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SEM and LA-ICP-MS analyses were used for the study of accessory chromite in Archean (3.0—
2.8 Ga) komatiites from the most representative greenstone belts of the Karelian Craton. Zoned
chromite, subjected to varying degrees of metamorphic alteration, was identified in the komatiites.
Two types of zoned chromite, differing in the composition of their cores, were recognized. Al-rich
zoned chromite of type I shows the low extent of metamorphic alteration and has cores with Cr#
0.70—0.86, Mg# 0.03—0.12, and Fe# 0.06—0.23. It is enriched in Zn, Co, and Mn but strongly
depleted in Ga, Ni, and V. The study reveals that the primary magmatic distribution of minor and
trace elements in the cores was strongly redisturbed during prograde metamorphism of greenschist to
low amphibolite facies. Zoned chromite with the low Al,O; content of type II has cores with higher
Fe# (0.42—0.49), Cr# (0.88—1), and lower Mg# (0—0.04) as compared to cores of Al-rich chromite,
that corresponds to the more intensive metamorphic alteration. Since the primary composition of
studied zoned chromite was significantly obliterated during metamorphism, established patterns can
be used as a guide for the reconstruction of metamorphic processes.
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B paboTe mnpeacTaBieHbl pe3ysibTaTbl H3YUCHHUs aKIIECCOPHOTO XPOMHTA U3 apXeHCKHX KOMaTH-
ntoB (3.0—2.8 mupx jer) Hauboree THIMYHBIX 3€JICHOKAMEHHBIX CTPYKTyp Kapenbckoro kparoHa.
BeineneHo 1Ba THIIa 30HATBHOTO XPOMHTA, PA3UYAIONINXCS TI0 COCTAaBYy M CTETEHH MeTaMopgude-
CKUX npeoOpasoBanuii. IlokazaHo, YTO MEpPBUYHBIA COCTAB XPOMHTA IOYTH HAIETO NpeoOdpa3oBaH
B XOJie ITPOrpaJHOr0 MeTaMopdu3Ma 3eJICHOCIAHIIEBON M AIUI0T-aM(PUOOINTOBOH (hanuii.

Kniouesvie cnoea: 30HANBHBIA XPOMHT, PEAKHE M MPUMECHBIE SJIEMEHTHI, KOMAaTHHUTHI, apXew,
Kapenbckuit kpaToH.

INTRODUCTION

Chromite (Fe?",Mg)(Cr,AL,Fe**),0, is a common accessory mineral in mafic and
ultramafic rocks, which has the distinct and diverse composition reflected the pa-
rental melt composition (Dick, Bullen, 1984; Barnes, Kunilov, 2000; Kamenetsky
et al., 2001, and references therein). Accessory chromite has proved to be a reliable
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petrological indicator in Phanerozoic tholeiitic and boninitic lavas (Barnes, 1998;
Page et al., 2012), Neoproterozoic serpentinites (Burkhard, 1993; Farahat, 2008),
and Archean komatiites (Zhou, Kerrich, 1992; Barnes 1998; Arndt et al., 2008).

A crucial point in the studies of Archean mafic and ultramafic rocks, including
komatiites, is that the primary mineral parageneses have been considerably modi-
fied by metamorphic alteration (Hanski, 1980; Barnes, 2000; Smolkin et al., 2000;
Svetov et al., 2001; Arndt et al., 2008). In such cases, melt generation conditions
or tectonic provenance can be reconstructed either based on the chemical composi-
tion of the bulk rocks, utilizing immobile element behaviour (Polat, Kerrich, 2006;
Arndt et al., 2008; Manikyamba et al., 2008), or using chemical data on relics of
primary minerals, e. g. accessory chromite which is commonly the only primary
mineral preserved in komatiites.

However, the primary composition of accessory chromite can be substantially
modified during post-crystallization metamorphic processes (Barnes, 1998; Gervilla
et al., 2012; Colas et al., 2014; Gonzalez-Jiménez et al., 2016), that complicates
the identification of primary chromite relics and their petrogenetic interpretation.
Recent studies of chromite (Colas et al., 2014; Gonzalez-Jiménez et al., 2016) show
that the application of its major element composition as an indicator of magmatic
processes have to be combined with the analysis of minor elements providing the
careful evaluation of metamorphic effects.

