 2.09 <3 0.41 0.95 <0.05 <0.1 <3 0.09 0.17 0.02 0.09 0.03 0.01 0.04 0.01
PDS-88 13 4.6 24.0 7535.1 182.0 2951.4 55 75.0 272 <3 0.16 117 <0.05 <0.1 <3 0.09 0.17 0.02 0.03 0.01 0.01 0.01 0.00
PDS-90 14 4.7 271 8975.7 178.2 2388.8 59 78.9 3.25 <3 0.13 0.29 <0.05 <0.1 <3 0.05 0.07 0.01 0.03 0.01 0.01 0.02 0.00
PDS-93 15 45 247 9011.8 176.6 2383.0 12.0 76.3 347 <3 0.10 043 <0.05 <0.1 <3 0.11 0.13 0.01 0.06 0.01 0.00 0.01 0.00
PDS-212 16 91 57.4 udl 1393 21617  <5.0 181.1 4.12 <3 0.10 0.07 <0.05 <0.1 <3 0.10 0.17 0.02 0.08 0.02 0.01 0.03 0.01
PDS-215 17 67 4715 udl 2227 568.41 6.7 13040 14.22 172 0.10 0.92 0.14 <0.1 <3 0.07 0.11 0.01 0.05 0.02 0.01 0.02 0.01
PDS-400 18 88 65.1 15196.0 142.1 27833  <5.0 1374 2.77 <3 0.10 0.49 0.12 <0.1 <3 0.10 0.17 0.01 0.05 0.01 0.01 0.02 0.01
PDS-406 19 39 2183 udl 274.0 20529 189 978.3 6.31 <3 0.59 2.49 0.12 <0.1 <3 0.09 0.12 0.02 0.08 0.03 0.01 0.03 0.01
PDS-409 20 5.0 408.5 udl 3117 649.3 72 31384  6.76 <3 0.13 5.60 0.15 <0.1 55 010 0.18 0.02 0.06 0.02 0.01 0.03 0.01
PDS-423 21 33 434.4 udl 302.2 246.1 74 2598.7 6.92 <3 0.13 5.98 0.077 <0.1 51 0.09 0.18 0.02 0.09 0.03 0.01 0.02 0.01
Sample # Dy Ho Er Tm Yb Lu Hf Ta Th U (Gd/Yb)y Euw/Eu*
PDS-1 1 0.09 0.02 0.08 0.01 0.10 0.02 <0.05 <0.05 0.03 <0.02 0.50 0.95
PDS-3 2 0.09 0.03 0.08 0.02 0.10 0.02 <0.05 <0.05 0.02 <0.02 0.53 0.90
PDS-11 3 0.12 0.03 0.09 0.01 0.12 0.02 <0.05 <0.05 0.03 <0.02 0.53 0.68
PDS-27 4 0.08 0.02 0.07 0.01 0.11 0.02 <0.05 <0.05 0.03 <0.02 0.53 0.94
PDS-30 5 0.16 0.04 0.11 0.02 0.12 0.02 0.08 <0.05 0.12 0.04 0.87 0.65
PDS-41 6 0.05 0.01 0.05 0.01 0.06 0.01 <0.05 <0.05 <0.02 <0.02 0.46 0.92
PDS-50 7 0.05 0.01 0.05 0.01 0.08 0.01 <0.05 <0.05 0.10 <0.02 0.43 0.96
PDS-54 8 0.06 0.02 0.04 0.01 0.06 0.01 <0.05 <0.05 <0.02 <0.02 0.64 1.04
PDS-64 9 0.08 0.02 0.06 0.01 0.09 0.01 <0.05 <0.05 <0.02 <0.02 0.41 0.81
PDS-77 10 0.05 0.01 0.04 0.01 0.05 0.01 <0.05 <0.05 <0.02 <0.02 0.52 1.00
PDS-80 11 0.05 0.01 0.05 0.01 0.06 0.01 <0.05 <0.05 <0.02 <0.02 0.42 0.94
PDS-82 12 0.06 0.02 0.06 0.01 0.07 0.01 <0.05 <0.05 0.02 <0.02 0.42 0.96
PDS-88 13 0.02 0.01 0.02 0.00 0.03 0.01 <0.05 <0.05 <0.02 <0.02 0.23 1.83
PDS-90 14 0.02 0.01 0.01 0.00 0.03 0.01 <0.05 <0.05 <0.02 <0.02 0.37 114
PDS-93 15 0.02 0.01 0.02 0.00 0.02 0.01 <0.05 <0.05 <0.02 <0.02 0.54 1.08
PDS-212 16 0.03 0.01 0.02 0.01 0.02 0.01 <0.05 <0.05 0.03 <0.02 121 0.94
PDS-215 17 0.02 0.01 0.01 0.01 0.01 0.01 <0.05 0.12 <0.03 <0.02 1.20 1.01
PDS-400 18 0.02 0.01 0.02 0.01 0.03 0.01 <0.05 <0.05 <0.03 <0.02 0.40 111
PDS-406 19 0.03 0.01 0.03 0.01 0.03 0.01 <0.05 <0.05 0.03 0.03 0.64 1.15
PDS-409 20 0.02 0.01 0.03 0.01 0.03 0.01 0.09 <0.05 0.03 0.06 0.83 111
PDS-423 21 0.03 0.01 0.02 0.01 0.01 0.01 <0.05 <0.05 0.06 0.06 1.29 0.89

