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Abstract—The PGE pattern and PGM was studied in the rocks of numerous small mafic—ultramafic intrusions
of the Early Paleoproterozoic (2.46-2.35 Ga) drusite complex of the Belomorian mobile belt, eastern Baltic
Shield, Russia. The chondrite-normalized PGE pattern in the studied rocks (gabbronorites, pyroxenites, and
plagioclase lherzolites) is similar to that of the primitive mantle, regardless of the composition of these rocks.
It was shown for the first time that different rock types of the drusite complex contain minerals of all six PGE,
which makes these rocks principally different from the coeval large layered mafic—ultramafic intrusions with
Pd—Pt mineralization at the adjacent Kola and Karelian cratons. This is presumably related to the generation
conditions of the parental magmas of the siliceous high-magnesian series (SHMS) and to the practically com-
plete absence of differentiation during the emplacement of the intrusions. Owing to this, the drusite intrusions
retained the primary PGE distribution, which is presumably typical of the parental melts of SHMS and was only

partially modified by allochemical metamorphism.
DOI: 10.1134/S0016702907030044

INTRODUCTION

It is known that large mafic—ultramafic layered
intrusions (Bushveld, Stillwater, and others) located at
Precambrian shields are a major PGE source. Analo-
gous large-layered massifs are widespread in the east-
ern Baltic Shield, where they form, together with gab-
bronorite dike swarms and volcanic covers, the large
igneous Baltic province, occupying practically all the
area [1-3]. All of these rocks were derivatives of the
unusual Early Paleoproterozoic (2.5-2.3 Ga)siliceous
high-magnesian series (SHMS), whose rocks are simi-
lar to the Phanerozoic boninite series in major and
trace-element composition, mineral chemistry, and in
the presence of andesite—dacite volcanic glass, which
was found in the weakly altered lavas of the Vetreny
Belt riftogenic structure in southeastern Karelia [2, 4].

SHMS differ from the boninite series in having
lower eNd(T) values varying from —1 to —2, which indi-
cates their origin through large-scale assimilation of
lower crust material by the high-temperature mantle
magmas [1, 4]. Moreover, these series were formed in
different tectonic settings: Phanerozoic boninites are
related to island arcs, whereas their Early Paleoprotero-
zoic analogues were formed in within-late settings.

An inherent feature of the Baltic province of SHMS
is very unusual dispersed intrusive magmatism that
produced numerous small mafic and ultramafic bodies
in the Belomorian and Tersk—Lotta mobile zones,
which are located along the boundaries of the stable
Kola and Karelian cratons with the simultaneously
evolved Lapland—Umba Belt.

The Early Paleoproterozoic drusite (coronite) com-
plex of the Belomorian Region is a classic example of
this kind of magmatism [5]. It consists of small rootless
bodies from a few hundred square meters to, occasion-
ally, a few of square kilometers in size, which were
formed during the tectonic flow of the host Archean
gneisses and migmatites. They rarely preserve original
intrusive relations with the host rocks, generally having
tectonic contacts associated with amphibolite-facies
reworking and transformation in different amphibo-
lites. In the relatively fresh rocks of the inner parts of
the bodies, the metamorphic coronas (drusites) consist-
ing of predominant green hornblende and garnet are
formed along grain boundaries.

The rocks that compose these intrusions are compo-
sitionally close to cumulates in coeval large layered
intrusions at the adjacent cratons (Monchegorsk, Luk-
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kulaisvaara, Burakovskii, and others). Two major rock
types are distinguished there: (1) melanocratic peridot-
ites (mainly plagioclase lherzolites), pyroxenites
(bronzitites and websterites), and norites; and (2) leu-
cocratic gabbronorites and anorthosites. However,
unlike large intrusions in which these rocks form lay-
ered series, each drusite body is typically composed of
a single rock type, with corresponding composition of
the chill zones.

The formation of this complex was a multistage pro-
cess, which lasted, according to isotope—geochronologi-
cal datings, for 100 Ma (from 2.46 to 2.36 Ga) with no
significant evolution in the rock composition [5]. Defor-
mations that occurred in the Belomorian mobile belt at
that time caused variable reworking of these bodies.

A surprising similarity in composition of large
PGE-bearing layered intrusions and drusites suggests
that the latter might host economic PGE deposits, as
is the case with the Canadian shield, where the large
PGE—-Cu-Ni sulfide deposit was found among the Voi-
seys Bay’s mafic-ultramafic intrusion of similar size [6].

In the Baltic Shield, similar deposits are as yet
unknown, and the problem of PGE potential of these
intrusions is poorly studied. However, scanty data
report the presence of elevated PGE contents in some
drusite massifs [7]. Therefore, a special petrological—
mineralogical study was carried out on the mafic—ultra-
mafic intrusions of the North Karelia drusite complex
to discover PGE mineralization and to specify their ore
potential. Results of these works are reported below.

BRIEF GEOLOGIC AND PETROGRAPHIC
CHARACTERISTICS OF THE MASSIFS

Samples were taken from six mafic—ultramafic
intrusions located in the Zelenoborskii (Bol’shoi Petik
Island, Krivoozerskii, and Tolstik Peninsula) and
Nil’mozero (Chernaya Rechka, Mount Panfilov, and
Nil’mozero) areas (Fig. 1). All massifs are small (about
1-2 km? in area) irregularly rounded bodies with
faulted contacts with the host Archean granite gneisses
and migmatites of tonalite composition. Three of them
(Bol’shoi Petik Island, Krivoozerskii, and Chernaya
Rechka) consist of juxtaposed older gabbronorites of
higher metamorphic grades and less altered, practi-
cally unmetamorphosed plagioclase lherzolites. The
Nil’mozero and Chernaya Rechka massifs are made up
mainly of fresh plagioclase lherzolites and olivine gab-
bronorites, which were locally affected by metasoma-
tism with the formation of tabular edenite amphibole.
The Mount Panfilov Massif consists of strongly altered
gabbronorites and gabbronorite anorthosites. Since our
efforts were aimed at studying the PGE mineralization
in the massifs of different composition, no detailed geo-
logical study of the massifs was conducted, but the
petrography of samples taken from different parts of the
massifs, mainly along its vertical section, was consid-
ered in detail.
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Petrography

All studied rocks show variably preserved primary
magmatic cumulative textures. All peridotites formally
(presence of olivine, two pyroxenes, and plagioclase)
are attributed to plagioclase lherzolites but are subdi-
vided into three cumulate types on the basis of texture.
The following mineral abbreviations will be used in the
text: Ol olivine, Opx orthopyroxene, Cpx clinopyrox-
ene, Pl plagiolcase, Crt chromite, Mag magnetite, Sulf
sulfide, Bt biotite, Hbl hornblende, and Gr garnet.

