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2.8 GA BONINITE�HOSTING PARTIAL SUPRASUBDUCTION
ZONE OPHIOLITE SEQUENCES FROM THE NORTH
KARELIAN GREENSTONE BELT, NE BALTIC SHIELD,
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Neoarchean subduction�related assemblages of the North Karelian greenstone belt, in
the NE part of the Baltic Shield, Russia, contain the world's oldest known boninite series,
occurring in at least in two areas of the belt. The first area, referred to here as the Khizo�
vaara structure, shows evidence of a late Archean ocean�island volcanic arc collage formed
during two tectonic episodes nearly 2.8 Ga ago. The second area, named the Iringora struc�
ture, preserves distinctive features of an ophiolite pseudostratigraphy, including not only
gabbro and lava units, but also remnants of a sheeted dike complex. The major and trace
element chemistry of the Iringora ophiolitic gabbro, dike and lava units suggests a comag�
matic series with a continuous compositional variation from more primitive mafic to strictly
boninitic melts. In terms of major� and trace element abundance, the boninite series of the
North Karelian greenstone belt is practically indistinguishable from the Group I and II
of the Troodos upper pillow lavas. These occurrences strongly suggest that Neoarchean
subduction�related processes including boninite�hosting supra�subduction zone ophiolites
have not changed substantially over the past 2.8 Ga.
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as transposition of primary layering into the S2 plane during the main Neoarchean (D2)
deformation and metamorphism phase. Although there is no direct evidence for a 'normal'
ophiolitic relationship between the gabbro unit and the presumably overlying sheeted dike
complex, it is crucial that several observed dikes were mapped to be intrusive into the
gabbro unit in some places. Coupled together with the compositional features of the gabbro
unit, this may imply that initially the latter was directly related to the overlying dike and
lava units. The available geochemical data on the Iringora gabbro unit suggest without
doubt that it has the same parent magmas as both the volcanic and dike unit.

The dike unit is underlain by tectonic melange (Fig. 8). The basal contact represents a
décollement zone, or a floor thrust in terms of the geometry of duplex structures (Moores
and Twiss, 1995). The gabbro unit occurs structurally higher, together with the upper
tholeiites in roof thrusts. This, in turn, may imply that the décollement zone along which
the ophiolitic rocks were emplaced may have propagated toward the top of the ophiolitic
sequence leading to the development of the imbricate stack during an accretionary event.

Fig. 9. Field photograph of the Iringora sheeted dike complex with asymmetric chilled margins of
the same polarity indicating dike-within-dike relationships. The arrow shows the spreading direction.
(A) Chilled margins and (B) central parts of the dikes.
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Fig. 10. Field photograph of the preserved transition zone between the Iringora dike and lava units.
It is clearly visible that the dike cuts roughly perpendicular the volcanic pillow. Light patches on the
rock exposure surface are outgrowths of lichen.

Tectonic mélange and metamorphic sole. At the base of the ophiolitic nappe there is a
sheared chaotic rock unit without discernible stratification, of up to 300 m thickness, inter-
preted as a tectonic melange. The tectonic melange consists of internally fragmented rock
bodies containing a mixture of native (i.e., rocks of the boninite series) and exotic (Fe-Ti
basalts) blocks in a volcano-sedimentary matrix. In contrast to the Khizovaara sequence,
along the entire Iringora sequence the Fe-Ti basalts occur only as 'facoids' within the
tectonic melange. Native blocks are represented by strongly recrystallized coarse-grained
low-Ti high-Mg amphibolites. Blocks range in size from a few millimeters to, at least,
several tens of meters. Because of intense shortening and shearing, blocks tend to be flat-
tened and lens-shaped. In many cases exotic blocks truncate the ophiolitic blocks and vice
versa. The propagation of shear zones into the lensoidal blocks resulted in further inter-
nal fragmentation, chipping off smaller fragments (Fig. 8d). The matrix is composed of
petrographically diverse garnet-, staurolite-, kyanite-, and amphibole-bearing micaschists
with lenses of subarkosic sandstone and rarely carbonaceous schist. At the bottom of the
tectonic melange the matrix displays some evidence that it is partially derived from the un-
derlying arc volcanic and volcano-clastic rocks. To the north of the Irinozero lake shore, the
matrix grades into less mature red-colored medium- to thick-bedded siliciclastic schists of



































