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Mutanen, Tapani., 1997. Geology and ore petrology of the Akanvaara and
Koitelainen mafic layered intrusions and the Keivitsa-Satovaara layered com-
plex, northern Finland. Geological Survey of Finland, Bulletin 395, – pages,
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The Akanvaara and Koitelainen intrusions, ca 2440 Ma old, represent a
group of cratonic mafic layered intrusions (aged from 2500 to 2440 Ma) of
the Fennoscandian (Baltic) Shield. These intrusions, which show all the stand-
ard types of igneous layering, host deposits of chromite, vanadium, titanium,
platinum-group elements (PGE) and gold.

The cumulate stratigraphy in Akanvaara and Koitelainen reflects both
normal tholeiitic fractionation and superimposed intermittent selective and
wholesale contamination by anatectic salic melt (now granophyre) from the
floor and the roof, and by refractory residual phases after anatexis of the roof
rocks. Cumulus phases separated mainly in a hybrid melt between the mafic
main magma and the overlying buoyant acid melt. The contaminants are found
in cumulates as fossil melt and magma inclusions in olivine, chromite, or-
thopyroxene and plagioclase, and as “granitic” intercumulus material. The
composition of the intercumulus material in the most heavily contaminated
cumulates deviates strongly from what one would expect of the mafic main
magma. Unusual minerals (loveringite, chlorapatite. zircon, zirconolite, bad-
deleyite, thorite, allanite, galena, perrierite, a Ti-Th-REE-P silicate) are com-
mon in the intercumulus of the ultramafic cumulates; ilmenite, chlorapatite
and zirconolite occur as daughter and occluded minerals in melt and magma
inclusions in olivines and orthopyroxene. Chlorapatite, ilmenite and loverin-
gite are the most common Doppelgänger phases (Mutanen, 1992), of which
only the apatite phase (as a fluorapatite) appears as a late cumulus mineral.

The melting occurred both early and late in the crystallization history,
corresponding to the water-saturated and dry melting of the granitic constit-
uents of the surrounding crustal rocks. There is no evidence for, nor need of,
multiple magma pulses; the reversals can readily be explained by contami-
nants transmitted by two-phase convection. Contamination of the magma by
crustal material shifted the liquidus phase boundaries, resulting in excessive
separation first of olivine and, subsequently of orthopyroxene. Refractory
aluminous phases after partial melting of pelitic roof rocks were responsible
for the anorthositic cumulates.

Chromitite layers occur from near the base of the intrusions to the 86 PCS
level. Almost all the chromitites have elevated concentrations of PGE. The
gangue is generally rich in biotite-phlogopite. All chromites are very low in
MgO (from 0.0% to 1.2%). These features imply that chromite crystallized and
was equilibrated in a melt poor in magnesium and rich in potassium. It is
suggested that the chromium of the uppermost chromitites (UC layers) was
exotic: it was liberated from melted high-aluminous schists averaging 500
ppm Cr. Exotic chromium may well have contributed to the genesis of some
other anorthosite-associated chromitites, too (e.g., Fiskenaesset, Sittampundi,
Soutpansberg, Bushveld, Stillwater).

In the Akanvaara and Koitelainen intrusions the PGE show little respect for
sulphides, and are typically associated with oxides (chromite, ilmenomagnet-
ite, ilmenite). Evidently the PGM phases crystallized from the silicate liquid
direct.



The Keivitsa intrusion (age 2057 Ma) is located south of the Koitelainen
intrusion. Isotopic (Sm-Nd, S-isotopes, Re-Os), geochemical (Ni/Co, Ni/S,
PGE/S, S/Se, S/Te, Re/PGE, among others) and mineralogical data all point
to significant exotic contamination by surrounding carbonaceous, sulphide-
rich sediments and by solid refractory debris from disaggregated komatiitic
rocks. The addition of exotic sulphur (as anatectic immiscible sulphide melt)
and olivine debris was decisive for the genesis of the low-grade Keivitsansarvi
Cu-Ni-PGE-Au deposit, which is located far above the basal contact of the
intrusion. Other contaminants acquired from surrounding rocks were water,
reduced carbonaceous material and chlorine, all of which affected the crys-
tallization of the magma. Mineralogical evidence from Keivitsa and from
other PGE-bearing magmatic sulphide deposits together with our experimental
work (Mutanen et al., 1996) suggest strongly that immiscible sulphide melt
either acted as a phase boundary collector for platinum-group mineral (PGM)
particles already crystallized from melt or that the supersaturated PGM nucle-
ated on sulphide droplets.
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ABBREVIATIONS AND DEFINITIONS

ab – albite
an – anorthite
APB – Archaean-Proterozoic boundary
bi – biotite
CC model – convection-contamination model
CN – chondrite-normalized
cp – chalcopyrite
cpx – clinopyroxene (augite, diopside, hedenbergite)
crt – chromite
CuEQ – copper equivalent, wt% (includes Cu, Ni and part of Pd and Au)
cumulus crystal – settled (or floated) crystal
DDH – diamond (core) drill hole
D-value – simple ratio; distribution coefficient of an element between phases
Doppelgänger – a premature magmatic phase, opposite to reversed phase (in phase reversal; (see
(doubleganger) Mutanen, 1992, p. 26)
economic – pertaining to the production, distribution, and use of income, wealth, and commodi-

ties — pertaining to an economy, or system of organization or operation, esp. of
the process of production — pertaining to one’s personal resources of money
(Webster’s Encyclopedic Unabridged Dictionary of the English Language. Portland
House, New York, 1989). ‘Economic’ is misleadingly used in Finland as a synonym
with ‘profitable’.

false ore – Ore type in Keivitsa. Analogous to false money: rock with massive or rich dissemi-
nated sulphides but low in Ni. Metal analysis (as with false coins) is needed to
distinguish false from genuine (viable) ore. No economic connotation!

Fe(tot) – Total iron calculated as FeO
GSF – Geological Survey of Finland
hb – hornblende
ilm – ilmenite
ilmenomagnetite – magnetite with exsolved ilmenite
KEI – type intrusion – Keivitsa-type intrusion
KOI – type intrusion – Koitelainen-type intrusion
KSC – Keivitsa-Satovaara Complex
LC – Lower Chromitite
LIB – Lapland Intrusion Belt
LLC – Lowermost Lower Chromitite
LZ – Lower Zone
mg# – atomic Mg/Mg+Fe ratio
MZ – Main Zone
Ni(100S), Ni(S) – Ni concentration (in wt%) in calculated 100% sulphides
ol – olivine
opx – orthopyroxene (Ca-poor pyroxene)
P(fl) – fluid pressure
P(lit) – lithostatic pressure
PCS – per cent solidified
PGE – platinum-group elements
PGE(100S), PGE(S) – PGE concentration (in ppb or ppm) in 100% sulphides (similarly, Pd(S), Au(S) etc.)
PGM – platinum-group minerals
phl – phlogopite
pl – plagioclase
pn – pentlandite
po – pyrrhotite
px – pyroxene
py – pyrite
q – quartz
RONF – Regional Office for Northern Finland
SHMB – siliceous high-Mg basalt
SLI – silicate liquid immiscibility
sp – spinel (denotes the spinel group, unless stated otherwise)
titanomagnetite – homogeneous (high-T) titaniferous magnetite
UC – Upper Chromitite
ULC – Uppermost Lower Chromitite
UZ – Upper Zone
VTT – Valtion Teknillinen Tutkimuskeskus (Technical Research Centre of Finland)
wr – whole-rock
% – weight per cent (unless stated otherwise)
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A1: View east of Koitelainen hill. Photo by TM.