The metamorphic alteration of chromite depends on a number of factors, in-
cluding the type of the protolith, P—T7 conditions and duration of metamorphism,
and the composition of fluids (Barnes, 2000; Farahat, 2008; Gervilla et al., 2012;
Colas et al., 2014; Gonzalez-Jiménez et al., 2016). The studies of chemical and
textural modifications of chromite during metamorphic transformation reveal that
relics of primary chromite can be well preserved in rocks metamorphosed under
greenshist to low amphibolite facies (Barnes, 2000; Proenza et al., 2004; Arndt et
al., 2008; Farah et al., 2008; Colas et al., 2014; Gonzalez-Jiménez et al., 2016).
Wherein, chromite from metamorphosed chromitites preserves primary relics better
than accessory chromite (Proenza et al., 2004).

Investigations of ultramafic volcanic rocks in Precambrian complexes of the
Fennoscandian Shield have a long history, mainly focused on the research of rock
chemistry and petrology (Vrevsky, 1989; Puchtel et al., 1998; Smolkin et al., 2000;
Kulikov et al., 2011). The data on Archean primary chromite are fragmentary and
their petrogenetic interpretation is insufficient. To the best of our knowledge, only
relics of primary chromite were identified by Liipo et al. (1995) in the Archean
Naétdaniemi serpentinites from the Kuhmo Greenstone Belt, Finland.

To address this shortcoming, we present the results of studying major, minor,
and trace element composition of accessory chromite from Archean komatiites in
the eastern Fennoscandia.

GEOLOGICAL BACKGROUND

Komatiitic associations formed in the Precambrian over a wide time range with
several global maxima at 3.5—3.3, 3.1—2.6, and 2.4—1.9 Ga (Isley, Abbott, 1999;
Abbott, Isley, 2002). In the Fennoscandian Shield, high-Mg (komatiitic) volca-
nism occurred at 3.0—2.9, 2.9—2.8, and 2.8—2.7 Ga (Vrevsky, 1989). Archean
komatiites from the Fennoscandian Shield have been studied in the Kuhmo-Tipas-
jarvi-Suomussalmi Greenstone Belt, Central Finland (Hanski, 1980; Maier et al.,
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2013), the Sumozero-Kenozero, Vedlozero-Segozero, Gimoly-Kostomuksha and
other Greenstone Belts, Russian Karelia (Arndt et al., 2008; Puchtel et al., 1998;
Svetov, Huhma, 1999; Svetov et al., 2001), and Kolomozero-Voronie Greenstone
Belt in the Kola Peninsula (Vrevsky, 1989; Smolkin et al., 2000).

The 3.0—2.9 Ga komatiitic-basaltic series is represented by strata-bound rock
sequences, composed of massive, pillowed and variolitic lavas alternating with
tuffs, volcano-sedimentary, and terrigenous material. The thickness of the series is
varies from 900 to 2000 m (Svetova, 1988; Svetov, 2005). Komatiites form suc-
cessions of lava flows 50 to 600 m thick. Massive and differentiated komatiitic
lavas with MgO contents in the 18—26 wt % range and width of 5 to 40 m are
widespread. The komatiitic rocks were affected by metamorphism of greenschist
to low amphibolite facies at pressure of ca. 2—4 kbar and temperature <600 °C
(Slabunov et al., 2006). Komatiites contain only metamorphic minerals in place of
their precursors, that’s why their mineral assemblages consist of mainly amphiboles
(tremolite, actinolite) and chlorites, accessory chromite, magnetite, and ilmenite,
scare talc and carbonates.

The present study was aimed to research accessory chromite from Arche-
an komatiites in the most representative greenstone belts (GSB) of the Karelian
Craton: Vedlozero-Segozero (Sovdozero, Palaselga, Hautavaara, and Koykary ar-
eas, Central Karelia, 3.0—2.9 Ga), Gimoly-Kostomuksha (Kostomuksha structure,
north-eastern Karelia, 2.9—2.8 Ga), Northen Karelian (Hisovaara area, eastern
Finland, 2.8—2.7 Ga), and Kuhmo (Siivikkovaara area, eastern Finland, 2.85—
2.79 Ga) (Fig. 1). Zoned chromite, which preserves its primary features, was iden-
tified only in Vedlozero-Segozero, Gimoly-Kostomuksha, and Kuhmo. The rock
samples retaining zoned chromite were collected primarily from central massive
zones and upper portions of mesoaccumulative zones of thinly differentiated lava
flows from these areas. The zoned chromite is scarce in either top-flow and lower
cumulative zones of lava bodies.