Plagioclase lherzolites were found in the Krivooz-
erskii and Chernaya Rechka intrusives. As was men-
tioned above, this rock includes three cumulates, Ol +
Crt, Ol + Opx + Crt, and Ol + Opx + Cpx + Crt, with
significant amounts of interstitial plagioclase and cli-
nopyroxene for two former assemblages. These rocks
are typically fresh, weakly serpentinized along fissures,
with excellently preserved primary magmatic textures
and minerals. A concentrically zoned reaction rim with
columnar Opx in the central part and small Cpx with
green spinel inclusions in the margin is formed along
olivine and pyroxene boundaries. Plagioclase is typi-
cally turbid due to inclusion of spinel dust.

The composition of rock-forming minerals was
determined on an X-ray microprobe equipped with an
EDS spectrometer (ABT-55 Akashi Beam technology,
Link 1000). The results are shown in Tables 1-4 and
Figs. 2-4.

As is seen in Table 1, ultramafic cumulates contain
high-Mg olivine varying from Fo to Fogs at an average
of Fogs. Its composition shows wide variations from Fog,
to Fogs even within one sample (sample CH-20, Ol +
Opx + Crt cumulate from the Chernaya Rechka intru-
sive).

Cumulative orthopyroxene (Table 2 and Fig. 2) also
has high-Mg composition of Eng, ¢;. Interstitial Opx in
Ol + Cpx cumulate (sample 506) has the lower Mg
composition varying from Eny; to Eng,. Interstitial cli-
nopyroxene also shows wide compositional variations
from pigeonite—augite (subcalcic augite) Wo,oEng Fs)q
to augite Wo,oEns,; F'so. Such a compositional scatter can
be observed even within a single thin section (Table 2,
sample CH-20); there is no distinct zoning, though cli-
nopyroxene in places demonstrates complex inter-
growths.

Chromites also show wide variations, even within a
single thin section (Table 3, sample CH-20). As is seen in
Fig. 4, they have low Fe** content at variable Cr and Al.
The highest Al and the lowest Cr contents were found in
sample D-503 (Ol + Opx + Crt cumulates). Interstitial
plagioclase was studied only in sample CH-20 and cor-
responds to Angyy,.

These compositional variations are typical of other
ultramafic rocks of the Belomorian drusite complex [2].

Pyroxenites (orthopyroxene cumulates) occur
only in the Nil’'mozero Massif. The cumulus phase is
orthopyroxene (bronzite WosEn,;Fs;g). Olivine (Fog)
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Fig. 1. Position of the studied massifs: (1) Bol’shoi Petik Island; (2) Krivoozerskii; (3) Tolstik Peninsula; (4) Chernaya Rechka;

(5) Mount Panfilov; and (6) Nil’mozero.

occurs only as small relics in pyroxenes. Interstitial cli-
nopyroxene is pervasively replaced by bronzite. Like in
previous cases, it strongly varies in composition from
Wosg 1Ensg 1Fs,9 to WossEnssFsy. The rock occasionally
contains ferrous chromite.

Olivine gabbronorites and gabbronorites (pla-
gioclase-pyroxene * olivine cumulates) are observed
in the Bol’shoi Petik Island, Nil’'mozero, Chernaya
Rechka, Tolstik Peninsula, and Mount Panfilova intru-
sives. As compared to the aforementioned rocks, they
were often affected by deformations and overprinted
metamorphism with the formation of garnet and gar-
net—hornblende rims (coronas).

Olivine gabbronorites and gabbronorites occur in
the NiI’'mozero and Chernaya Rechka massifs. These
are fresh rocks with cumulus olivine Fo;5 5, orthopy-
roxene Wos sEnqg goF's 16, and plagiolcase Anyy. Their
clinopyroxene is particularly interesting, because it
often shows oscillatory zoning, grading from pigeonite
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Woq_1,Enq 7,Fs 1350 in the cores to pigeonite—augite
Wo37_41En49 51Fs,o_1; in the rims (Table 2, Fig. 3), and
even from orthopyroxene Wo;EngF's, in the core to
pigeonite—augite WosgEnssF's; in the rim.
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Fig. 2. Composition of pyroxenes from studied drusite bod-
ies plotted on the pyroxene projection.
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Table 1. Composition of olivine in the rocks of drusite complex

Sample | 50, | FeO | MnO | MgO | NiO
CH-6 | 3891 | 2023 | 032 | 3982 | 089
CH-20 | 3944 | 1829 | 0.19 | 4225 | -
CH-20 | 39.38 | 182 ~ | a5 | -
CH-20 | 4051 | 1313 | - | 4651 | -
504 3991 | 1597 | - | 4427 | -
504 4064 | 1642 | 028 | 4457 | -
506 39.1 | 205 ~ | 4057 | -
H-20 | 3856 | 2326 | - | 3835 | -
H-28 | 3953 | 1891 | 023 | 4155 | -
503 4015 | 1508 | - | 4494 | -