A2: View south of Lakijänkä towards Koitelainen fell
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B1: Frosty bog, western part of Koitelainen

B2: Bog, north of Koitelainen fell
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C1: Spruce swamp with Russki head tussocks,
Koitelainen

C2: Piiku, field assistant in Koitelainen, 1985
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INTRODUCTION

General location and physiography of the study areas

ly a row of hills), which is composed of the
acid volcanic rocks of the roof of the intrusion,
reaches a height of 440 m. Dry moraines are
covered with spruce forests; pine grows on
craggy ground and in reforested clear-cut areas
in the west of the Koitelainen and Keivitsa-
Satovaara areas. The old spruce forests of the
southern part of Satovaara hill (eastern part of
the Keivitsa-Satovaara complex) was strip-
clear-cut in the early 1990s. Most of the area
of the Koitelainen intrusion and the northern
part of Satovaara lie within the planned
Koitelaiskaira Wilderness Preserve area. The
forests of the Akanvaara were clear-cut in
1970s; only the high-altitude old-growth for-
ests (above ca 300 m) were spared.

The Koitelainen and Akanvaara intrusions
and the Keivitsa-Satovaara complex are named
after the dominant hills in the respective areas.
Of the many other forms of the name Keivitsa
(Keivitsainen, Kevitsa, Keevitsa, Keevitsä),
we in the GSF have used Keivitsa, which is
probably the original Sámi form (Samuli
Aikio, pers. comm., 1993).

The contiguous mapping area of Koitelainen
and Keivitsa-Satovaara (map sheets 3714, 3723,
3732 and 3741) lies ca 150 km north-northeast
of Rovaniemi in a wilderness between the riv-
ers Kitinen and Luiro. The Akanvaara area
(map sheets 3644 and 3733–4711) is located
75 km southeast of Koitelainen. The terrain is
the type area of the aapa mire complex, con-
sisting of interconnected bogs of this type (see
Cajander, 1913). Geomorphologically the area
is part of an ancient peneplain, with a general
southern slope. The least fractured and chemi-
cally most resistant rocks stand up from the
flats as smoothed ridges and asymmetric mesa-
like hills (e.g., Koitelainen, Keivitsa). The
mean height of the peneplain in the northern
part of the Koitelainen area is 260 m a.s.l., and
in the southern part of the Keivitsa-Satovaara
area 220 m a.s.l. The highest point is the sum-
mit of the Koitelainen tunturi (fell), 408 m
a.s.l. Keivitsa hill rises 80–90 m above the sur-
rounding lakes and boggy flats. At Akanvaara
most of the intrusion area is flat peneplain,
with some low hills and ridges with a base lev-
el 180–190 m a.s.l. The Akanvaara hill (actual-

Preglacial weathering, glacial geology and bedrock exposure

During much of Phanerozoic time topo-
graphic, geotectonic and climatic conditions
favoured intense chemical weathering and the
formation of thick weathered regolith profil-
es (Afanasev, 1968, 1971, 1977). Scattered,
mostly rather shallow, kaolinite and montmo-

rillonite-saponite deposits occur throughout
Central Lapland; Afanasev (1977) attributes
them to warm, humid periods from the Meso-
zoic to Palaeogene. The most widespread type
of formation of “rapakallio” – weathered bed-
rock – in Finnish Lapland and the Kola Penin-
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sula is what Afanasev (1968) calls hydromica
weathering. I have used the perhaps more uni-
versal term grussification (Mutanen, 1979b,
and references therein), a process involving al-
teration of micas (hydration, removal of potas-
sium and oxidation of iron) resulting in the
formation of a soft, spadable rock. In grussi-
fied layered sedimentary rocks poor in mica,
the sulphides and carbonates have been dis-
solved, leaving a hardy residue of macadam-
like chips. Grussified rocks have developed
and are typically preserved on gentle slopes,
and the weathering profile roughly conforms
to the present surface (Afanasev, 1968). Afa-
nasev (1971, 1977) ascribed – quite credibly –
this type of weathering to temperate, humid
climate during late Tertiary time (Miocene to
Pliocene), before the ice-sheet spread over
northern Europe. More subtle changes in grus-
sification weathering are found deep in hard
rocks, for instance, maghemitization of mag-
netite and the formation of solid, primary-
looking secondary sulphides (violarite-siegen-
ite, marcasite and pyrite).

The thickness of grussification gives a good
measure of the depth to which preglacial
weathering extends. At Koitelainen it is mostly
ca 14 m, about the same as in the Kola Penin-
sula (5–20 m, Afanasev, 1977). In micaceous,
fractured rocks of the Bonanza, a copper pros-
pect at Koitelainen, grussification extends to a
depth of at least 60 m. In the Kejv area, central
Kola Peninsula, sulphides are lacking in the
uppermost 10–12 m of the bedrock; from there
downwards supergene pyrite is found to a
depth of 50–80 m, where it is superseded by
primary pyrrhotite (Belkov, 1963). At Bonanza
maghemitization reaches to a depth of 120 m
(along DDH), more than the max. 70 m found
in Bushveld (van Rensburg, 1965). A phenom-
enon noticed in the V-rich magnetite of the
Koitelainen intrusion is what I have called
“hematite inoculation effect”. Where magnet-
ite had suffered, no matter how slightly, from
metamorphic oxidation into hematite (“mar-
tite”), it did not “catch” maghemitization. The

same phenomenon has been noted in Bushveld,
too (van Rensburg, 1965).

Grussification had considerable – and not en-
tirely pleasant – effects on bedrock exposure.
Rocks with even small amounts of mica are
deeply grussified and exposed only by accident,
as in the periglacial landslide gorge at Bonanza.
Unfortunately, such rocks include chromitites
and layers and stratigraphic intervals associated
with ore layers (pyroxenites, anorthosites). Dur-
ing diamond drilling grussified rocks leave the
hole with the flushing water. On the other hand,
they provide welcome bedrock samples in large
bog areas, as they can easily be sampled with
percussion (“Cobra”) drilling.

During the Pleistocene glaciations, Central
Lapland was the area of ice accumulation, with
very little basal ice movement and, hence, gla-
cial erosion (Penttilä, 1961). In certain leading
zones (e.g., in the western part of the Koite-
lainen intrusion, on the eastern slope of Koite-
lainen hill and through the eastern part of the
Keivitsa-Satovaara area) erosion and transport
were surprisingly powerful, as indicated by the
long transport distances of indicator erratics
and the existence of roches moutonnées,
grooves, striations and crescentic fractures. Ice
advance was strongest from north-northwest,
the dominant direction of effective transport in
the Koitelainen area.