The Vedlozero-Segozero GSB is located in the central part of the Karelian Cra-
ton and extends in sub-meridian direction over a distance of approximately 300 km
with width of 50—60 km. It consists of several local domains in which the series
of volcano-sedimentary rocks with the maximum thickness up to 6 km occur within
the Neoarchean granitoid rocks (Svetov et al., 2001). Sovdozero and Hautavaara ar-
eas are placed at the western margin of the Paleoarchean Vodlozero block, Central
Karelia.

The Kostomuksha area includes 2.9—2.8 Ga komatiites that represented by au-
tobreccia, massive and pillow lavas, and tuffs. Detailed geological background is
presented in (Puchtel et al., 1998).

The Siivikkovaara area contains 2.85—2.79 Ga komatiites and komatiitic ba-
salts that represented by massive, differentiated, and pillowed lavas. Geology is
described in detail elsewhere (Hanski, 1980; Huhma et al., 2012).

ANALYTICAL METHODS

Major and minor elements in chromite were analyzed using a VEGA II LSH
(Tescan) scanning electron microscope with an INCA Energy 350 (Oxford instru-
ments) energy dispersive microanalyzer at the following parameters: W-cathode,
a voltage of 20 kW and a spectrum setting time at analytical points of 90 sec in
a standard experiment. Determination of chromite composition (over 500 analyses)
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Fig. 1. Geological sketch map of the Karelian Craton (modified after Kozhevnikov, 2000).

1—5 — Archean GSB with the age >3.0—2.9 Ga (/), 2.9—2.8 Ga (2), 2.8—2.7 Ga (3), < 2.75 Ga (4), not determined

(5); 6 — Paleoproterozoic subcrustal rocks; 7—I70 — Archean crust with the age 3.5—2.85 Ga (7), 3.0—2.8 Ga (8),

2.85—2.7 Ga (9), not determined (/0); /I — Belomorian Mobile Belt; /2 — highly metamorphosed complexes;

13 — Burakovka pluton; /4 — Salma rapakivi granites; /5 — Paleozoic complexes; /6 — thrusts and faults; /7 — shear

zone between Belomorian Mobile Belt and Karelian craton; /8 — studied GSB structures: 1 — Hiisovaara, 2 — Kosto-

muksha, 3 — Siivikkovaara, 4 — Sovdozero, 5 — Palaselga, 6 — Koikary, 7 — Hautavaara. Numbers in the map indi-
cate ages of geological complexes (Ga).

Puc. 1. I'eonornueckas cxema Kapenbckoro kparona [rno B. Koxxesuukoy (2000) ¢ u3MeHeHUSIMH].

1—5 — apxelickue 3elIeHOKaMEHHBIC Mosca ¢ Bo3pacToM >3.0—2.9 Ga (7), 2.9—2.8 Ga (2), 2.8—2.7 Ga (3), <2.75 Ga
(4), HeompeneneHHbIM (J); 6 — MAICONPOTEPO30HCKHIE CyNpaKpyCTaIbHbIe MOPOAbL; 7/—I() — apxeiickas Kopa ¢ BO3pac-
ToM 3.5—2.85 Ga (7), 3.0—2.8 Ga (8), 2.85—2.7 Ga (9), neonpenenenusim (10); 11 — BenoMopckuii MOABMKHbIH 105C;
12 — BbIcOKOMeTaMO(H30BaHHbIE KOMILIEKCHl; /3 — BypakoBkuii miyToH; /4 — CalMHUHCKHII MacCHB PaHHTOB para-
KHBY; /5 — maneo30iickue KOMIUICKCHI; /6 — pa3JIOMbl U TEKTOHHYECKHE 30HBI; /7 — IIUP-30HBI MexIay bemomopckum
MO/IBMKHBIM TosicoM 1 Kapenbckum KpaToHOM; /8 — HCCIeI0BaHHbIC 3eJICHOKAaMEHHBIE CTPYKTYphl: Xu3oBaapckas (1),
Kocromyxkuckast (2), CunBuroaapcekast (3), Cosrosepckast (4), [Tanacensrunckas (5), Koiikapckas (6), XayraBaapckast (7).
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was carried out on the microprobe-quality petrographic thin sections. Mineral for-
mulae were calculated using a MINAL software (developed by D. V. Dolivo-Do-
brovolsky).