Note: Dashes mean not determined. Hereinafter: Krivoozerskii
intrusion: (502) biotitized garnetized gabbronorite (Cpx—
Opx—P[ cumulate) with zoned partially saussuritized plagio-
clase; (503) fresh plagioclase lherzolite (Ol-Opx—Crt cumu-
late); interstitial minerals are Cpx and PI; (504) fresh plagio-
clase poikilitic harzburgite (O/-Crt cumulate); interstitial
minerals are Opx, Cpx, Pl; (506) plagioclase poikilitic
harzburgite (OI-Crt cumulate). Bol'shoi Petik Island intru-
sion: (508) weakly metamorphosed coarse-grained olivine
gabbronorite (O/-P! cumulate) with Crt; intercumulus con-
sists of inverted pigeonite and pigeonite—augite; metamor-
phogenic coronal textures developed along grain bound-
aries. Chernaya Rechka intrusion: (CH-6) metamorphosed
Ol norite (Ol-Opx—P! cumulate); (CH-20) fresh P! Iherzolite
(Ol-Opx—Crt cumulate), interstices are filled with Cpx, Pl,
and Bt. Nil'mozero Intrusion: (H-20) fresh olivine gab-
bronorite (Ol-Opx—PI-Crt cumulate); plagioclase and
orthopyroxene are zoned (see text); (H-28) Ol fresh bronzi-
tite (Ol-Opx—Crt cumulate). Mount Panfilov Massif:
(P-13/1) gabbroamphibolite with Opx and Cpx relics and
with primary PI; Cpx is pale green, cellular, possibly meta-
morphic; minor amounts of sulfides.

Metamorphosed biotitized gabbronorite (Opx +
Cpx + Pl cumulate) with garnet—hornblende coronae
(sample K-508) was found at Bol’shoi Petik Island. It
contains hypersthene Wo,Eng,Fs;,, pigeonite augite
WO34E”55FS11, and labradorite An56_59 (Table 4, Flg 4).
Accessory chromite in this rock has the highest-Cr con-
centration.

Metamorphosed Mag-bearing gabbronorite—diorite
was found at the Tolstik Peninsula. Garnet—hornblende
aggregates form a corona texture. Clinopyroxene corre-
sponds to augite Wos,_39FEnys 43Fs,5_17, while plagiol-
case has an andesine composition Ans,. Ore mineral is
magnetite.

Gabbroamphibolites after gabbronorites and gab-
broanorthosites with pyroxene and biotite relics form
the Mount Panfilov body. The preserved pyroxenes
have the Fe-richest composition: Wo,EnsyFs, for Opx
and WoyEns¢Fs,, for clinopyroxene; plagioclase,
andesine An,, g, is likely secondary. The major rock-
forming minerals are green metamorphic hornblende
and plagioclase. The rocks contain Cl-apatite. It should
be noted that all hydroxyl-bearing minerals contain Cl,
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which presumably was a component of the metamor-
phic fluid.

The chemical compositions of the rocks are pre-
sented in table 5, and their REE contents are shown in
Table 6. As is seen in Table 6, the strongly metamor-
phosed mafic rocks differ from fresh varieties in having
higher LREE contents at a similar shape of the REE
patterns (Fig. 5), attesting to allochemical metamor-
phism. The most complex REE distribution was
obtained from unaltered ultramafic rocks from the
Krivoozerskii body (samples 503 and 506). For reasons
unknown as of yet, their patterns are similar to those of
mafic rocks in contents of LREE, Tb, Dy, and Lu but
show unsystematic negative Eu, Gd, Ho, and Yb anom-
alies.

Thus, in terms of petrographic and geochemical fea-
tures, the studied intrusives are close to the previously
described Belomorian drusites [5]. However, rocks
from our collection are remarkably fresh, being
affected, at most, only by insignificant metamorphism
(if any) and hence, demonstrate primary, unaltered PGE
contents. The clinopyroxenes show oscillatory zoning,
all minerals widely vary in composition within a single
thin section, and pyroxene lamellae typical of large
intrusives are absent; all of these features indicating
that the massifs were initially small bodies which rap-
idly solidified in a relatively cold environment with
very limited interaction with host rocks. Under such
conditions, the rocks preserved their initial PGE distri-
bution, which formed during the crystallization of the
melt and did not change up to the present.

PGE MINERALS AND PLATINOID CONTENTS
IN THE ROCKS OF THE DRUSITE COMPLEX

Methods. Two types of samples were collected dur-
ing our fieldwork to analyze for PGM: (1) loose depos-
its that overlay drusite bodies and, given landscape spe-
cifics, can be reliably assigned to bedrock outcrops, and
(2) hand specimens from exposed bedrocks. It is worth-
while to collect loose deposits (eluvial, talus, and collu-
vial), because they typically accumulate fine PGM
grains, which were released from bedrocks owing to
“natural crushing” during erosion. This significantly
increases the mineralogical sensitivity of subsequent
PGM study: up to n X 0.0001 g/t in phase concentration
equivalent. The metrology and high-sensitivity tech-
nique of mineralogical works on PGM “ppm-mineral-
ogy’ are described in detail on www.natires.com.

PGM finds in loose samples were verified by hand
specimens from bedrocks (Table 7), with mineralogical
sensitivity on PGM about 0.01 g/t in the phase equiva-
lent of concentration. With rare exceptions, mineralog-
ical data on loose samples were in good agreement with
the results yielded by hand specimens.

Main results. We have established mineral modes of
occurrence for all six PGE: refractory (Ru, Os, and Ir)
PGE and Rh in variable proportions occur in sulfoars-
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Table 2. Representative microprobe analyses of pyroxene in the studied rocks of the drusite complex