Note: These values are expressed in parts per million. The label “udl” means values exceeding upper detection limits.

The Mg enrichment in Ol and Chr, indicated by Mg#, generally decreases from 93.3
and 57.0 in the Dunite block of Pados-Tundra (this study) to a Mg#max of 91.7 and 42.5 in the
zoned sills of Chapesvara [20], and to 87.9 and 31.9, respectively, in the differentiated flow
at Khanlauta [22]. This decrease in the Mg# values is correlated with a decrease in the size or
relative volume of the subvolcanic bodies, from Pados-Tundra, to Chapesvara to Khanlauta.
These intrusive suites display similar trends of geochemical evolution, showing the closest
approach to the parental magma’s composition in the early-crystallizing rocks of the Pados-
Tundra complex (Figures 13a and 14). The emplacement of these bodies was sufficiently
shallow to be expressed in the abundance of micro- to fine-grained textures, the presence
of columnar jointing, crystallite-like forms of Ol [22], along with signs of supercooling
inferred by the appearance of spheroidal textures [16,18]. Because of the subvolcanic
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emplacement, the komatiitic magma could vesiculate vigorously. The crystallization of
the anhydrous primary minerals presumably caused the magma to reach saturation in
H;O efficiently. Dissociation of the hydrous fluid in the bubbles and the ensuing loss of Hp
through boiling or diffusion led to the progressive conversion of a fraction of Fe?* to Fe3*.
The chromian spinel evolved toward highly Fe**-enriched compositions (Figure 11c,d and
Figure 12a,b). In the Cr-Fe3*-Al diagram, the fields and trends observed for associations of
Chr at Pados-Tundra and Chapesvara are very similar, even though the Chr at Chapesvara
has more aluminous compositions, which extend along the Cr—Al trend toward the Al
apex (Figure 12a,b). The development of highly oxidizing environments appears to be a
common characteristic of the subvolcanic complexes of the Serpentinite Belt [16-20,22].

Paragenetic associations of sulfide species are also similar in these suites; they all
display a pronounced Ni-enrichment in assemblages of cobaltiferous pentlandite, millerite
and heazlewoodite, deposited at <630 °C, as inferred from mineral syntheses [32]. We
believe that the high levels of fO, prevailing in the ore-forming systems led to the enhanced
extraction of other cations (Ni, Co, Cu) substituting for ferrous iron that had become
deficient owing to the inferred Fe?* — Fe3* conversion. The presence of inclusions and
intergrowths with hematite, documented in grains of sulfide mineralization at Khanlauta,
provides a direct indication of highly oxidizing conditions during growth [22]. These
conditions can be important to explain the general enrichment in Ni and Cu, known widely
for sulfide assemblages developed in chromitites, as proposed [36].