Although glacial erosion seems to have been
stronger and more uniform at Akanvaara, grus-
sified regoliths have been preserved on steep
northwestern (proximal) slopes, where move-
ment at the base of the ice sheet stagnated.
Hirvas and Tynni (1976) have described what
may be an allochtonous Tertiary deposit from
the southern part of the intrusion.

Due to preglacial weathering and glacial
erosion the bedrock of the study areas, particu-
larly at Akanvaara, is unevenly, selectively
and, on the whole, poorly exposed. Apart from
solid, glacially polished outcrops alongside
streams, the exposures are frost-shattered out-
crops and boulder fields, most often only
groups of solitary, frost-heaved boulders.
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Throughout postglacial time the area has
been supra-aquatic, but only nominally so at
Akanvaara, where vestiges of the big Salla gla-
cial lake (Peter Johansson, oral comm., 1994)
are seen as boulder banks, cobble reefs and re-

worked shores across the whole southern flank
of Akanvaara hill. A washed gully in the
southwestern corner of the intrusion served as
an overflow outlet for the glacial lake.

Previous work and work in progress

The Exploration Department of the Geologi-
cal Survey of Finland (GSF) started geological
mapping and exploration of the mafic layered
intrusions of Finnish Lapland in 1969. Work
on the first target, near the western border of
the large Koitelainen intrusion, was soon dis-
continued. The present mapping and explora-
tion phase began in 1973 in the Koitelainen
area and continued at a leisurely pace until
about 1992, when events at Keivitsa and Akan-
vaara gave the justification for and a boost to a
comprehensive exploration programme on the
layered intrusions. The Regional Office for
Northern Finland (RONF) of the GSF current-
ly has four projects under way on some dozen
mafic intrusions.

The Koitelainen intrusion has been known
since the general geological mapping of the
1920s and 1930s by Erkki Mikkola, who also
made keen observations on the ultramafic
rocks of the Keivitsa intrusion (Mikkola, 1937,
1941). Geological mapping of sheet 3714 was
completed in the early 1980s (Tyrväinen,
1980, 1983). More detailed information on the
geological mapping of the Koitelainen area
is provided elsewhere (Mutanen, 1979a,
1989a,b). I have cannibalized chunks of text
from the last-mentioned publication for the de-
scription of the Koitelainen intrusion.

The results of the exploration work in the
Koitelainen and Keivitsa-Satovaara areas have
been presented in numerous technical open-
file reports that are available at the GSF.
Those of Mutanen (1979a) and Muta-
nen (1989a) are compilation reports of the
Koitelainen area. Publications on the Koite-

lainen area deal with komatiites (Mutanen,
1976a), the Upper Chromitite layer (Mutanen,
1981), chlorapatite and dashkesanite (Mutanen
et al., 1987, 1988) and loveringite (Tarkian &
Mutanen, 1987). The Koitelainen intrusion and
the Keivitsa-Satovaara complex were de-
scribed in the excursion guidebook of the 5th
International Platinum Symposium (Mutanen,
1989b). In my licentiate’s thesis (Mutanen,
1992) I summarized my petrological ideas
about the Koitelainen intrusion.

The latest comprehensive reports on the ge-
ology, exploration and mineral processing
tests of the Keivitsa intrusion have not yet
been released, but some geophysical, geo-
chemical and geological data have been pub-
lished as abstracts or extended abstracts (Joki-
nen et al., 1994; Mutanen, 1995a,b; Vanhala &
Soininen, 1994; Soininen et al., 1995; Huhma
et al., 1995b, 1996; Manninen et al., 1995;
Hanski et al., 1996). Results of a comprehen-
sive geological mapping project and other sur-
veys (Quaternary deposits, geophysics, surface
and ground water, and environmental geology)
of the areas surrounding Keivitsa were report-
ed by Tuomo Manninen and his team (Manni-
nen et al., 1996).

The northern part of the Akanvaara intrusion
is only vaguely outlined on the general geolog-
ical map of Mikkola (1937). More recent work
has produced more detailed maps (Manninen,
1981; Räsänen, 1983; Juopperi, 1986).

At an early stage it became apparent that the
Koitelainen intrusion exhibits perplexing geo-
logical, mineralogical and geochemical fea-
tures, that were not anticipated, still less ac-
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cepted, in petrology books. The intrusion had
no recognizable precedents, although we
learned later that the Akanvaara intrusion is a
good successor. Keivitsa is a petrological mav-
erick of a different and more difficult kind. In
this book I shall describe the intrusions to the
extent necessary and in sufficient detail, I
hope, to set some limits on petrological specu-
lation. This book is, however, still a piece of
raw fruit. The scrutiny of polished thin sec-

tions and the digestion of chemical analytical
data call for more work. Supplementary chem-
ical and isotopic analyses (S, Sm-Nd, Re-Os)
are being made on old samples and fresh drill
core material. The exploration diamond drill-
ing currently under way and the preparatory
work at many new or reactivated targets in Lap-
land will add to our knowledge, both regional
and general, of the mafic layered intrusions.

Materials and methods

This work is based on protracted and some-
what arduous mapping in the wilderness and
conventional microscopic petrographic stud-
ies. Many exciting finds were made with the
electron microscope-microprobe by or together
with my colleagues mentioned in the acknowl-
edgements. The “production figures” are re-
ported in the chronological order of investiga-
tions.

At Koitelainen and Keivitsa-Satovaara I
mapped an area of 770 km2; at Akanvaara I re-
vised ca 40 km2. In areas of poor exposure the
geological maps of the Koitelainen (Appendix
3) and Keivitsa-Satovaara areas (Appendix 4)
are based to a large extent on scrutiny of sam-
ples and analyses of percussion drilling sam-
ples (14 991 of till, 3785 of weathered bed-
rock). Many of the samples were studied under
the binocular microscope, in addition to which
96 polished thin sections, 89 covered thin sec-
tions and 10 polished sections were made and
examined. The geological mapping was sup-
ported by geophysical surveys. All areas are
covered by both high-altitude and low-altitude
(39 m) aerogeophysical line flights. Ground-
geophysical surveys (mainly magnetic, routine
electromagnetic and gravity) cover 187.75 km2

at Koitelainen, 90 km2 at Keivitsa-Satovaara
and 102.5 km2 at Akanvaara.

Diamond-core drilling has been indispens-
able in these poorly exposed areas. During

1973–1982, 99 holes with a total length of
12 007.25 m were drilled at Koitelainen, and
403 holes (43 139 m) at Keivitsa-Satovaara.
The latter figures do not include the 175 shal-
low DDHs (total 5121.85 m) drilled as part of
“The geology of the Keivitsa area” project
(Manninen et al., 1996). Drilling continues at
Akanvaara, and by 31st March, 1997, 84 holes
totalling 13 563.60 m had been completed. The
average depth (as measured along DDH) of
loose deposits (till, peat, weathered bedrock)
has been 3.56 m at Koitelainen, 5.56 m at
Keivitsa-Satovaara and 8.99 m at Akanvaara.