Sample Si0, | TiO, | Al,O3| FeO | Cr,O3| MnO | MgO | CaO |Na,O| Total | WO | EN | FS
CH-6-Opx 154.53 - 2.43 | 10.58 | 0.57 - 2891 1.29 | 1.32 | 99.63 | 2.6 | 80.8 | 16.6
CH-6-Cpx1 55.23 - 316 | 3.79 | 0.85 - 18.51 | 16.60 | 1.86 [100.00 | 36.6 | 56.8 | 6.5
CH-6-Cpx2c 54.16 | 033 | 465 | 4.55 | 0.81 - 18.94 | 14.46 | 2.02 | 99.92 | 32.6 | 594 | 8.0
CH-6-Cpx2r 5455 | 045 | 544 | 354 - - 12.57 | 16.17 | 2.02 | 94.74 | 444 | 48.0 | 7.6
CH-6-Opx2c 56.52 - 197 | 6.23 | 0.69 - 3225| 143 | 081 | 9990 | 2.8 |87.7 | 9.5
CH-6-Opx2mid 55.28 - 386 | 520 | 1.74 - 19.94 | 13.69 | 1.48 [101.19 | 30.1 | 61.0 | 8.9
CH-6-Opx2r-3 56.20 - 350 | 3.88 - - 17.61 | 16.74 | 2.19 [100.12 | 37.8 | 553 | 6.8
CH-20-Cpx1 52.69 | 025 | 382 | 6.15 | 1.28 - 19.82 | 14.13 | 1.54 | 99.68 | 30.4 | 59.3 | 10.3
CH-20-Cpx2 5215 | 043 | 463 | 501 | 1.26 - 17.23 1 1723 | 1.75 | 99.69 | 38.2 | 53.1 | 8.7
CH-20-Cpx3 54.38 - 257 | 577 | 1.02 - 21.00 | 14.01 | 1.15 | 9990 | 294 | 61.2 | 94
CH-20-Cpx4 5192 | 028 | 353 | 6.11 | 1.28 | 0.19 | 19.06 | 16.56 | 1.62 |100.55 | 34.5 | 55.3 | 10.2
CH-20-Opx 55.17 - 204 | 847 | 0.76 - 30.15| 254 | 0.86 | 99.99 | 5.0 | 82.1 | 129
503-Cpx 5237 | 042 | 3.06 | 4.68 | 1.08 - 18.61 | 17.40 | 1.57 | 99.19 | 37.1 | 552 | 7.8
503-Opx 55.73 - 1.76 | 8.30 | 0.61 - 3044 | 2.04 | 0.88 | 99.76 | 4.0 | 83.3 | 12.7
504-Cpx 5245 073 | 3.07 | 491 | 096 | 0.22 | 16.85| 18.12 | 1.92 | 99.23 | 39.8 | 514 | 8.8
504-Opx 56.30 | 0.18 | 1.38 | 9.08 | 0.47 | 0.27 |3041| 2.09 — |100.18 | 4.0 | 81.8 | 14.1
506-Cpx 5230 | 025 | 295 | 7.70 | 1.01 - 18.04 | 18.19 | 1.35 [101.79 | 36.9 | 50.9 | 12.2
506-Opx]1 54.24 - 2.09 | 11.75 - 049 [2798| 196 | 2.75|101.26 | 3.9 | 77.2 | 189
506-Opx2 55.32 - 1.51 | 9.91 - 021 [29.86| 2.04 | 0.84 | 99.69 | 4.0 | 80.7 | 153
508-Cpx1 5243 | 025 | 257 | 7.64 | 0.99 - 21.41 | 18.06 | 1.39 [104.74 | 33.6 | 55.4 | 11.1
508-Opx2 52.41 - 1.44 | 2247 | 0.61 - 24.87| 225 | 1.08 [105.13 | 4.1 | 63.6 | 32.2
515-Cpx2 5478 | 0.25 | 2.44 | 831 - - 14.82 | 16.17 | 2.20 | 98.97 | 37.4 | 47.6 | 15.0
515-Cpx3 5470 | 022 | 327 | 9.53 - - 14.04 | 16.04 | 2.27 [100.07 | 37.3 | 454 | 17.3
515-Cpx4 55.51 - 272 | 743 - - 14.87 | 17.32 | 2.21 {100.06 | 39.5 | 47.2 | 13.2
H-20-Cpx1 52.90 - 244 | 6.77 | 0.79 - 17.93 | 18.03 | 0.89 | 99.75 | 37.4 | 51.7 | 10.9
H-20-Cpx2c 48.83 | 0.25 | 2.70 | 11.48 | 1.04 - 17.23 | 15.61 | 1.30 | 98.44 | 32.2 | 494 | 18.5
H-20-Cpx2r 52.43 - 225 | 595 | 056 | 022 [ 1695 19.66 | 1.44 | 99.46 | 409 | 49.1 | 10.0
H-20-Opxlc 54.74 - 1.40 | 10.75 | 0.40 - 29.25| 238 | 0.73 | 99.65| 4.6 |79.1 | 163
H-20-Opx1mid-2 | 51.51 | 0.25 | 2.78 | 7.24 | 1.12 - 18.56 | 15.48 | 1.19 | 98.13 | 33.0 | 55.0 | 12.0
H-20-Opx1r-3 52241 029 | 3.04 | 6.62 | 0.18 | 0.22 | 17.63| 1791 | 1.15 | 99.28 | 37.5 | 51.3 | 11.2
H-20-Opx2r 52.37 - 1.89 | 11.73 | 0.86 | 0.26 [2543 | 6.06 | 0.80 | 99.40 | 11.9 | 69.6 | 18.4
H-20-Opx2c 53.82 | 0.15 | 1.81 | 1233 | 045 | 0.19 | 2573 | 437 | 0.85 | 99.70 | 8.8 | 71.7 | 19.6
H-28-Cpx3 5217 | 025 | 2.68 | 5.52 | 1.11 - 19.01 1723 | 1.46 | 9943|359 | 551 | 9.0
H-28-Opx3c 53.50 - 261 | 1142 | 0.70 | 0.34 |28.15| 238 | 0.58 | 99.68 | 4.7 | 77.2 | 18.1
P-4-Cpx 51.27 - 1.54 | 13.52 - 0.27 | 11.64 | 18.03 | 2.67 | 98.94 | 40.1 | 36.0 | 23.9
P-4-Opx 51.32 - - 129.82 - 0.74 | 17.40| 0.73 — [100.01 | 1.5 |49.6 | 489

Note: (c) Core, (mid) intermediate zone, (r) rim.
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Table 3. Composition of Cr-spinel
Oxides CH-6 | CH-20-1 | CH-20-2 | CH-20-3 | 504-1 504-2 H-515 H-28 508 503