4.2. A Brief Comparison with Komatiites, Picrites and Ultramafic Units of Layered Complexes

Most major occurrences of komatiitic volcanism in the shield consist of differentiated
flows of komatiitic basalts of the Vetrenyi (or Windy) paleorift belt [37-39]. They have
a Paleoproterozoic age (2.4-2.45 Ga), and are contemporaneous with the emplacement
of the Burakovsky layered complex, southern Russian Karelia [40,41]. Related suites of
(meta)-volcanic (komatiite—picrite) associations also are developed in the Central Lapland
greenstone belt in Finland and northern Norway [42]. The latter associations are altered
extensively; the Vetrenyi belt suites are thus more informative. The overall variations
of Ol compositions are Fog;_gg in the Vetrenyi belt [39]; these generally correspond to
median values observed in suites of the Serpentinite belt. Puchtel et al. [37] documented
a narrow range Fogg 1-g9 5 in komatiite of the Vetreniy belt and in the cogenetic Vinela
dike. The maximum values are significantly greater at Pados-Tundra (Fog3) and in the
UCEF of the Chapesvara complex: Fogy [20,36]. In addition, suites of the Vetrenyi belt differ
in their lower level of whole-rock Mg content and appear to exhibit greater degrees of
differentiation relative to the Serpentinite belt. Comagmatic associations of the Vetrenyi belt
vary from komatiite sensu stricto (18-27 wt.% MgO) and komatiitic basalt (8-18 wt.% MgO)
to andesite-basalt (6-8 wt.% MgO). The weighted average composition of the Vetrenyi belt
corresponds to komatiitic basalt having the following composition: 51.45 wt.% SiO;, 0.62%
TiOy, 12.0% Al O3, 10.4% FeO, 14.15% MgO, 8.96% CaO, 1.7% NaO, and 0.46% KO [39].
The Mg content increases from 13 to 17 wt.% MgQO toward the inferred center of the Vetrenyi
belt, thus corresponding to estimated liquidus temperatures of 1370-1440 °C [37]. The
authors considered that the juvenile magma of the plume was contaminated by a felsic
crustal material to the extent of 4 to 15%. Relative enrichments in Ca and Al are expressed
in the common presence in the Vetrenyi belt of plagioclase and clinopyroxene (locally
present in variolitic textures); these are very rare in the Serpentinite belt. In addition, levels
of Ti (0.4-0.9 wt.% TiO;) are notably high in the Vetrenyi belt, and contrast with a general
depletion of Ti in the Serpentinite belt. Picrites and picrite basalts of the Pechenga and
Onega areas, which were emplaced during younger events of volcanic activity (~2.1 Ga),
are generally enriched in Ti to a greater extent, i.e., more than 1 wt.% TiO; [43]. Interestingly,
microspinifex textures are observed not only in komatiitic rocks of the Vetrenyi belt [39],
but also in ferropicrite of the Pechenga complex [44]. There is no documented occurrence
of such textures in the Serpentinite belt; nevertheless, individual microcrystalline grains of
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Ol were recognized in komatiitic rocks at the mount Khanlauta area [22], relatively close to
the location of the Pados-Tundra layered complex (Figure 3a).

The characteristics of the UCF rock at Chapesvara and the fine-grained dunitic rocks
located along the e—f traverse (Figures 2a and 3a,b) and close to the contact of Dunite block
of Pados-Tundra (e.g., PDS-409, Tables 9 and 10) are similar to those of most magnesian
variants of Archean komatiite, especially those of the Barberton belt in South Africa, which
can attain calculated values up to ~35% MgO; chilled margins of komatiite flows display up
to 30.9 wt.% MgO [45-53]. Calculations by [51] show that the initial melt of Al-undepleted
komatiite at the type locality at Komati has ~30 wt.% MgO and ~12 wt.% FeO, with olivine
Fogs. The same composition of Ol occurs in the upper chilled margin of the Alexo komatiite
flow, Ontario, Canada [46]. A similar value, Fogs, was documented close to the contact of
the Dunite block at Pados-Tundra (PDS-415; Figure 3b, Table 1). Thus, the inferred melt
of the Serpentinite belt is a little more magnesian but has a higher level of iron, which
leads to uniform levels of magnesium enrichment in examples of Paleoproterozoic and
Archean komatiites.