The total count of polished thin sections
studied is 4698, 1768 from Koitelainen, 2446
from Keivitsa-Satovaara and 362 from Akan-
vaara, 96 from percussion drilling samples and
26 from mineral processing test products). Or-
dinary (covered) thin sections from 89 percus-
sion drilling samples and 383 thin sections
from Koitelainen samples were also studied, as
were 326 polished sections from Koitelainen, 3
from Keivitsa and 10 from percussion drilling
samples. All these add up to 5509 sections.

Most of the chemical analyses are partial,
made for practical exploration purposes. Un-
less stated otherwise, all analyses were made
at the Otaniemi and Rovaniemi laboratories of
the GSF. The analytical methods chosen de-
pend on the practical needs and reflect the
availability of facilities and development of
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analytical equipment and automation tech-
niques during the long span of the investiga-
tions. Some whole-rock compositions from
Koitelainen were determined by wet-chemical
techniques by Risto Saikkonen (GSF) but other
rocks and ores were analysed by XRF on pow-
ders or powder briquettes; the chromitite anal-
yses for Koitelainen were made on flux-fused
samples.

Se and Te were determined by graphite fur-
nace AAS after preconcentration by reductive
coprecipitation from aqua regia digestion (see
Niskavaara & Kontas, 1990). ICP-MS were
used to analyse selected samples from Keivitsa
for Ag, Ba, Bi, Cd, Hg, Mo, Rb, Se, Sr, Th, Tl,
U and V. All drill core samples from Keivitsa-
Satovaara and Akanvaara were analysed for
Au and Pd by graphite furnace AAS (Kontas et
al., 1990) and selected samples from all intru-
sions also for Os, Ir, Ru, Rh, Pt, Pd, Au and Re
by nickel sulphide-ICP-MS (Juvonen et al.,
1993, 1994); a smaller number of samples
from Keivitsa were analysed for Pt, Pd and Au
by Pb fire assay (Juvonen et al., 1994). The
CN values for PGE and Au were calculated
based on the following C1 chondrite values:
Os 761 ppb (Tredoux et al., 1989), Ir 710 ppb,
Ru 1071 ppb, Pt 1430 ppb, Pd 836 ppb (Taylor
& McLennan, 1985) and Au 152 ppb (Krähen-
bühl et al., 1973). In earlier years the acid-sol-
uble metals were determined with various dis-
solution (HCl, aqua regia) and analytical tech-
niques (OES, AAS); for Keivitsa the base met-
als (Ni, Cu, Co, Zn, Pb) were determined first
by AAS, later (from 1992 on) by ICP-AES.

Pedogeochemical till and weathered bedrock
samples taken by the Geochemistry Depart-
ment were analysed for Si, Al, Fe, Mg, Ca, Na,
K, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Pb and Ag
by OES (“quantometer”) as described by Gus-
tavsson et al. (1979); those collected by the
Exploration Department were analysed for
base metals (Cu, Ni, Co, Zn, Pb) by AAS.
Keivitsa was one of the first prospects from
which all till samples were analysed for Pd and
Au by graphite furnace AAS (Kontas et al.,

1990). H
2
O, C and S were determined by

LECO.
The following gives the number of analyses

from each study area.
Koitelainen: 91 wr analyses (XRF and wet-

chemical); 913 Pd-Au analyses; 890 Pb fire as-
says (Pt, Pd, Au); 33 nickel sulphide fire as-
says for PGE-Au-Re (of which 7 analyses by
the Canadian companies NAS and XRAL); 84
ICP; 2840 partial silicate and ore analyses
(AAS, XRF, OES); 82 XRF analyses of
chromitites; 90 analyses of Cr of high-alumi-
nous schists; 1559 metal analyses of the prod-
ucts of mineral processing tests of V-rich mag-
netite gabbro.

Keivitsa-Satovaara: 1824 whole-rock XRF
analyses; 409 Se-Te-Sb-Bi, 2263 Te, 44 trace-
element ICP-MS, 15 366 Pd-Au; 4627 PGE-
Au-Re (of which 233 by the companies NAS
and XRAL); 16 151 ICP; 2800 AAS base met-
als; 682 S (by LECO); 79 H

2
O(tot) and 696 C.

Akanvaara: 1465 whole-rock XRF analyses;
3325 Au-Pd; 261 PGE-Au-Re; 371 ICP; and
261 XRF, ICP and PGE-Au-Re analyses of
products of mineral processing tests.

Until the late 1970s electron microprobe
analyses were made by Tuula Hautala (née
Paasivirta), GSF, mainly on chromites and
magnetite, using Microscan Cambridge equip-
ment under ordinary operating conditions (ac-
celerating voltage 15 kV, probe current 20
nA). Natural chromite from the Kemi deposits,
magnetite (for V) and sphalerite (for Zn) were
used as standards. The results were corrected
with the Bence-Albee program. The next mi-
croprobe, a Jeol JXA, served until September
1993. It was used mainly for qualitative miner-
al analyses and analyses of olivine melt inclu-
sions. Raw data were corrected with ZAF pro-
cedure. Most of the analyses presented here
were made on a fully automated Cameca SX
50 probe, with four WD spectrometers. The
data were processed with the Cameca PAP
program (Pouchou & Pichoir, 1984). A PGT
EDS instrument was used for mineral identifi-
cation. In most cases natural minerals, but for
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a few elements, pure metals, were used as cali-
bration standards. The operating conditions
(accelerating voltage, probe current and elec-
tron beam diameter) were as follows: 15 kV,
25 nA and defocused 10 mu beam for feld-
spars, micas and amphiboles; 15 kV, 30 nA
and focused beam for olivines, pyroxenes and
oxides; 20 kV, 30 nA and focused beam for
sulphides and arsenides.

Electron microprobe analyses of Koitelainen
rocks were made on olivines and pyroxenes
(67 analyses), plagioclase (13, plus several
partial analyses), garnet (7), magnetite and il-
menite (119), chromite (152), apatite and chlo-
rapatite (14), loveringite (17), zircon (4), al-
lanite (5), Ti-Th-P silicate and Ti-REE silicate
(4), biotite-phlogopite and amphibole (5),
chlorhornblende (3), platinum-group minerals
(PGM) 12, sulphides (EDS identifications, 72),
and fossil melt inclusions in olivine (70).

From Keivitsa microprobe analyses were
made of olivine (169), clinopyroxene (114),
orthopyroxene (19), plagioclase (32), magnet-
ite, ilmenomagnetite and chrommagnetite (90),
chromite (17), spinel (1), ilmenite (6), rutile
(2), chlorapatite (9), zircon (10), dashkesanite
(13), primary hornblende and secondary am-
phiboles (84), biotite-phlogopite (46), chlorite
(12), serpentine (2), sulphides and arsenides
(723), tsumoite (7), PGM (8), and uraninite
(4). In addition, there are 56 EDS identifica-
tions of various minerals; 123 PGM and 95
sulphide and arsenide analyses reported by
Kojonen et al. (1996, 1997); 20 EDS analyses
of sulphides and 40 of PGM made by VTT
(privately reported by Tuula Saastamoinen,
1994); and 3 PGM determinations made by
Boliden Mineral (privately reported by Juhani
Nylander, 1995).