TiO, 0.60 0.55 0.63 0.60 0.44 0.48 0.00 0.47 0.00 0.30
Al,O4 17.46 17.82 21.59 25.72 25.12 26.63 0.87 14.59 13.87 31.20
Cr,04 46.68 43.67 41.43 38.12 35.50 34.85 0.38 34.85 49.79 33.33
Fe,0, 2.61 553 5.28 4.03 6.11 6.35 67.63 19.85 3.75 2.70
FeO 27.71 26.26 2191 21.65 25.57 25.87 31.22 8.79 29.06 23.19
MnO 0.00 0.81 0.00 0.37 0.66 0.67 0.00 0.35 0.55 0.43
MgO 5.00 5.38 9.20 9.54 6.61 6.96 0.00 4.10 3.02 8.90
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15.67 0.00 0.00
Total 100.06 100.02 100.04 | 100.04 | 100.01 101.81 100.11 98.68 100.04 100.05
Al 0.68 0.69 0.81 0.94 0.94 0.97 0.04 0.57 0.56 1.12
Cr 1.22 1.14 1.04 0.94 0.89 0.86 0.01 0.91 1.35 0.80
Fet3 0.07 0.14 0.13 0.09 0.15 0.15 1.95 0.49 0.10 0.06

Note: Compositions are calculated on the basis of 4 oxygens.

enides (ruarsite, platarsite, and hollingworthite), Pt
occurs in sulfoarsenides, arsenides, and sulfides (platar-
site, sperrylite, and braggite) (Table 9). Pd was found in
arsenides and arseno-antimonides (guanglinite, mertie-
ite) and as a minor admixture in sulfoarsenides of
refractory PGE, which is very unusual. Major minerals
are euhedral sperrylite and sulfoarsenides of Ru, Pt, and
Rh (Figs. 6a—e).

Table 4. Microprobe composition of plagioclase in the
rocks of drusite complex

Sample | SiO, | Al,O4 CaO Na,O K,O
CH-6 56.71 | 27.71 10.08 5.74 no
CH-20 56.56 | 28.84 8.75 6.05 no
515 5748 | 27.71 7.94 8.48 no
H-20 54.78 | 29.00 9.87 5.60 no
508 53.63 | 2954 | 122 4.70 no
508 53.50 | 29.19 | 12.8 5.62 no
P-4 (n) 66.00 | 21.28 248 | 10.15 0.22
P-4 (old) | 62.35 | 24.04 5.80 8.13 no

Note: Sample from the Mount Panfilov body contains two plagio-
clase: relict magmatic (old) and newly formed (n).

GEOCHEMISTRY INTERNATIONAL  Vol. 45

The presence of mineral species of all six PGE in
various rock types is a very unusual feature, which dif-
ferentiates the drusite complex from coeval large lay-
ered intrusions of the Baltic Shield having distinctly
expressed Pt—Pd specifics. This is also supported by
chondrite- and primitive mantle-normalized PGE pat-
terns for major petrographic rock types of the drusite
complex shown in Fig. 7. Normalizing values are taken
from [8].

PGE DISTRIBUTION IN THE ROCKS
OF THE DRUSITE COMPLEX

It can be seen that the distribution patterns of the
rocks are similar in shape and contents of noble metals
(NM) to the primitive mantle, in spite of the fact that
three of them are peridotite cumulates (503, H-4, and
CH-20), one is pyroxenite (H-34), and the others are
mafic camulates (508, CH-6). The patterns show small
positive Pd anomalies and insignificant negative anom-
alies of Ir and, especially Os. The exception is sample
H-4 (metasoimatized plagioclase lherzolite) with an
elevated gold content. The patterns of weakly altered
rocks, regardless of their composition, are plotted
closely to each other and have similar shapes.

Narrow marginal zones metamorphosed into garnet
and biotite amphibolites strongly differ in mineralogy.
They contain relatively low-temperature xenomor-
phous complex bismuthotellurides of Pd and Pt
(michenerite, merenskiite, moncheite) but no refractory
PGE (Fig. 6f). The same minerals are observed in the
narrow outer contact zones of large granite pegmatite
bodies cutting across drusite massifs (for example,
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Mount Panfilov). In addition, metasomatic zones are
abundant in elevated contents of Cu and Ni sulfides and
contain pyrrhotite, galena, sphalerite, bismuthinite,
scheelite, cassiterite, gold, native bismuth, copper, and
nickelous iron intergrown with knebelite (Mn-olivine).
The presence of these minerals is presumably related to
the influx of various components during allochemical
metamorphism.

Note that such a PGE distribution was not observed
in either ophiolite associations or layered intrusions,
and concentrically zoned dunite—clinopyroxenite—gab-
bro complexes, with different distributions in different
rocks of the complexes (Fig. 8). This results in different
PGE specialization of rocks from different complexes:
Ir-Os—Ru (alpine-type chromitites, and in some cases,
chromities at the base of ophiolite layered series);
essentially Ir—Pt (concentrically zones complexes), Pt—
Pd (in different layered intrusions). The PGE patterns
of rocks of drusite complex plot in a narrow range,
which is typical of weakly evolved rocks.

The PGE distribution patterns in the studied drusite
bodies strongly differ from those of coeval large-lay-
ered intrusions in adjacent cratons (Fig. 8). As is seen
from this figure, they most closely resemble the pat-
terns of the ore-bearing rocks of the Monchegorsk plu-
ton at the Kola Peninsula and are the most different
from that of Lukkulaisvaara PGE-bearing massif in
northern Karelia. Mafic cumulates of the Penikat
PGE-bearing massif in Finland show intermediate con-
tents of Rh, Pt, and Pd.

The global statistics of PGE abundances in rocks
from various complexes indicates that refractory PGE
(Ir, Os, Ru) remain in residuum, while Pd—Pt are accu-
mulated in residual melts [9, 10]. C1 chondrite-normal-
ized patterns plotted in order of decreasing melting
point in a diagram of refractory PGEs vs. (Pd, Pt) for
ophiolite mantle rocks typically show nearly flat distri-
bution (normalized values vary within one order of
magnitude], while residuum from this association is
enriched in refractory PGE. All layered intrusions
exhibit positively sloped pattern, i.e., are enriched in
Pt+Pd, with the difference between the normalized con-
tents of refractory and low-melting point PGE (Pd, Pt)
reaching a few orders of magnitude (Fig. 8). However,
there are some details, for example, the behavior of
intermediate Rh, the negative anomaly at Ru, as well as
specific patterns in zoned complex, whose nature
remains unclear as yet.