The very high extent of Mg enrichment in the initial magma of the Serpentinite belt
surpasses levels observed in picrites, e.g., [54]. Some Hawaiian picrites have a calculated
MgO content of 21.2 wt.% in the initial melt, with an olivine of Mg# ~92 [55]. A more
forsteritic olivine (Mg# 93.5) occurs in the Zimbabwe komatiites, which have a more
magnesian composition of the inferred initial melt (~26 wt.% MgO), corresponding to
eruption at ~1520 °C [52]. Regionally, komatiitic and picritic associations can coexist [42].
In some cases, komatiitic and picritic rocks are not readily distinguished on the basis
of their chemical composition [39,42,56]. A komatiitic melt with ~27 wt.% MgO and
0.5 wt.% CryO3 that can produce an early-formed Ol with Mg# > 92, inferred as the starting
point for the Bushveld layered complex, South Africa [57,58]. Thick series of dunite—
peridotite—pyroxenite rocks (olivine Mg# >91) in the lower portions of magmatic chamber
are consistent with a parental melt containing at least 19 wt.% MgO [59]. Komatiitic basalt
(14.15 wt.% MgO) of the Vetrenyi belt represents the initial magma for the Burakovsky
layered complex of Paleoproterozoic age in southern Karelia [39].

4.3. Formation of PGE-Chromite Zones in Relation to Crystallization of the Pados-Tundra Complex

The dunite-harzburgite—orthopyroxenite successions and the zones of PGE-Chr min-
eralization of the lopolithic Pados-Tundra intrusion formed in a hypabyssal setting from
Al-undepleted and highly magnesian komatiitic magma enriched in Fe and Cr; it also pro-
duced the zoned Chapesvara sills and other suites in the province [20,22]. The chromitite-
bearing Dunite block (Figure 2a) of the Dunite zone is inferred to have formed early and
before the crystallization of sequences of the Orthopyroxenite zone, as a consequence of
the normal accumulation of grains of high-Fo olivine that appeared first on the liquidus
upon cooling close to the country rock. Our data on compositional variations of Chr
(Tables 4 and 5) are consistent with previous inferences [16] that the lopolithic intrusion
began to crystallize with dunite exposed close to the outer contact and progressively to-
ward the center. The documented trend in levels of Ni is a function of Mg# of olivine
compositions (Figure 8a). The coherent relationships of Mg# values in coexisting phases of
Ol and Chr (Figure 8b) all point to a normal crystallization of a single batch of komatiitic
magma, which proceeded from the early Ol + Chr cumulates of the Dunite block to the
later Ol-Opx and Opx cumulates of the Orthopyroxenite zone.

The major ore zones are located in an elongated area extending along the outer
contacts of the Dunite block (Figure 16). Thus, they belong to a contact style of PGE-Chr
mineralization. We believe that the formation of layers (Figure 2a) composed of chromitite
pods and veinlets, i.e., stratiform zones of discrete orebodies of podiform and veinlet-
shaped chromitites (<0.3 m thick), is a consequence of the efficient loss of heat along the
curvilinear boundary at the contact (Figures 16 and 17). The expected front of crystallization
moved along the curved boundary then toward the internal portion of the block. The
documented trends of compositions of Ol and Chr provide evidence of a cryptic buildup
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in Mg# (with complementary decrease in levels of minor Mn in Ol) toward not only the
northern but also the northwestern boundary at the outer contacts of the Dunite block.
These findings are manifested by the laterally oriented variations in compositions of Ol
and Chr, which suggest a complementary rise in the extents of Mg enrichment toward the
northwestern boundary of the Dunite block (Figure 9a—c).

o0 C T DUNITEBLOCK (DB)
-~ Front of crystallization (FC)

-

___>Area of Chr mineralization

Figure 16. A schematic representation of directions of the inferred front of crystallization dur-
ing the formation of the Dunite block in the Pados-Tundra layered complex, as shown on a
SAS.Planet image. The sampling traverse e—f (Figure 3a,b) extends across zones of PGE—chromite
(or magnesiochromite) mineralization.
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Figure 17. An idealized representation of the geological structure of the Pados-Tundra complex.