The minor and trace elements compositions of zoned chromite were determined
using New Wave UP 266 laser system connected to an X Series 2 Thermo Fisher
Scientific ICP-MS in the Analitical Centre of the Institute of Geology, Karelian Re-
search Centre, RAS. The chromite analysis was focused on the following masses:
#Sc, 7Ti, 3V, 3Mn, ¥Co, “Ni, %Zn, and "'Ga. The LA-ICP-MS analyses were con-
ducted using the 30—70 pm beam diameter, 10 Hz frequency, and 0.13 mJ/pulse
power. The instrument was calibrated against the NIST 612 silicate glass (National
Institute Standard and Technology, Gaithersburg, USA). Aluminum values obtained
by electron microprobe were used as the internal standard.

CHROMITE MORPHOLOGY

The chromite abundance in the studied komatiites is less than 2 vol %. Several
generations of accessory chromite, differing in their textural features, were distin-
guished by optical microscopy and scanning electron microscopy (SEM).

The early generation is present by either subhedral chromite crystals with a grain
size of 0.07—3 mm or, less commonly, by multi-aggregate clusters of xenomorphic
crystals with chicken wire texture. Some grains of this generation are characterized
by optically distinguished concentric zoning (Fig. 2, a—f). They are most abundant
in Sovdozero and Kostomuksha komatiites and less common in Hautavaara and
Siivikkovaara komatiites. The minimum core size was observed in Hautavaara and
Sovdozero komatiites to be ca. 30 um (Fig. 2, b, e) and the maximum core size was

Fig. 2. BSE images of chromite form Archean komatiites: type I zoned chromite from Sovdozero (a), Hau-
tavaara (b), Kostomuksha (c¢) and Siivikkovaara (d); type Il zoned chromite from Sovdozero (e) and Siivik-
kovaara (f); Cr-rich magnetite from Hautavaara (g) and Kostomuksha (/). Scale bar corresponds to 50 pm.

Puc. 2. DneKTpOHHO-MHKPOCKONHYECKHE H300paKeHHsS XPOMMTAa U3 apXeHCKUX KOMATHUTOB: 30HAlb-

Hbiii xpomur I Tuna u3 Cosposepckoil (a) Xayraaapckoit (b), Kocromykuickoit (¢) u CumBnkosaap-

ckoii (d) crpykryp; 3oHanbHbI Xxpomut Il Tima u3 CoBrosepckoit (e) 1 CunuBHKOBaapckoit (f) CTpyKTyp;

XpoM-MarHeTuT u3 XayraBaapckoit (g) u Kocromykmickoit (4) cTpykryp. MaciitaOHas IMHEHKa COOTBET-
ctByeT 50 MKM.
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recorded in Siivikkovaara komatiites to be ca. 90 um (Fig. 2, d, f). The cores are
not always well preserved, especially in Kostomuksha komatiites, in which core
fragments are typically observed. Chromite rims vary in thickness from 45 pm in
Siivikkovaara to 100 um in Hautavaara and Kostomuksha komatiites. SEM images
indicate the occurrence of the 10 to 20 um wide transitional zone at the margins of
cores for some zoned chromite (Fig. 2, a—d). The zoned chromite, especially at
their rims, is cut by microscopic fractures, filled by actinolite, tremolite, and chlo-
rites.

Apart from the zoned chromite, 80—150 pm subhedral to anhedral unzoned
grains of Cr-rich magnetite were identified in all studied komatiites (Fig. 2, g, /).

The late metamorphic generation, the most abundant in studied komatiites, is
presented by fine (1—10 pum) euhedral crystals of magnetite.

CHROMITE CHEMISTRY

Major elements. Two types of zoned chromite, differing in the composition
of their cores, were identified: 1) type I chromite with Al-rich cores (Fig. 2, a—d),
and 2) type Il chromite with Al-poor ones (Fig. 2, e—f).