As in the rocks of the drusite complex, all six PGEs
were found in podiform chromitites of the Kraubath
ophiolite massif [11]. However, Pt and Pd occur there
in insignificant amounts, presumably indicating that the
massif initially contained all PGE, but only refractory
PGE remained after depletion. The presence of all PGE
in the rocks of the drusite complex likely suggests
extremely weak differentiation of primary melt, unlike
mantle residuum and direct mantle melts. This is the
only exception to the rule, and the reasons for this phe-
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Fig. 3. Composition of Cr-spinel in a Al-Cr-F¢? diagram.

Fig. 4. Composition of plagioclases in the Ab—-An—Or dia-
gram. Symbols are shown in Fig. 2.
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Fig. 5. Chondrite-normalized REE patterns.

nomenon are unclear. The question then arises as to
why different rocks, from peridotites to gabbroids,
show similar PGE patterns because magmatic differen-
tiation must produce different patterns, which is well
illustrated by the example of layered massifs (Fig. 8). In
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Table 5. Chemical analyses of some rocks from the drusite complex

Oxides 502 503 504 506 508 510 H-20 H-28 CH-6 | CH-20 | P-13/1
SiO, 53.40 42.30 41.30 46.10 48.80 47.60 44.60 45.40 48.90 44.80 48.90
TiO, 0.62 0.26 0.16 0.34 0.34 0.23 0.37 0.46 0.49 0.49 222
Al,O4 15.60 5.00 4.70 8.00 10.80 8.00 7.00 6.50 10.90 7.30 11.80
Fe,04 0.93 3.73 4.62 2.32 1.04 no 0.67 1.98 1.78 1.54 3.74
FeO 5.82 7.35 7.09 9.18 9.41 9.87 8.22 9.92 9.46 9.33 9.95
MnO 0.14 0.20 0.16 0.19 0.17 0.19 0.19 0.19 0.18 0.18 0.18
MgO 7.94 29.06 30.25 23.75 17.38 2342 25.35 25.72 17.29 26.64 6.660
CaO 9.71 3.54 3.12 7.33 8.75 6.66 11.00 6.05 8.16 6.72 8.86
Na,O 2.86 0.86 0.78 1.26 1.53 1.19 1.07 1.02 1.51 1.08 4.98
K,0 1.22 0.35 0.41 0.29 0.39 0.54 0.27 0.22 0.48 0.24 0.96
H,O0%* 0.88 7.09 7.25 0.78 0.71 1.68 0.45 2.19 0.66 0.88 0.91
CO, 0.24 0.33 0.09 0.41 0.24 0.13 0.30 0.36 0.28 0.26 0.25
P,05 0.26 0.10 0.03 0.10 0.07 0.06 0.05 0.06 0.09 0.09 0.21
Total 99.65 |100.17 |100.23 |100.05 99.63 99.57 99.54 |100.07 |100.18 99.54 99.62

Note: Krivoozerskii intrusion: (502) biotitized garnetized gabbronorite (Cpx—Opx—Pl cumulate) with zoned partially saussuritized PI;
(503) fresh plagiolcase lherzolite (OI-Opx—Crt cumulate); interstitial minerals are Cpx and PI; (504) fresh P! poikilitic harzburgite
(Ol-Crt cumulate); interstitial minerals are Opx, Cpx, Pl; (506) P! poikilitic harzburgite (O/-Crt cumulate). Bol'shoi Petik Island
Intrusion: (508) weakly metamorphosed coarse-grained O! gabbronorite (OI-PIl cumulate) with Crt; intercumulus consists of
inverted pigeonite and pigeonite—augite; metamorphic coronae developed along grain boundaries. Chernaya Rechka Intrusion:
(CH-6) metamorphosed OI norite (O/-Opx—PI cumulate); (CH-20) fresh P! lherzolite (O/-Opx—Crt cumulate), interstices are filled
with Cpx, Pl, and Bt. Nil'mozero intrusion: (H-20) fresh olivine gabbronorite (O/l-Opx—PI-Crt camulate); Pl and Opx are zoned (see
text); (H-28) fresh Ol bronzitite (Ol-Opx—Crt cumulate). Mount Panfilov Massif: (P-13/1) gabbroamphibolite with relict Opx and
Cpx; as well as primary PI; (Cpx) pale green cellular likely metamorphic; minor sulfides. Analyses were made by conventional “wet”
chemistry at the Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry, Russian Academy of Sci-

ences. H,O0* = H,O™ + H,O™. Analyst Yu.V. Dolinina.

our rocks, this tendency is weakly expressed in the
slight positive slope of the PGE patterns.

PGE were redistributed only in the massifs partially
metamorphosed to the amphibolite facies and thus
transformed into garnet and garnet-biotite amphibo-
lites (for example, the Mount Panfilov Massif). This
secondary redistribution has a Pd trend and is evidently
related to metasomatic processes that accompanied
metamorphism.

DISCUSSION

Studying the PGM and PGE content in the Early
Paleoproterozoic drusite complex of the Belomorian
Region, we pioneered in establishing that its mafic and
ultramafic rocks have the most primitive, possibly man-

GEOCHEMISTRY INTERNATIONAL  Vol. 45

tle PGE patterns, regardless of the rock composition.
This fact is inconsistent with currently popular con-
cepts concerning PGE behavior during melting of a
mantle source and the subsequent differentiation of the
melts in intrusive chambers.

This situation is presumably related to the origin of
parental SHMS magmas, whose crystallization pro-
duced intrusions of the drusite complex. As was shown
earlier, these intrusives are part of the large Baltic igne-
ous province of SHMS related to the activity of an
Early Paleoproterozoic mantle superplume [3]. The
ultramafic material of this plume, unlike that of Phaner-
ozoic superplumes, was strongly depleted via previous
melting events (during the formation of the lobal mag-
matic ocean and the subsequent Archean evolution of
the Earth: [16]) and represent a residuum. The melting
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Table 6. Content of REE (ppm) in the rocks of the drusite complex