From Akanvaara the following microprobe
analyses were made: secondary Fe-Mg sili-
cates from chromitite layers (87), chromite
(878), ilmenite and ilmenorutile (89), loverin-
gite (11), chlorapatite and apatite (60), chromi-
an clinozoisite (8), titanite (11), tourmaline
(10) and laurite (3). VTT supplied 70 EDS
analyses of silicates and ilmenite.

Innumerable BE and SE images and EDS
peeks were made during the microprobe work.

Pentti Kouri (GSF, RONF) made dozens of
XRD mineral identification runs using a
Philips automatic X-ray powder diffractome-
ter.

Samples from the Keivitsa-Satovaara area
have been used for isotope studies of Sm-Nd
(Huhma et al., 1995b, 1996); S and C isotopes
have been determined from 67 samples by
L.N. Grinenko (see Hanski et al., 1996). Juha
Karhu (pers. comm.) has made preliminary C
and O isotope determinations on carbonate
rocks of the Keivitsa area.

Extensive mineral processing and metallur-
gical tests of the UC layer of the Koitelainen
intrusion were made in the late 1970s by Outo-
kumpu Co and of the V-rich magnetite gabbro
of Koitelainen by Rautaruukki Co. Flotation
tests of the graphite gabbro were undertaken
by Rautaruukki Co in 1988. A series of miner-
al processing tests on various ore types of the
Keivitsansarvi Cu-Ni-PGE-Au deposit and on
serpentinite of the big xenolith in the lap of the
Keivitsa intrusion was made by VTT in 1993–
1994. VTT also conducted processing tests on
the Akanvaara UC and ULC material in 1995,
and from the Akanvaara V-rich magnetite gab-
bro in 1996. The results of the mineral
processing and metallurgical research have not
yet been released.
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The eastern part of the Fennoscandian
Shield (Shield in the following; note that the
name Baltic Shield is still used in Russia) is
composed mainly of Archaean tonalitic gneiss-
es (infrastructure) and greenstone-schist belts
of late Archaean to early Proterozoic age (sup-
estructure). As the mafic magmas that formed
the numerous layered intrusions on the Shield
are thought to have been intruded the sialic
craton it may be appropriate to try to examine
some of the geochemical properties of the old
crust. If the magmas that fed the layered intru-
sions had any interaction with the crust (which
seems inevitable in the light of the large sur-
face to volume ratio), knowledge of the geo-
chemistry and isotope geochemistry along the
feeder walls, if accessible, is necessary in ef-
forts to assess the geochemical characteristics
and degree of crustal contamination and its ef-
fect on the intrusive magmas.

Most zircons of the basement rocks were
formed or reformed (that is, were purified of
Pb) between 2600 and 2800 Ma. That time,
called the Saamian orogeny in Russian Karelia
and the Kola Peninsula, was an intense crust-
forming epoch in the Shield. Apparently of
global extent, it is represented in the Canadian
Shield by the Kenoran event (e.g., Kouvo,
1976). Here I denote this event as Kenoran.
The crust was evidently reborn, rather than
newborn, as suggested by the ever growing
number of zircons, or cores of zircons, older
than 2600–2800 Ma found in the Shield and
other old cratons in northern Eurasia.

According to zircon data, the preceding tur-
moil occurred at about 3100 Ma ago (e.g.,
Shurkin et al., 1979; Kröner et al., 1981; Mints
et al., 1982; Hyppönen, 1983; Lobach-
Zhuchenko et al., 1986; Paavola, 1986; Bibi-
kova et al., 1989; Sergeev et al., 1990). This
event was evidently of relatively short dura-
tion and not very thorough as indicated by the
abundance of whole zircons, and older zones
and cores of inherited zircons aged 3150–3650
Ma (Bibikova et al., 1989; Sergeev et al.,
1989, 1990; Kröner & Compston, 1990). The
calculated Sm-Nd model ages T(CHUR) for
rocks containing >3100 Ma zircon generally
fall within this same range, between 3200 and
3800 Ma (Jahn et al., 1984; Huhma, 1995a).
This old age (of crust?) is recorded in the Sm-
Nd memory of contaminated layered intrusions
(see Iljina, 1994). Occurrences of zircon
>3100 Ma old in acid volcanic rocks (Shurkin
et al., 1979; Kapusta et al., 1985) possibly in-
dicate newborn crust. The ε

Nd
(3100 Ma) value

for the old basement of the Koitelainen area is
–3.7±1.8 (Jahn et al., 1984), one of the lowest
(most negative) for Archaean crustal rocks.

Zircon ages falling between the 3100 Ma
event and the Kenoran event are interpreted as
representing high grade metamorphism (e.g.,
the 2860 Ma zircon in the Vodlozero block,
Sergeev et al., 1990); zircon from acid volcan-
ic rocks of the Koikar structure, northwest of
Lake Onega, has, however, been dated at 2935
Ma (Bibikova & Krylov, 1983).

Late Archaean to early Proterozoic volcanism

The late Archaean to early Proterozoic post-
Kenoran greenstone belts were laid upon older
sialic crust (Goodwin, 1977; Gorman et al.,
1978; Kröner et al., 1981; Lazko et al., 1982;

Lowe, 1987). A greater number of isotopic
ages of volcanic rocks and mafic dykes of the
northern and eastern Shield has become availa-
ble in recent years. As a result, a more compre-

GEOLOGICAL SETTING

Archaean basement complex
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hensive – and complicated – picture of pre-
Svecokarelian cratonic magmatism has
emerged. Volcanic and intrusive activity lasted
longer than previously thought, and although
there were evidently times of high magmatic
activity, there seem to have been no lulls of
any major length (see Balashov, 1996; Huhma
et al., 1996). Magmatism was also composi-
tionally more variegated, consisting of simul-
taneous or sequential extrusion of contrasting
magmas such as komatiitic and acid lavas, al-
kali granites, carbonatites and tholeiites (Mu-
tanen, 1989b, 1996; Balashov, 1996). The cra-
tonic magmatism of the Shield also seems to
have temporally faded into the preceding
Kenoran diastrophism and the succeeding Sve-
cokarelian orogeny.

In general the “Kenoran crust” in the Shield
bears no evidence of older zircons. Thick se-
quences of acid volcanic rocks and related or-
thogneisses (e.g., the Lebyazhinsk series,
2620–2780 Ma, Pushkarev et al., 1978; Mints
et al., 1992; Kuhmo greenstone belt, 2798 Ma,
Hyppönen, 1983; Kiviaapa basement gneiss,
Koitelainen, 2765–2820 Ma, Mutanen, 1989b)
of this age group suggest formation of new crust.