Type I zoned chromite has cores which contain Cr,0; (44.8—53.3 wt %), ALLO;
(5.6—13.8 wt %), MgO (0.4—2.3 wt%), total iron (30.3—37.2 wt %) (Table 1).
The cores are characterized by Cr# [Cr/(Cr + Al) atomic ratio] 0.69—0.86, with
maximum values for chromite from the Kostomuksha area, Mg# [Mg/(Mg + Fe?")
atomic ratio] 0.03—0.12, and Fe# [Fe **/(Fe ** + Fe 2*) atomic ratio] 0.06—0.23.
The cores are surrounded by 10 to 20 um wide transitional zone, formed by fer-
rian chromite (Fig. 2, a—d). Its composition is enriched in total iron and slightly
depleted in Cr,0;, whereas the Al,O; content dramatically drops down relatively
to the core (Fig. 3, a—d). This is reflected in higher Cr# (0.76—0.99), and Fe#
(0.25—0.46). The MgO content in the transitional zone is similar or slightly lower
than in the core. The only exception is the chromite from the Kostomuksha area,
for which the MgO content seems not to change from the core to their rims. Type I
zoned chromite rims show the increase of total iron content and decrease of Cr,0,
content towards grain margins (Fig. 3, a—d; 4). Fe# (0.44—0.66) is higher in rims
than in the core and transition zone. The MgO content in rims is extremely low
(Mg# 0.0—0.05) as compared to the core. Also the type I zoned chromite shows an
overall trend of decreasing Cr,O; and Al,O; contents and increasing the total iron
content from the core to its rims (Fig. 3, a—d; 4).

The cores of type Il zoned chromite have high contents of total iron (53.2—
62.8 wt %) and Cr,0; (31.8—49.1 wt %), and extremely low content of Al,O,
(0.3—0.8 wt %) (Table 2). Thus, the cores show higher Fe# (0.42—0.49) and Cr#
(0.88—1.0), and lower Mg# (0.0—0.04) than cores of type I zoned chromite, that is
closed to the composition of transitional zone of type I zoned chromite. The chem-
ical changes in rims surrounding type Il chromite cores are similar to rims of type
I zoned chromite, appearing in decrease of Cr,O; content and increase of FeO,,
towards the margins of grains (Fig. 3, e, f).

Additionally, Cr-rich magnetite has the lower Cr,O; content (14.1—27.1 wt %)
and the similar content of Al,O; and MgO, as compared to cores of type Il zoned
chromite (Table 2). The majority of its grains are characterized by decrease of the
Cr,0; content from the center to rims, along with the stable A1,0; and MgO con-
tents (Fig. 2, g, h).
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Fig. 3. Quantitative microprobe profiles across the chromite grains, shown on Fig. 2: type I zoned chromite

from Sovdozero (a), Hautavaara (b), Kostomuksha (c), and Siivikkovaara (d); type Il zoned chromite from

Sovdozero (e) and Siivikkovaara (f); Cr-rich magnetite from Hautavaara (g) and Kostomuksha (/). Dark

grey color marks cores of type I zoned chromite, grey — transitional zone of type I zoned chromite or
center of type Il zoned chromite, /ight grey — rims.

Puc. 3. Mukpo3oH/10Bble IPOGUIN Yepe3 3epHa XPOMHTA, MOKa3aHHbIC HAa PUC. 2: 30HATBHBIBIH XPOMUT

I tuna u3 Cosnosepckoit (a) XayraBaapckoii (b), Kocromykuickoii (¢) u CunBukoBaapckoit (d) CTpyKTyp;

3oHaNbHBIA XpoMuT Il Tuma u3 Cosnosepckoil (e) u CHUBHKOBAaapcKoi (f) CTPYKTyp; XpOM-MarHeTUT U3

XayraBaapckoit (g) u Kocromykiuckoit (k) crpykryp. Temno cepvim yeéemom 00O3HAuEHBI sIpa XPOMH-

ta | Tuna, cepvim — mepexonHas 30Ha xpomura I Tuma wim sjapa xpomuta Il Tvna, ceemno cepbim —
KalMBL.
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Fig. 4. Spidergrams of major and trace elements for the core and rims of type I zoned chromite from the
Kostomuksha area, compared with unmetamorphosed chromite from ophiolites (after Pagé, Barnes, 2009)
and komatiites (after Gonzalez-Jiménez et al., 2014). Concentrations of elements are normalized to the

composition of chromite from MORB (Pagé¢, Barnes, 2009).