Elements 502 503 506 508 H-20 H-28 CH-6 CH-20 P-13/1
La 17.07 4.66 3.44 5.56 4.77 3.31 6.88 4.31 14.73
Ce 46.04 11.55 8.77 14.05 11.61 8.84 17.09 10.95 42.02
Pr 5.54 1.45 1.11 1.78 1.77 1.03 2.27 1.44 522
Nd 2223 5.13 4.39 7.11 7.12 5.41 8.42 6.83 22.07
Sm 4.37 1.21 0.95 1.7 0.62 1.05 2.23 1.02 4.81
Eu 1.36 0.15 0.28 0.66 0.46 0.4 0.6 0.58 1.89
Gd 6.26 1.32 0.44 2.02 2.18 1.43 2.45 1.92 6.72
Tb 0.77 0.21 0.24 0.34 0.25 0.28 0.48 0.33 0.87
Dy 4.72 1.3 1.12 2.24 2.15 1.89 2.67 1.78 4.88
Ho 0.85 0.12 0.17 0.34 0.43 0.25 0.48 0.42 0.84
Er 2.39 0.42 0.76 1.25 0.9 0.97 1.43 1.03 1.88
Tm 0.32 0.09 0.08 0.08 0.22 0.1 0.21 0.09 0.29
Yb 2.39 0.23 0.58 1.08 1.14 0.51 1.41 1.04 1.83
Lu 0.38 0.17 0.2 0.23 0.3 0.21 0.33 0.25 0.4

Note: Analyses were conducted at the Central Chemical Laboratory of the Institute of the Geology of Ore Deposits, Petrography, Miner-
alogy, and Geochemistry, Russian Academy of Sciences, using a PLASMA QUARD PQ2+ TURBO (VG INSTRUMENTS) qua-
drupole mass spectrometer. Analysts S.A. Gorbacheva, V.D. Sidel’nikova, and L.S. Tsimlyanskaya.

Table 7. Contents of noble metals in the rocks of the drusite complex (ppb)

Sample No. Au Ir Os Pd Pt Rh Ru 2(-Au)
502 0.68 <0.1 <1 1.12 0.75 <1 <2 1.87
503 1.51 1.21 1.04 10.9 10.9 1.91 7.02 32.98
508 1.06 0.67 <1 10.6 10.1 1.47 3.44 26.28
H-4 27.5 1.86 1.39 10.2 9.84 1.82 6.75 31.86
H-34 0.95 1.33 <1 23.2 18.8 3.23 6.21 52.77
CH-6 3.63 0.77 <1 10.4 10.6 1.46 3.59 26.82
CH-20 1.39 2.19 1.43 8.45 9.23 1.49 6.59 29.38

Note: Analyses were performed at the Geolaboratory of the Geological Survey of Finland, Espoo.

of this source must have produced melts enriched in
refractory PGEs and depleted in low-melting PGEs.
During the subsequent stage, the chambers of these
melts ascended (floated) through the Earth crust in
compliance with the zoned refinement mechanism, i.e.,
by the melting of the roof and crystallization near the
bottom, being assisted by large-scale crustal assimila-
tion [17].

It was shown earlier that the mafic lower crust of the
Belomorian Belt was formed by the underplating of

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 3

Archean mantle komatiite—basaltic melts and Early
Paleoproterozoic SHMS melts, which were emplaced
along the mantle—crust boundary [18, 19]. Correspond-
ingly, these lower crustal rocks must be enriched, by
contrast, in low-melting PGE. The superposition of
these two sources presumably provided the observed
pattern. The absence of differences in PGE patterns
between the mafic and ultramafic rocks of the complex
is presumably also related to the formation mechanism
of SHMS magmas. Mafic magmas that formed gab-
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Pt-RAS + Pd-RAS

1 —Rh-PTAS
2 —PIL, Ru-HGW
3 — Pt-HGW

(f) 19185 1 SE + BSE image

Fig. 6. PGE minerals in the rocks of the drusite complex: (a—e) euhedral PGE minerals in the weakly altered rocks of the complex;
(f) assemblage of low-temperature anhedral minerals from metasomatized drusites. Abbreviations: (RAS) ruarsite, RuAsS; (PTAS)
platarsite, PtAsS; (HGW) hollingworthite, RhAsS; these sulfoarsenides contain trace Os and Ir. (SPR) sperrylite, PtAs,; (ME) mer-
tieite, Pdg(Sb,As);; (GU) guanglinite, Pd;As; (BR) braggite, (Pd,Ni)S; (MI) michenerite, PdTeBi; (PO) pyrrhotite, FeS;
(SF) sphalerite, ZnS; (GN) galena, PbS. Massifs of Bol’shoi Petik Island, Krivoozerskii, Nil’mozero, and Mount Panfilov. Minerals
were identified on a scanning electron microscope ABT-55 with EDS LINK 10000.

broids could, in this case, be produced not by crystalli-
zation differentiation in the chamber but rather by melts
that were derived during lower crustal assimilation and
individually emplaced in the Earth’s crust, as is typical
of the rocks of the drusite complex [5].

The question arises as to why large-layered massifs
and small drusite intrusions that were derived from sim-
ilar melts have different PGE mineralization. The main
difference is evidently related to the mechanism of their
formation. The layered intrusions of cratons were large
crustal intermediate chambers that accumulated melts
that periodically were supplied from the magma gener-
ation zone into the solidifying intrusive chamber, where
they crystallized to produce layering [17]. Owing to
this, the PGE distribution pattern was defined mainly
by melt differentiation in the plutonic chambers.

However, the mobile conditions of the Belomorian
belt prevented the formation of large stable chambers in
which crystallization processes operated. The ascend-
ing melts could be localized only in small chambers,
which were formed at local heterogeneities (folds,
detachments, local extensional zones, and others)

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 3
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Fig. 7. C1 chondrite- and primitive mantle-normalized PGE
patterns for the mafic—ultramafic rocks of the drusite com-
plex. Normalizing values are from [8]. (/) plagiolcase lher-
zolites, (2) gabbronorite, (3) olivine bronzitites, (4) olivine
norites.
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Fig. 8. Comparison of chondrite-normalized PGE patterns in different rocks of the drusite complex of Karelia (a) with those of ophiolite
associations [11-13] (b), layered mafic—ultramafic intrusions of the Karelia—Kola area (based on original data and data of T.L. Gro-
khovskaya, Yu.N. Yakovlev, A.U. Korchagin, and others [14]) (c), and tectonic blocks of mantle in the Gibraltar arc (Ronda and Beni

Bouchera massifs [15]) (d).