The 2440–2490 Ma intrusion event was pre-
ceded by bimodal mafic-felsic volcanism, in
which komatiitic lavas, basalts and siliceous
high-magnesian basalts (SHMB) represent the
mafic, and rhyolites the felsic, member. Acid
volcanic rocks of the Salla Formation (Man-
ninen, 1991) form the present floor and roof of
the Akanvaara intrusion, but occur in lesser
amounts in the immediate roof of the Portti-
vaara intrusion (my own observations) and the
Koitelainen intrusion (Mutanen, 1996). Acid
volcanic rocks of the Seidorechka Suite occur
in the roof of the Imandra intrusion (see e.g.,
Kozlov et al., 1967), although, drawing on
published descriptions and radiometric ages
(Mitrofanov et al., 1995b) I do not consider that
the “imandrites” of the area are volcanics as
purported but rather that they represent the
granophyre cap of the underlying intrusion.

As the pre-intrusion magmatism straddles

the established Archaean/Proterozoic bounda-
ry (2500 Ma), I call it here APB magmatism.

Acid igneous rocks (lavas, dykes and intru-
sions) of the APB event, which are not spatial-
ly associated with the layered intrusions, are
widespread in the Shield. Examples, with radio-
metric ages using various methods, are as fol-
lows (omitting the error limits if not unduly
wide): Kaunismännikkö acid metatuff (north-
west of Koitelainen) 2453 Ma (GSF, 1983;
Seppo Rossi, oral comm., 1997); Sumian acid
metavolcanics in Karelia 2480 Ma (Shurkin et
al., 1979) and 2550 Ma (Kratts et al., 1984),
pre-Jatulian quartz porphyry in Russian Kare-
lia 2453 Ma (Kratts et al., 1976), some granites
in the Kola Peninsula 2420 (±160–180) Ma
(Mints et al., 1982), alkali granites 2456 Ma
(Balashov, 1996), quartz porphyries 2448 Ma
(op. cit.), a granite porphyry dyke east of the
Kuhmo greenstone belt 2435 Ma (Luukkonen,
1988), granodiorite in the western White Sea
area 2454 Ma (Levchenko et al., 1996), Nuo-
runen granite 2590 Ma (Kratts et al., 1984),
metavolcanics of the Imandra-Varzuga zone
2540–2548 Ma (Balashov, 1996) and 2423 Ma
(Mitrofanov et al., 1991), charnockites of the
Topozero area 2425–2450 Ma (Shemyakin,
1980), and the Sadinoja quartz porphyry brec-
cia below the Koitelainen intrusion 2526±46
Ma (Pihlaja & Manninen, 1988). The latter,
about 200 m from the contact of the 3100 Ma
tonalite and with rather wide error limits, also
serves as a caveat for inherited zircons in acid
volcanic rocks.

No reliable ages have yet been obtained for
the APB komatiites of Central Lapland. In the
eastern part of the Shield the komatiitic metal-
avas of the Vetren Belt and ultramafic dykes
give Sm-Nd model ages of 2500 Ma (Girnis et
al., 1990) and mineral Sm-Nd ages of 2460–
2450 Ma (Pukhtel et al., 1991). Ultramafic
dykes of the Pechenga-Varzuga zone have
yielded an age of 2457 Ma (Balashov, 1996).
These are a trifle older than, or indistinguisha-
ble from, the ages of the Koitelainen and
Akanvaara intrusions.
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There is evidence in the Shield of mafic in-
trusive activity that clearly predates the 2440–
2490 Ma event. In the Kola Peninsula there are
gabbro-norites with a Sm-Nd age of 2555±65
Ma. Relics of a pre-Koitelainen intrusion have
been found below the Koitelainen intrusion
(Mutanen, 1989b).

Sediments of the Parandova Series in Kare-
lia, Russia, have yielded common lead model
ages of 2420–2550 Ma (Vinogradov et al.,
1959).

The mafic layered intrusions represented the
finale of the APB eruptive activity; no external
ultramafic, mafic or felsic dykes are found cut-
ting the freshly consolidated cumulates. The
quartz monzonite diapirs in the Koitelainen
Lower Zone, felsic dykes in the Koitelainen
magnetite gabbro, and dioritic and felsitic
dykes in Keivitsa are “inside” phenomena of
the intrusive systems, as described and ex-
plained later. In Bushveld the Nebo granite
cuts through the supposedly penecontempora-
neous mafic cumulates (see Walraven & Hat-
tingh, 1993). Whether this is the only excep-
tion to the rule outlined above will be learned
only after the mafic rocks of the Bushveld
Complex are satisfactorily dated (see Wal-
raven et al., 1990).

APB volcanism and intrusive activity are

known from many parts of the world (see Ala-
pieti & Lahtinen, 1989; Alapieti, 1990, 1996).
Of interest is that a 2460 Ma old granophyre
gneiss and acid volcanic rocks have been dated
among the Transvaal sediments in the Bush-
veld area (Coertze et al., 1978; Walraven et al.,
1990). Moreover, bimodal (mafic/rhyolitic)
volcanism in the Hamersley Basin, Australia,
took place between 2470 Ma and 2449 Ma
(Barley et al., 1997). Glikson (1996) has pre-
sented an exciting and inspiring vision linking
global magmatic events to meteorite bombard-
ment.

As reliable ages of metasediments and meta-
volcanics in Finnish Lapland are lacking, in-
trusion ages become handy in fixing the mini-
mum age for the floor rocks and immediate
roof rocks.

Refractory volcanic rocks are found as xeno-
liths among cumulates. Xenoliths of basalts,
basaltic tuffs, komatiites and pre-intrusive
gabbros occur in the Koitelainen intrusion,
komatiite xenoliths in the Koillismaa Group
intrusions (my interpretation of the case re-
ported by Isohanni, 1976), and basaltic xeno-
liths in the Akanvaara intrusion. Keivitsa is
conspicuous for the abundance and wide varie-
ty of xenoliths.

MAFIC LAYERED INTRUSIONS OF THE FENNOSCANDIAN SHIELD

Mafic layered intrusions occur throughout
the Fennoscandian Shield. A very incomplete
presentation of their areal distribution is
shown in Fig. 1. The data shown on the map in
Fig. 1 were collected from published regional
reviews (Alapieti & Lahtinen, 1986; Alapieti,
1996; Mutanen, 1989a, 1996), descriptions of
individual intrusions, new unpublished reports
and published U-Pb zircon and baddeleyite
ages and Sm-Nd mineral isochron ages, as fol-
lows (intrusion/source): Koitelainen/ (Mu-