Puc. 4. Cnaiinep-auarpaMMbl Makpo- ¥ MHKPOJJIEMEHTOB B sJpe M KaiiMe 30HaIbHOro Xpomura I Thma
13 KoCTOMYKIICKO# CTPYKTYyphl B CpPaBHECHHH C HEMETaMOP(GHU30BAHHBIM XPOMHTOM u3 oduonutos (Pagé,
Barnes, 2009) u komatuntoB (Gonzalez-Jiménez et al., 2014). ConepskaHusi 2JIEMEHTOB HOPMaJIU30BaHbI 110

cocraBy xpomuta 3 MORB (Pagé, Barnes, 2009).

Table 2

Variations in type II zoned chromite composition

Bapunanuu cocrapoB 30HAIBHBIX XpomuToB II THNa

Lt(i)ocr?- Sovdozero (2 grains) Kostomukha (4 grains) Siivikkovaara (2 grains)
Zone centre rim core rim centre rim

Si0, 0—0.50 0.13—0.43 0.09—1.02 0—0.18 0—0.13 0—0.31
TiO, 0.27—0.46 0—0.20 0.68—1.07 0—0.19 0.74—0.95 0.01—0.18
AlLO, 0.25—0.34 0—0.29 0.48—1.09 0—0.15 0.58—0.77 0—0.16
Cr,0; | 40.08—42.42 6.80—7.02 31.78—42.41 3.65—11.07 | 35.27—42.11 7.72—10.59
V,0, 0.29—0.48 0.03—0.26 0.51—0.94 0.28—0.46 0.06—0.28 0.13—0.25
FeO" | 52.15—55.11 | 91.39—92.26 | 51.71—62.79 | 86.93—95.36 | 53.26—60.93 | 88.53—90.93
MnO 1.74—2.44 0—0.48 0.75—1.71 0—0.29 0.46—0.56 0—0.18
MgO 0—0.66 0—0.48 0.37—0.88 0—0.21 0.55—0.61 0—0.45
ZnO 1.06—1.31 0—0.24 0.13—1.11 0—0.58 0.92—1.54 0—0.45
NiO 0—0.48 0—0.31 0—0.21 0—0.58 0—0.25 0.14—0.40
CaO 0—0.14 0—0.24 0—0.13 0.1—0.27 0—0.01 0—0.1
Cr# 0.99—1 0.99—1 0.96—0.98 0.95—1 0.97—0.98 0.97—1
Mgt 0—0.04 0—0.02 0.02—0.05 0—0.01 0.03—0.04 0—0.02
Fet# 0.46—0.48 0.64 0.42—0.48 0.63—0.66 0.42—0.49 0.63—0.64
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Minor and trace elements. The microprobe analyses indicate that cores of
zoned chromite of type I and II are enriched in ZnO and MnO. Moreover, cores
of type I zoned chromite have the slightly higher content of ZnO (1.3—4.3 wt %),
as compared with cores of type Il zoned chromite (1.1—2.3 wt %), while MnO
(0.5—2.7 wt %) and NiO (up to 0.6 wt %) contents are similar in cores of zoned
chromite of both types (Table 1, 2). Spatial distribution of these elements in cores
is homogenous. Zoned chromite of type I and II is characterized by the decrease
of ZnO and MnO contents from the core to rims (Fig. 3, a—f). In contrast, the
rims are enriched in NiO relatively to the core. The TiO, content is closed to be
uniform from the core to rims with a slight increase in the transition zone for
type I chromite or in cores for type II chromite. The only exception is type |
zoned chromite from Hautavaara with an extreme enrichment in TiO, in its rims
(Fig. 3, b). The V,0; content is slightly variable and similar both in the core and
rims. Cr-magnetite is depleted in ZnO (0.0—1.2 wt %) and MnO (0.0—1.1 wt %)
(Table 1).

Because of the small size of zoned chromite grains the LA-ICP data were ob-
tained only for Al-rich zoned chromite from Kostomuksha. Fig. 4 shows spider-
grams of major and trace elements for the core and rims of that chromite which
follow plots drawn by Pagé and Barnes (2009) for ophiolites and komatiites. Cores
of zoned chromite are strongly enriched in Zn, Co, Mn, and Sc, and depleted in
Ga, Ti, Ni, and V. The core pattern shows the negative V anomaly and positive Sc
anomaly. Rims of zoned chromite have the similar Ga, Ti, Ni, and V content, as
compared to its cores. Moreover, the rims pattern is also characterized by the neg-
ative V anomaly and positive Sc anomaly. However, the rims are strongly depleted
in Zn, Co, Mn in contrast to the cores.