Table 9. Composition of minerals from some samples

repeatedly caused during the tectonic flow of the host
rocks. In addition, the chambers periodically migrated,

preventing melt accumulation at a single site and, thus,
the formation of large bodies. Small bodies solidified

rapidly, without significant differentiation, as is con-

firmed by available geological and petrological data
[5]. A slight positive slope in PGE patterns attests to
insignificant differentiation, which exerted no effect on

Sample
Element 504 508 CH-6
Bi (1) | PO (7) Rh’Pt(’f)”‘GF NC (2) P(Cl)_‘g’l[lll%)?
Fe - 60.4 2.6 - 27.8
Co - 0.3 6.9 - 1.1
Ni - 0.3 21.6 452 | 341
Ru - - 1.3 - -
Rh - - 2.3 - -
Pt - - 3.7 - -
S - 38.5 18.4 - 36.6
As - 42.6 53.9 -
Sb - - - 0.8 -
Bi 99.8 - - - -
Total 99.8 | 99.5 99.4 99.9 99.6
Numbers of cations
Fe - 0.944 0.079 - 0.445
Co - 0.004 0.203 - 0.015
Ni - 0.004 0.640 1.030 | 0.519
Ru - - 0.021 - -
Rh - - 0.038 - -
Pt - - 0.033 - -
S - 1.048 0.998 - 1.021
As - - 0.989 0.962 -
Sb - - - 0.008 -
Bi 1.000 - - - -
Total 1.000 | 2.000 3.000 2.000 | 2.000

the general situation.

In other words, the magmas that formed drusite bod-
ies came directly from the magma generation area and
possessed unchanged original characteristics, including
the PGE distribution. In this case, the gabbronorites of
the drusite complex are not differentiates but were
derived by the strong contamination of the mantle melt
with the lower crustal mafic material (value of
eNd(2.45) varies form +0.2 to —1.8 [20]). The drusite
complex reflects a unique situation when melts were
not affected by crystallization differentiation in an
intermediate magmatic chambers, unlike most melts.
This facilitated the preservation of the initial PGE dis-
tribution, which is presumably typical of primary
SHMS melts and was partially changed during super-
imposed allochemical metamorphism. It is interesting
in this context that a similar PGE pattern was observed
in the 2.52-2.46-Ga ultramafic lavas described in the
Gawler craton, South Australia [12]. They are compo-
sitionally similar to the Early Paleoproterozoic bon-
inite-like picrites of the Vetreny Belt riftogenic struc-
ture in southeastern Karelia, which belongs to the large
Baltic igneous province of SHMS [2].

Thus, our data indicate that SHMS melts were ini-

Note: Microprobe determinations were made by V.V. Knauf.

tially enriched in PGE, which explains the presence of

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.3 2007
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PGE ores in many large layered mafic—ultramafic mas-
sifs (Bushveld in South Africa, Stillwater in the United
States, Pana—Fedorova Tundra in Russia, and others).

CONCLUSIONS

1. The distribution of PGE and their minerals was
studied in the rocks from six intrusives of the Early
Paleoproterozoic (2.46-2.35 Ga) drusite complex in
northern Karelia. This complex consists of numerous
small synkinematic mafic—ultramafic intrusions scat-
tered throughout the Belomorian mobile belt in the
eastern Baltic Shield. Like the coeval PGE-bearing lay-
ered mafic—ultramafic intrusions of the adjacent Kola
and Karelian cratons, drusites were derivatives of sili-
ceous high-magnesian (boninite-like) series (SHMS).
However, unlike large-layered massifs, the main rock
types of the drusite complex typically form individual
intrusions with the corresponding composition of the
chill zones.

2. The rocks of the complex contain minerals of all
six PGE. Refractory (Ru, Os, and Ir) PGE and Rh in
variable proportions occur in the form of sulfoarsenides
(ruarsite, platarsite, and hollingworthite), Pt is present
in sulfoarsenides, arsenides, and sulfides (platarsite,
sperrylite, and braggite), while Pd was found in ars-
enides and arseno-antimonides (guanglinite, mertieite),
and in trace amounts in sulfoarsenides of refractory
PGE, which is unusual for this element. The major min-
erals are euhedral sperrylite crystals and sulfoarsenides
of Ru, Pt, and Rh. The presence of minerals of all six
PGE makes the drusite complex significantly different
from coeval large layered mafic—ultramafic intrusions
from the adjacent cratons, which have pronounced
Pd—Pt specialization.

3. Notable mineralogical differences are observed in
the metamorphosed marginal parts of the bodies, which
were partially transformed into garnet and biotite
amphibolites. The rocks contain relatively low-temper-
ature anhedral complex bismutotellurides of Pd and Pt
(michenerite, merenskiite, and moncheite), while
refractory PGE are absent. This secondary redistribu-
tion has mainly Pd specifics, being evidently related to
metasomatic processes that accompanied regional
metamorphism.

4. It was established that the Cl-normalized PGE
distribution pattern in the rocks of the complex (gab-
bronorites, pyroxenites, and plagioclase lherzolites) are
similar to that of the primitive mantle, regardless of
composition. The patterns span a narrow range and
show the same proportions as that of C1 chondrite, with
a weak positive slope indicating some Pt and Pd enrich-
ment of the rocks.

5. This is supposedly related to the origination of
parental SHMS magmas through the large-scale assim-
ilation of the lower crustal mafic material by high-tem-
perature mantle melts and to the almost complete
absence of differentiation during the emplacement of

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 3
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drusite intrusions. Because of this, drusite massifs
retained the primary PGE distribution typical of the
parental SHMS melts and was only partially changed
during allochemical metamorphism. In the large lay-
ered mafic—ultramafic intrusions that were also pro-
duced by SHMS melts, the PGE pattern was deter-
mined mainly by within-chamber crystallization differ-
entiation, resulting in a distinct trend.

6. Thus, the example of the drusite complex was
used to obtain the first data on the PGE distribution in
the primary SHMS melts, which were also parental for
large Early Paleoproterozic PGE-bearing layered
mafic—ultramafic intrusions.
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