tanen, 1976b; 1979a, 1981, 1989a, b, 1996);
Kouvo, 1977; Fedorova-Pana/Mitrofanov et
al., 1991; Bayanova et al., 1994; Amelin et al.,
1995; General (Luostari)/Mitrofanov et al.,
1991; Amelin et al., 1995; Bayanova & Smol-
kin, 1996; Grokhovskaya et al., 1996; Mon-
chegorsk (Moncha)/Vinogradov et al., 1959;
Kozlov et al., 1967; Kozlov, 1973; Mitrofanov
et al., 1991, 1995a; Amelin et al., 1995; Amelin
& Neymark, 1995; Glavny Khrebet (Monche-
Chuna-Volche-Losevykh Tundr, MVL)/ Koz-
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lov et al., 1967; Mitrofanov et al., 1993; Iman-
dra/Mitrofanov et al., 1991; Dokuchaeva et al.,
1992; Amelin et al., 1995; Kolvitsa (Kolvitsa-
Kandalaksha)/Mitrofanov et al., 1993; Frisch
et al., 1995; Pyirshin/Mitrofanov et al., 1993;
intrusions of the Kejv area/Sharkov &
Sidorenko, 1980; Mints et al., 1992; Mitro-
fanov et al., 1993; Olanga group (Kivakka,
Tsipringa, Lukkulaisvaara and Kundozero; in-
trusions of the Topozero area)/Lavrov, 1971,
1979; Sidorenko et al., 1974; Sidorenko &
Shemyakin, 1974; Shemyakin, 1980; Ste-
panov, 1984; Mitrofanov et al., 1991; Amelin
et al., 1995; Haikola/Gorbik, 1976; Burakov-
ka/ Lavrov et al., 1976; Amelin & Semenov,
1996; dyke complexes/ Sidorenko & She-
myakin, 1974; Ein, 1984; Kolbantsev, 1994;
Vuollo et al., 1996). It is possible that many of
the present individual intrusions, e.g., the
Koillismaa Group (Alapieti), 1982), Monche-
gorsk and MVL (Sokolova, 1976; Rundkvist &
Sokolova, 1978) and Koitelainen and Akan-
vaara intrusions, were originally parts of a sin-
gle intrusion.

The first “respectable” ages of the 2440–
2490 Ma group of intrusions are the 2450–
2460 Ma common lead model ages of the mas-
sive vein sulphides of the Monchegorsk intru-
sion (Vinogradov et al., 1959). The first con-
ventional isotopic ages on zircon of the ultra-
mafic pegmatoids were obtained in 1974 of the
Koitelainen intrusion (Mutanen, 1976b, 1989b;
see also the sections on ultramafic pegmatoids
in this book). Since then a great number of in-
trusions have been dated by U-Pb zircon, bad-
dleyite and (or) Sm-Nd methods.

A man-made problem that causes some con-
fusion among the uninitiated concerns the
names of the intrusions. There are various
ways of transliterating Russian into English,
usage differs among Russian geologists, some
writers use former Finnish names, and others
present Russian names and so on. It is not dif-
ficult to see that Tsipringa is the same as
Tsypringa, and one might guess that Burakov-
ka is the same intrusion as Burakovsky, Bura-

kovo or Burakovka-Aganozero and that
Lukkulaisvaara is the same as Lukkulaisen-
vaara, but how could one know that Pana is the
same as Panski or Pansky and Olanga the same
as Oulanka. And what about the names
Monche, Moncha and Monchegorsk? It may be
possible to conclude from textual hints that
Monche (Moncha) is in fact the old Monche-
gorsk, and not part of the long Monche-Vol-
che-Losevykh Tundr (MLV) intrusion west
and northwest of Monchegorsk. I hope that this
book will become, if nothing else, an authori-
tative text regarding the names of the intru-
sions!

The large mafic differentiated “plutons” in
southern Finland (the Ylivieska, Parikkala and
Hyvinkää intrusions shown in Fig. 1) are not
generally recognized as layered intrusions,
which they undoubtedly are. They present fine
examples of layering in outcrops and strong
crystal fractionation down to cumulus ilmen-
ite, magnetite and apatite. Their parent mag-
mas were richer in Ti and more oxidized than
those of older intrusions in northern and east-
ern parts of the Shield. These intrusions and
their feeder sections represent the geosynclinal
magmatism (island arch magmatism (?) in cur-
rent usage) of the Svecofennian orogeny (ca
1880–1892 Ma; Neuvonen et al, 1981; Patchett
& Kouvo, 1986), whereas the older intrusions
(> 2000 Ma) intruded the Archaean crust and
were emplaced either at the basement contact
or at different levels in the overlying cratonic
sedimentary-volcanic pile.

The magmas of the 2440–2490 Ma intru-
sions were mainly emplaced along the uncon-
formity contact between the basement and late
Archaean or early Proterozoic metasediments
and greenstones (e.g., Mutanen, 1981, 1989b;
Dokuchaeva et al., 1992). The upper feeder
section of Näränkävaara, the connecting dyke
(see Alapieti, 1982) as well as the feeder dykes
southeast of the Kemi and Penikat intrusion
trend northwest (Mutanen, 1989b) a trend that
is also seen in the overall distribution of the
intrusions of the Lapland Intrusion Belt (LIB).
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The postulated feeders of the Kemi and the
Penikat intrusions (the Loljunmaa dyke, see
Alapieti et. al., 1990) were checked by gravity
measurements and found to agree with the pre-
diction (Elo, 1979). The Loljunmaa (Lolju)
dyke is traceable as a string of gabbro outcrops
for 7 km east of the base of the intrusion (see
Perttunen, 1971).

Opinions vary as to the composition of the
parent magmas of the 2440–2490 Ma intru-
sions. This is partly due to the lack of chilled

rocks, which would be representative of the
parent magma before fractionation and un-
tainted by contamination or cumulus crystals
(see e.g., Hoover, 1989) and partly because the
bulk intrusion analyses were made on sections
that do not represent the entire cumulate mass.
Only the roots of many intrusions are exposed
on the present erosion surface (Burakovka,
Näränkävaara). The Tornio-Kemi-Penikat in-
trusions were tilted and beheaded by pre-Jatu-
lian erosion and hence only remnants of the

Fig. 1. Mafic layered intrusions of
the central and eastern Fennoscan-
dian Shield. KOI – Koitelainen,
KEI – Keivitsa-Satovaara Complex,
AKA –Akanvaara, T – Tsohkkoa-
ivi-Kaamajoki, TKP – Kukkola-
Tornio-Kemi-Penikat group, KG –
Koillismaa group, KOU – Kou-
lumaoiva, PE – Peuratunturi,
G – General (Luostari), F – Fedor-
ovo-Pana, OL – Olanga group,
K – Kolvitsa-Kandalaksha, B –
Burakovka, IM – Imandra, MO –
Monchegorsk, MLV – Monche-
(Chuna)-Volche-Losevykh Tundr,
PY – Pyrshin, HA – Haikola,
Y – Ylivieska, H – Hyvinkää, P –
Parikkala, dy – 2450 Ma age group
dyke complex. CAR = Kortejärvi
and Laivajoki carbonatites. Sources
in text.
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granophyre caps have been preserved (Pert-
tunen, 1991).

The most completely analysed of the best
preserved intrusions is Akanvaara, which
shows (Fig. 5) that the bulk composition of the
intrusion corresponds to a fairly normal tholei-
ite, with ca 52% SiO

2
, 6–8% MgO, 0.7% TiO

2
,

and low Cr and Ni. Thus, the magma was not
particularly “primitive”. It was rather similar
in bulk composition to the Bushveld layered
series (see von Gruenewaldt, 1979), and Bush-
veld magma at the Merensky Reef fractionat-
ing stage (Cawthorn, 1995, 1996).