Fig. 17. Geochemical compositions of the Iringora and Khizovaara boninite series compared
Troodos UP lavas. Primitive mantle and N-MORB abundances are taken from Hofmann (1988).
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latter have obviously formed by other ways. Indeed, high�Mg rocks with unusually high
SiO2 of up to 58% have been described in the 3.4 Ga Nondweni greenstone belt, South
Africa as komatiitic andesites (Riganti and Wilson, 1995) and in some late Archean and
early Proterozoic greenstone belts as siliceous high�Mg basalts (SHMB) (Sun et al., 1989).
However these are commonly believed to form when ultramafic (komatiitic) magmas have
undergone crustal contamination and subsequent fractional crystallization (e.g., Arndt et
al., 1997; Sylvester et al., 1997). This leads to the question of whether the NKGB suite of
high�Ca boninitic affinity belongs to a true boninite series or it represents an unusual kind
of crustally contaminated high�Mg rock of komatiitic affinity.

There are several lines of evidence to show that the NKGB suite is not crustally con�
taminated komatiite�derived magma. Ratios of Ti to the adjacent transitions elements
Sc and V in the former are lower than in MORB, komatiites or komatiitic basalts and
SHMB and close to the primitive mantle ratios (Fig. 18a). Although Zr/Ti ratios vary
between 70 and 140 and tend to be also centered around the primitive mantle ratio
(~ 110), the NKGB suite fields on a plot of Zr vs. TiO2 are far lower than a typical
N�MORB and markedly distinct from the field of SHMB (Fig. 18b). Contrary to over�
all LREE�enriched SHMB, the NKGB boninite series volcanics are relatively depleted
in LREE compared to the primitive mantle abundances and range in (La/Yb)N from 0.5
to 1.0 mostly being between 0.6 and 0.8, whereas HREEs show less depleted patterns
(Ga/YbN = 0.8�1). There are also variable negative Nb anomalies (av. Nb*/Nb = 0.59)
but dominantly positive Zr and Hf peaks (av. Zr*/Zr =1.14 and av. Hf*/Hf = 1.13),
additional distinctive features of many recent boninite series (Hickey and Frey, 1982;
Pearce et al., 1999). Mantle�normalized plots (Figs. 19a, b) summarize many of distinc�
tive features shared between the NKGB boninitic rocks and younger high�Ca boninites.
Conversely, they display crucial differences as compared with crustally contaminated
komatiite�derived counterparts (Fig. 19c).