Minerals 2021, 11, 68

26 of 32

We contend that the earliest phase of Ol, having a value maximum Mg# of 93.3, nu-
cleated first close to the outer contact of the Dunite block (sample PDS-415; Figure 3b)
in response to cooling. The hypothetical front of crystallization moved along the curved
line that is subparallel to the outer boundary of the block (Figure 16). The textural obser-
vations clearly imply that the Chr grains and their aggregates were deposited after the
crystallization of large volumes of host Ol grains. Indeed, the chromitite segregations
commonly display a characteristic shape of veins and apophyses (Figure 4c,d). Grains of
Chr typically occupy interstitial spaces or form of chain-like aggregates deposited among
Ol grains (Figure 6a,c). In spite of the compatible behavior of Cr that is documented during
the crystallization of komatiitic or picritic melts, Cr was clearly incompatible with respect
to the crystallizing mass of Ol grains in the Dunite block. Consequently, we expect that
levels of Cr, along with other incompatible components (Al, Zn, H,O, among others), pro-
gressively accumulated at the front of crystallization to produce podiform segregations or
veins of chromitites arranged in stratiform fashion. Several cycles of Chr deposition, which
reflect the position of mappable Chr horizons (Figure 2a), may well correspond to events
of episodic Cr-enrichment and deposition along the moving front of crystallization. Rapid
crystallization is expected because of the loss of heat at the contact and also the shallow
level of emplacement of the lopolith. In addition, the formation of a spheroidal texture and
an anomalous variant of serpentine (Table 3) are consistent with the efficient cooling and
metastable conditions of crystallization inferred at Pados-Tundra [16,18]. These conditions,
which are also implied by the presence of taxitic (Figure 6d) and microgranular textures
(Figure 7b,d), likely prevented an effective accumulation of Chr grains. Thus, the chromitite
layers are not single and continuous along their strike, but rather are represented by zones
of heterogeneously distributed podiform and vein-like segregations of chromian spinel.

The observed spectrum of incompatible elements, such as major Cr and Al, minor
Zn, Mn, Ni, Co, S, and relative amounts of the IPGE, thus all became enriched at the
crystallizing front. The isolated portions of melt became enriched in magmatic HyO
released and accumulated in the Chr segregations during the massive crystallization of
Ol of the dunitic host. Thus, the Chr—OI-Chl (clinochlore) pods and veinlets crystallized
from such a melt saturated in a hydrous fluid under closed-system conditions. As a result,
various forms of textures and associations of Chl formed in the PGE-bearing chromitites
from portions of HyO-enriched fluid at a T possibly as high as 880 °C, the upper limit of
thermal stability of clinochlore [60]. The abundances of interstitial forms of Chl (Figure 6b,d
and Figure 7a—d) can be produced by the replacement of a pre-existing Opx precursor [18].
However, grains of primary Chl are clearly developed in chromitites at Pados-Tundra,
as two-phase inclusions of laurite + Chl hosted by grains of Chr. These intergrowths
crystallized from microvolumes of H,O-bearing fluid enriched in Ru, S, and lithophile
elements [17]. Note that grains of primary Chl are also present as lamellae crystallized
syngenetically along the crystallographically defined growth directions in the host phase
of Chr [19].

The intrinsic fugacity of oxygen (fO,) of the melt and, consequently, the content of
ferric iron in Chr phases (Figure 11c,d and Figure 12a) increased progressively during crys-
tallization of the lopolithic intrusion at Pados-Tundra, in common with evolution history
of other suites of the belt: Chapesvara, Lyavaraka, and Khanlauta [19,20,22]. Maximal
values of fO, were attained at the late stage of magmatic crystallization of the chromitites,
as is expressed in the abundances of diffuse rims of Chr (Figures 6 and 7a). The highly
oxidizing conditions appear to have resulted in the appearance of the anomalous Chr-Ilm
parageneses, observed in all three related suites [19,20,22]. The anomalous buildup in Mg#
values of Ilm over the coexisting grains of Chr is due to a progressive reduction in relative
amounts of Fe?* that is largely oxidized to Fe>*. As noted, we believe that these conditions
of pronounced oxidation leading to a deficit in Fe?* account for the deposition of highly
Ni—(Co)-enriched phases of sulfide minerals: Co-bearing pentlandite having a high Ni/Fe
value (Table 8), millerite, and heazlewoodite at Khanlauta. Indeed, the sulfide intergrowths
at Khanlauta involve hematite grains, which indicate the likely levels of fO, above the
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M-H (magnetite-hematite) buffer [22]. These associations likely formed at a subsolidus
temperature, <650 °C, followed by a relative buildup in fS,. The suggested estimates are
corroborated by the data acquired from syntheses. These show that pentlandite and its
Co-bearing variety are stable at <650 °C; the upper limit of stability of heazlewoodite is up
to 556 °C [32], and the B—o inversion in NiS (i.e., millerite equivalent) occurs at 379 °C in
the system Ni-S [61]. A high-temperature form of pentlandite, stable up to 865 °C, seems
unlikely because of its limited field of stability and its common inversion to pentlandite
(low form) with a lowering of temperature [62].