DISCUSSION

Are there any relics of primary chromite? Archean komatiites from the Kare-
lian Craton retain two types of zoned chromite with the Al-rich and Al-poor cores.
Zoned chromite grains are predominantly subhedral and have the relatively curved
and lobate phase boundary between core and rims. This textural pattern suggests
that the zoning appears due to the alteration of primary chromite.

In the Cr—AIl—Fe** ternary diagram (Fig. 5) the core compositions of Al-rich
zoned chromite (type I) from the studied areas fall into the field of primary chro-
mite metamorphosed in the amphibolite facies at temperature ranging from 500 to
550 °C. The core compositions of type II chromite plot in the field of ferrian chro-
mite. The data are constituent with temperatures of regional metamorphism deter-
mined for the studied Archean komatiites (Svetov, 2005; Slabunov et al., 2006).
S. Barnes (2000) proposed that these temperatures are closed to the limiting con-
ditions, where the primary magmatic chromite composition might be substantially
modified by metamorphic processes.

Variations in the composition of rims for zoned chromite of both types show the
trend of Cr** decreasing and Fe*" increasing from the inner to outer zones of rims,
that is constituent with the ferrian chromite and Cr-magnetite formation (Fig. 5).
The small miscibility gap between cores and rims indicates that cores are closed to
the equilibrium with rims and, consequently, do not completely preserve primary
compositions. These conclusions suppose that even the composition of the most-
ly well preserved cores of type I zoned chromite is partially obliterated by alter-

89



Al Fe3+ Fe3t Fe3+ Fe3t

Fig. 5. Composition of zoned chromite from Sovdozero (a), Hautavaara (b), Kostomuksha (c), and Siivik-
kovaara (d) with reference to the solvus determined at 500, 550 and 600 °C by Sack and Ghiorso (1991)
for chromite coexisting with olivine containing 90 % of forsterite.

1 — core , 2 — transitional zone, 3 — rims of type I zoned chromite; 4 — core, 5 — rims of type II zoned chromite;
6 — field of greenshist primary chromite plotted after Barnes (2000); 7 — direction from inner to outer zones of the rims.

Puc. 5. CocraBbl 30HAJIBHOIO XPOMHTA M3 apXCHCKMX KOMAaTMHTOB BOCTOYHOW yacTh (DeHHOCKaHANH W3

Cosrosepckoii (a), XayraBaapckoit (b), Kocromykmckoil (¢) n CumuBukoBaapckoit (d) crpykryp. Kpusas

conbByca nocrpoena (Sack, Ghiorso, 1991) s temneparyp 500, 550 u 600 °C mis XpoMUTa paBHOBECHO-
ro ¢ OJMBUHOM, cozepkaiuM 90 % (GopcTepuToBOro MUHAIA.

ation. Only contents of trivalent cations AI** and Cr** seem to remain relatively un-
changed in these relict cores. It is evidenced by low Fe# (0.08—0.22) and high Cr#
(0.69—0.86), which are close to the “primary,” pre-metamorphic values. However,
cores of type I chromite indicate significant modifications with regard to divalent
cation e. g., Mg?" and Zn?*. The low Mg# (0.01—0.14) argues strongly that Al-rich
zoned chromite is significantly altered and only partially preserves the signatures of
primary magmatic chromite. The relict cores of type II chromite are represented by
ferrian chromite that suggest the its primary composition has been obliterated to the
larger extent than the composition of cores of type I chromite.

On the basis of these observations, textural and chemical characteristics of the
studied zoned chromite of Archean komatiites from the Karelian Craton are com-
parable to that of altered chromite from metamorphosed komatiite in the low to
mid-amphibolite facies (Liipo et al., 1995; Barnes, 2000; Santti et al., 2006; Wang
et al., 2008).

Compositional variations of chromite via alteration process. The distribu-
tion of minor and trace elements in zoned chromite of type I and II provides the
additional evidences of intensive metamorphic alteration. It is the Zn-Co-Mn anom-
aly observed for cores of Al-rich zoned chromite (Fig. 4) that is supposed to be the
fingerprint of amphibolite facies metamorphism (Colas et al., 2014). Zoned chro-
mite with Al-rich cores from the studied komatiites is enriched in Zn, Co, Mn, and
depleted in Ga, Ni, and V. This pattern is similar to the minor and trace element
distribution observed by Colas et al. (2014) for cores of zoned chromite from ultra-
mafic rocks affected by amphibolite facies metamorphism.