Finally, Sm�Nd isotope investigations were carried out to verify constraints on the
source composition that formed the NKGB boninite series volcanics. As can see from
Table 5, all the analyzed samples from the Khizovaara Structure bear positive εNd values
strongly suggesting that no older felsic crust was involved in their petrogenesis and imply�
ing, therefore, that they developed in an intraoceanic setting. In contrast, crustally conta�
minated komatiite�derived lavas yield almost negative εNd values (e.g., Sun et al., 1989;
Riganti and Wilson, 1995; Arndt et al., 1997; Puchtel et al., 1997). However the range of
εNd values is wide in the Khizovaara boninite series rocks (from +3.28 to +1.10). A ma�
jority of the boninitic samples have initial 143Nd/144Nd ratios of between 1.36 and 1.10
whereas the most primitive composition of sample X�128 yields εNd value of 3.28. Taking
into account the mean εNd value of about 3.0 ± 0.5 for a Neoarchean long�term depleted
mantle reservoir (e.g., Puchtel et al., 1997, and references therein), it is apparent that the
Khizovaara boninites are twice as enriched in a low�radiogenic Nd component. Surpris�
ingly, the same rate of the enrichment relative to the MORB source is typical of the group II
Troodos UPL that is believed to have resulted from an addition of small amounts (up to
5%) of LREE�enriched subduction component (Cameron, 1985). Despite few data, the in�
verse correlation between εNd and a rate of Hf enrichment relative to REE represented by
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Fig. 18. Ti/V vs. Ti/Sc (A) and TiO2 vs. Zr (B) plots for the Khizovaara (shown by the fields) and the
Iringora (shown by rhombus) boninite series. For comparison fields of Troodos UPL also are shown:
groups I, II and III from Cameron (1985); groups A, B and C from Flower and Levine (1987). Fields
for boninites, komatiites, MORB and SHMB are from the compilation of Poidevin (1994). Dashed
lines indicate primitive mantle ratios.



Fig. 19. Comparison of mantle-normalized trace-element abundance patterns of North Karelian
boninites with recent (a), Phanerozoic and Paleoproterozoic (b) high-Ca boninites and Paleopro-
terozoic and Archean komatiite-derived crustally contaminated counterparts (c). Data sources are
as follows: Mariana Trench (Hickey and Frey, 1982); Troodos ophiolite (Cameron, 1985); Northern
Tonga ridge (Sobolev and Danyushevsky, 1994); Koh ophiolite (Meffre et al., 1996); Balantrae ophi-
olite (Smellie et al., 1995); Birch Lake boninite (Wyman, 1999); Bogoin boninite (Poidevin, 1994);
Vetreny belt (Puchtel et al., 1997); Kambalda (Jochum et al., 1990); Nondweni belt (Riganti and
Wilson, 1995).
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Fig. 21. Normative compositions of the North Karelian boninite series in ternary projection
olivine-plagioclase-quartz from diopside (Walker et al., 1979). Predicted composition for NKGB
parental magmas indicated by the cross. The fields for the Phanerozoic high-Ca boninite series and
MORB glasses are shown for reference. The data sources used here are as follows: Cameron (1985),
Sobolev et al. (1993) for the Troodos Massif; Fallon and Crawford (1991) and Sobolev and Danyu-
shevsky (1994) for the northern Tonga trench; Mickey and Frey (1982) for the site 458 of DSDP, Mari-
ana trench. The field of MORB glass data (MgO > 9 wt%) is taken from Elton (1989). Compositional
trends from the experimental and calculated data on upper mantle melting are shown to constraint
P-T generation conditions of the NKGB boninite series. The isobaric compositional trends under dry
conditions for 1, 2, 3 Gpa are taken from Hirose and Kushiro (1993). Solid line labeled as W-W is
the isobaric compositional trend under the wet conditions (for an H2O content of 4.4-6.6 wt% at
1.2 Gpa) from Kushiro (1990). Dotted lines are point average compositions for various upper mantle
potential temperatures (1580-1280 °C) from McKenzie and Bickle (1988).

3.2. Geochemistry of the Arc-Related Volcanics

Most geochemical data on the NKGB acid-felsic volcanics comes from the Khizovaara
Structure. Two distinct volcanic rock suites are recognized based both on field appearance
and compositional characteristics. These are called the Northern andesite suite and the
Southern andesite-dacite-rhyolite suite (Figs. 2, 3). In addition, two distinct plutonic suites,
the Northern and the Southern tonalites, surround the Khizovaara greenstones.

The Northern andesite suite consists mostly of massive, amygdaloidal, glomeropor-
phiritic textured andesites. In terms of major element chemistry the Northern andesites are
characterized by low Al2O3 and high Na2O contents and belong to the tholeiitic magma
clan (Thurston and Kozhevnikov, 2000). However, based upon the trace element grounds


