The Chr rims in the chromitites show a relative enrichment in minor Ni and Mn. In
contrast, Zn is preferentially partitioned into the core (Figure 8c,d and Figure 10a). This
decoupling of Zn from Mn was also previously reported from the Chapesvara complex [19].
The unusual zoning could primarily reflect an elevated level of Zn, accumulated initially in
the Cr—Al-enriched isolated portions of melt giving rise to the chromitites. Its content then
decreased gradually during crystallization as the melt became exhausted in Zn, unlike Mn
or Ni, which displayed a normally incompatible behavior.

The degree of intrinsic oxidation attained by the melt appears to be approximately
equivalent at Pados-Tundra and Chapesvara (Figure 12a,b). However, it was notably
greater than that implied by the compositions of Chr reported from other deposits in
ultramafic-(mafic) complexes, such as at Monchepluton [36,63], Burakovsky [64], Russia,
and Kemi, Finland [65]. The highly oxidizing conditions appear to have promoted the
formation of sulfoselenide—selenide phases of Ru (S/Se ratio < 6) in chromitites of the
Dunite block at Pados-Tundra [17]. These are unusual, because extremely low values of
S/Se are implied. An oxidizing character of the medium, close to the anglesite-galena
buffer [66], is essential to form selenide minerals. The S/Se value of the mantle is 2850-4350
with a mean of ~3250, and the chondritic value is 2500 £ 270 [67,68]. Relatively low values
of S/Se, 190-700, are known in sulfide droplets of the Platinova Reef, Skaergaard complex,
east Greenland [69]. Thus, an IPGE-rich sulfoselenide cannot represent a primary phase
crystallized from a melt of ultramafic composition, because pure sulfides should form under
normal conditions. Also, a magmatic contamination is unlikely to have been involved,
because crustal rocks have higher values of S/Se ratios: 3500 to 100,000 [70]. The IPGE-
rich phases of diselenide-disulfoselenide compositions at Pados-Tundra rather reflect an
ultimate loss of S, causing a critical lowering in S/Se value during the late-stage evolution
of HyO-bearing fluid involved in the formation of laurite—clinochlore intergrowths [17].
Note that S is, indeed, more mobile than Se in hydrothermal fluids, being preferentially
incorporated into aqueous fluids [71,72]. Degassing may also have been a factor.

5. Conclusions

The Pados-Tundra layered complex is the largest intrusion in the Serpentinite belt—
Tulppio belt (SB-TB); it is composed of associations of hypabyssal plutonic rocks crystal-
lized from an Al-undepleted komatiitic magma [20]. This complex is considered to have
been emplaced above the central portion of a large-scale mantle plume. The SB-TB plume
is reflected by regional suites of dunite-harzburgite—orthopyroxenite developed in the
Fennoscandian Shield. A central location over the inferred plume is consistent with: (1) the
highly magnesian composition of comagmatic series of rocks; (2) maximum values of Mg#
in Ol (93.3) and Chr (57.0), documented in the Dunite block of Pados-Tundra, even greater
than Mg#max. of 91.7 and 42.5 in the Chapesvara sills [19,20]; (3) the presence of major
chromite-IPGE-enriched zones hosted by the Dunite block of the Pados-Tundra intrusion,
and 4) the high values of Cr# in compositions of Chr grains.

The subvolcano-plutonic association of the Serpentinite belt, involving the layered
Pados-Tundra complex and zoned Chapesvara sills, crystallized from a primitive, Al-
undepleted and highly magnesian komatiitic magma, which is unusually enriched in Fe and
Cr. This magma compares well with most magnesian varieties of Archean Al-undepleted
komatiite of the Barberton belt in South Africa. Thus, we presume that injections of
a Paleoproterozoic komatiitic magma can exhibit the same and very high level of Mg
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enrichment as do the typical examples of Archean komatiite. In addition, the inferred
parental melt of the Serpentinite belt, estimated on the basis of the UCF rock of the
Chapesvara-Il sill (i.e., 37.04 wt.% MgO, 14.88 wt.% FeOyqy,1.) likely represents the most
magnesian komatiitic melts in the Fennoscandian Shield.