The remarkable features of zoned chromite of type I and II from studied komati-
ites are high contents of ZnO (1.3—4.3 wt %) and MnO (0.5—2.7 wt %) in cores,
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which gradually decrease from the inner to outer zones of rims (Fig. 3). ZnO con-
centrations over 0.5 wt % in chromite are noteworthy (Wylie at al., 1987; Bjerg et
al., 1993; Liipo et al., 1995; Santti et al., 2006; Saumur, Hattori, 2013; Fanlo et
al., 2015), since it has been considered to be a potential vector to the Cu-Zn-Ni-Co
sulfide mineralization (Groves et al., 1983; Wylie et al., 1987). The Zn enrichment
in chromite may be the result of recrystallization during metamorphic alteration
(Barnes, 2000; Santti et al., 2006; Wang et al., 2008) or may have the primary
magmatic origin (Groves et al., 1983, Liipo et al., 1995; Saumur, Hattori, 2013).
The latter suggestion must be ruled out, since, as it has been shown above, the
primary composition of studied zoned chromite of type I and Il was significantly
obliterated. The ZnO content in chromite over 2 % is considered to be the signa-
ture of alteration in the amphibolite facies in metamorphosed mafic and ultramafic
rocks including komatiites (Barnes, 2000; Santti et al., 2006). Moreover, Liipo et
al. (1995) reported the high ZnO content (3.5 %) in cores of «unaltered» chromite
from the Archean Nédtdniemi serpentinite massif in the Kuhmo Greenstone Belt.
According to the authors, though this chromite preserves high Mg# (0.5—0.6), the
high ZnO content to be more «result of metasomatism related to the Zn-rich min-
eralization than indication of komatiitic origin». Since ZnO and MnO contents ex-
hibit slightly positive correlation in chromite cores of type I and II (» = 0.64 and
0.56 respectively), this conclusion points to the possibility of similar metamorphic
enrichment for MnO.

Variations of NiO content in studied chromite have an opposite trend, as com-
pared with ZnO and MnO, since the higher NiO content is observed in magnetite
rims of zoned chromite than in its cores (Table 1, 2). It can be caused by serpentini-
zation of Ni-rich olivine and redistribution of Ni between silicate and magnetite
phases during metamorphic reactions (Barnes, Kunilov, 2000).

However, some aspects of trace element behaviour in cores and rims of meta-
morphosed chromite might be inherited from primary chromite. The characteristic
feature of the trace element distribution in zoned chromite from studied komatites
is the positive Sc anomaly, which was not observed in patterns of metamorphic
chromite (Colas et al., 2014; Gonzalez-Jiménez et al., 2016). Comparison of ob-
tained data with results of the study of unmetamorphosed chromite from ophiolites
(Pagé, Barnes, 2009) and komatiites (Gonzalez-Jiménez et al., 2014) shows that
although the Al-rich cores of studied chromite are depleted in the most of trace
elements as compared to unmetamorphosed chromite, their spidergrams are closer
to chromite from ophiolite rather than one from komatiites (Fig. 4). Trace element
spidergrams (Fig. 5) demonstrate the similarity of Ga, Ni, Ti, and V contents in
the core and rims of Al-rich chromite that indicates that their distributions are not
strongly modified by metamorphic alteration.

CONCLUSION

Based on microprobe and LA-ICP-MS analyses of zoned chromite from Ar-
chean komatiites in the Karelian Craton we suppose that its formation occurred
during prograde metamorphism. Development of ferrian rims in studied chromite
is the result of replacement of primary chromite by magnetite due to metamorphic
reactions between chromite and surrounding silicates. A small miscibility gap be-
tween core and magnetite rims observed in Al-rich zoned chromite shows that the
core are closed to be completely re-equilibrated with metamorphic rims. This, in
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turn, promoted the exchange of minor and trace elements between core and rims.
It is evidenced by the similarity of trace element distributions in the core and rims
of zoned Al-rich chromite. Since the primary composition of studied zoned chro-
mite was significantly obliterated during metamorphism, established patterns can be
used as a guide for the reconstruction of metamorphic processes.
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