The association of the Pados-Tundra layered complex and its satellite sills and flows is
distinguished by elevated mean values and maximal extents of Mg content. These values
and maximal Fo contents in olivine (Fogz at Pados-Tundra and Fog, at Chapesvara) notably
surpass those known in the Vetrenyi belt (Fo<gg 5) and komatiite—picrite associations of the
Central Lapland belt of northern Finland and Norway. These distinctions may well point
to a more pristine and juvenile character, and imply greater depths of magma generation
of the highly magnesian komatiitic melt inferred for the SB-TB megastructure.

In the lopolithic Pados-Tundra intrusion, dunite began to crystallize from a single
batch of komatiiic magma close to the outer contact and progressed toward the center.
The early Ol + Chr cumulates of the Dunite block gave way to the later Ol-Opx and Opx
cumulates of the Orthopyroxenite zone.

The PGE-Chr mineralization in the Dunite block formed as a consequence of intense
cooling along its boundary. The earliest olivine (Mg#max. 93.3) nucleated close to the
outer contact. A hypothetical front of crystallization moved along the curved line parallel
to the outer boundary, as indicated by vectors in Ol and Chr compositions, which veer
toward the northwestern boundary of the Dunite block. Grains and aggregates of Chr were
deposited after crystallization of large volumes of host Ol grains. Levels of Cr, along with
Al, Zn, H,O, and other incompatible components, progressively accumulated at the front
of crystallization to produce podiform segregations or veins of chromitites arranged in
stratiform fashion. Repeated cycles of Chr deposition reflect events of episodic enrichment
in Cr and deposition as podiform or vein-like Chr segregations along the moving front
of crystallization.

The incompatible elements include major Cr and Al, minor Zn, Mn, Ni, Co, S and the
IPGE; they became enriched at the crystallizing front, in isolated portions of melt enriched
in magmatic HyO accumulated owing to the massive crystallization of anhydrous minerals.
The Chr-OI-Chl pods and veinlets at Pados-Tundra formed from such H;O-rich melt;
clinochlore crystallized at a T < 880 °C, i.e., the upper limit of its thermal stability [60].
Grains of laurite, Ru(S,Se),, occur as two-phase laurite + Chl inclusions hosted by grains of
Chr that crystallized from microvolumes of HyO-bearing fluid. Grains of primary Chl are
also present as lamellae crystallized syngenetically in Chr at Chapesvara [19].

The intrinsic fugacity of oxygen of the melt and, consequently, the content of Fe3*
in Chr, increased progressively during crystallization at Pados-Tundra and in the other
suites of the belt: Chapesvara, Khanlauta and Lyavaraka [19,20,22]. Because of their
shallow emplacement, the komatiitic magma could vesiculate vigorously, promoting the
loss of Hy and buildup in fO, and, correspondingly, the conversion of a fraction of Fe?*
to Fe®*. The oxidizing conditions resulted in the appearance of the anomalous Chr-TIm
parageneses, observed in all three related suites [19,20,22]. In addition, Zn is preferentially
partitioned into the core of Chr grains, whereas the Chr rims show relative enrichments
in minor Ni and Mn. A decoupling of Zn from Mn is implied, as was reported from the
Chapesvara complex [19].

We report a pronounced enrichment of Ni in assemblages of cobaltiferous pentlandite
with a high Ni/Fe value, millerite, and heazlewoodite at Khanlauta, likely deposited at
<630 °C. The high levels of fO, possibly led to the enhanced extraction of other cations
(Ni, Co, Cu), substituting for ferrous iron that had become deficient. The presence of inter-
growths with hematite in grains of Ni-rich sulfide mineralization at Khanlauta provides a
direct indication of highly oxidizing conditions, and the likely levels of fO, were above
the M-H (magnetite-hematite) buffer [22]. The highly oxidizing conditions appear to have
promoted the formation of sulfoselenide—selenide phases of Ru in chromitites of the Dunite
block at Pados-Tundra [17].
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The attainment of a high degree of oxidation during crystallization of a parental
unevolved komatiitic magma accounts for the key characteristics of Pados-Tundra and
related suites of the SB-TB megastructure.
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