From what we know of the fractionation of
the Koitelainen and Akanvaara magmas (low
H

2
O) and the bulk intrusion compositions

(MgO, Cr and SiO
2
), it is clear that the mag-

mas were not boninitic (see Crawford et al.,
1989) as proposed by Alapieti (1996). The un-
tainted chill compositions have a Cr content
appropriate to tholeiitic basalts, low REE and a
flat REE CN pattern (see Alapieti, 1982).
SHMB-type volcanism (see Sun et al., 1989)
preceded the Akanvaara intrusion, but the in-
trusion itself is not of the SHMB type.

The parent magmas of the 2440–2490 Ma
intrusions were low in Ti and P, and the Fe3+/
Fe2+ ratio was low. Thus, ilmenite never crys-
tallized as a “legal” cumulus mineral, cumulus
apatite appeared only in the uppermost ferrodi-
orites, and cumulus magnetite (original ti-
tanomagnetite) entered late (at Koitelainen at
about 94 PCS level).

The magmas were also heavily undersaturat-
ed in sulphur (sulphide liquid), and hence,
aside from transient sulphide saturation due to
contamination, terminal saturation of sulphide
liquid (high Fe and Cu/Ni) occurred at or
above the magnetite-in phase contact. In this
respect the magmas were quite similar to that
of other tholeiitic intrusions, e.g., the Bush-
veld Complex (Liebenberg, 1970) and Kigla-
pait intrusion (Morse, 1969a, 1979b).

The mafic layered intrusions in northern
Finland and their counterparts in Russian
Karelia and the Kola Peninsula host a variety

of ore deposits. With their numerous known
prospects of PGE (Razin, 1974; Mäkelä, 1975;
Isohanni, 1976; Piirainen et al., 1977; Mu-
tanen, 1979, 1989a,b, 1996; Vuorelainen et al.,
1982; Piispanen & Tarkian, 1984; Lavrov &
Pekki, 1987; Mutanen et al., 1987, 1988;
Krivenko et al., 1989; Lazarenkov et al., 1989,
1991; Yakovlev et al., 1991; Barkov et al.,
1991, 1994; Pchelintseva & Koptev-Dvorni-
kov, 1993; Golubev & Filippov, 1995; Mitro-
fanov et al., 1995a,b; Nikitichev et al., 1995;
Trofimov, 1995, Trofimov et al., 1995), of Ti
and V (e.g., Proskuryakov, 1967; Juopperi, 1977,
Mutanen, 1989b) and of chromite (Veltheim,
1962; Kujanpää, 1964; Kozlov et al., 1975; Bar-
kanov, 1976; Mutanen, 1979, 1981, 1989a,b,
1996; Dokuchaeva et al., 1982a, b; Lavrov &
Trofimov, 1986; Lavrov & Pekki, 1987; Alapieti
et al., 1989; Smirnova et al., 1996), they are jus-
tifiable targets for the present exploration pro-
grammes in the Shield. Taken together, the
chromitite layers of Koitelainen, Akanvaara,
Monchegorsk, Imandra and Burakovka already
constitute the largest known undeveloped re-
source of chromite in the world.

A belt of layered intrusions runs in a general
southeasterly direction through Finnish Lap-
land and on into Russia (Fig. 1). The name La-
pland Intrusion Belt (LIB) is used here for the
belt. The LIB contains intrusions, sills and
dykes with ages from 2490 Ma to 2000 Ma and
younger. The intrusions of the 2440 Ma age
group occur in the axial part, and throughout
the length, of the LIB, from Tsohkkoaivi-
Kaamajoki in the northwest to Kivakka,
Tsipringa and Lukkulaisvaara (the Olanga
group) in Russia. Small intrusions and dykes
of the general magma type of 2440 Ma intru-
sions are met with southeast of Olanga (see
Fig. 1); the belt may extend still farther south-
eastwards, to Burakovka in the Lake Onega re-
gion, Russia.

Relics of a pre-Koitelainen intrusion were
intersected below the Koitelainen intrusion by
two diamond drill holes, and its rocks occur as
xenoliths near the base of the Koitelainen in-
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trusion. The older intrusion is of an evolved
(Ti-P-rich) magma type.

The Koitelainen event was preceded by ex-
trusion of rhyolitic and komatiitic lavas and
minor basalts (see Mutanen, 1989b). At
Koitelainen, komatiites are more common, but
at Akanvaara the intrusion was preceded main-
ly by rhyolitic and basaltic volcanism (SiO

2

52–53%, MgO 6.5%, TiO
2
 0.85%). Komatiites

and rare basalts occur in Koitelainen among
mafic cumulates as xenoliths, in “horizons”
marking the onset of anatexis of the roof rocks.
Understandably, acid rocks immersed in hot
mafic magma had little change of survival. In
recent diamond drill holes remains of partially
melted (“granophyrized”) amygdaloidal acid
lavas have, however, been found among gra-
nophyres in the southeastern part of the
Koitelainen intrusion. Xenoliths of acid por-
phyries also occur in the Akanvaara grano-
phyre.

Mafic dykes cut the rocks of the Koitelainen
and Akanvaara intrusions. Their chilled con-
tacts and general hypabyssal petrography sug-
gest that they were channels for lavas that ex-
truded not far above them. Because dykes like
these have not been found cutting the Keivitsa-
Satovaara complex, the post-Koitelainen dykes
may represent pre-Keivitsa basaltic magma-
tism (see Huhma et al., 1996).

The intrusions were later metamorphosed,
faulted and folded, sometimes into upright and
even overturned positions. Faulting, folding
and emplacement of younger granitoids dis-
membered the original intrusions. It seems that
despite the superimposed folding, the LIB and
associated cratonic supracrustal rocks are still
in their original site, that is, the crustal rocks
of Central Lapland were never hauled around
as tectonic plates, eventually to be put together
like a jigsaw puzzle along the healed seams of
collided plates. My opinion is that the prime
tectonic mover in Central Lapland was density
inversion between the heavy superstructure
(greenstones and mafic intrusions) and the un-
derlying buoyant sialic crust. This caused dia-

piric rise of granitoids as brachyantiform
structures.

The Keivitsa event, like that of Koitelainen,
was preceded by bimodal and often explosive
rhyolitic-komatiitic volcanism. Evidence of
acid volcanism first appears among the pelitic
sediments below the Keivitsa intrusion; acid
volcanism was accompanied and followed by
komatiitic lavas, agglomerates and tuffs, and
by the intrusion of komatiitic sills. The U-Pb
zircon age of 2048 Ma (Hannu Huhma, letter,
1992) for the Matarakoski quartz porphyry
(metarhyolite), 10 km southwest of Keivitsa, is
indistinguishable from the age of the Keivitsa
intrusion, 2057 Ma (Huhma et al., 1995b; Huh-
ma, 1997).

In Finland, magmatism roughly contempora-
neous with Keivitsa produced the gabbro-
anorthosite complex of Otanmäki (2060 Ma U-
Pb zircon, Talvitie & Paarma, 1980); the acid
and basic lavas of the Kuopio district (2060
Ma U-Pb zircon, by Olavi Kouvo; Heikki
Lukkarinen, pers. comm.), acid porphyry of
Ylitornio (2050 Ma U-Pb zircon, Vesa Pert-
tunen, pers. comm.) and the basaltic metalava
of the Jouttiaapa volcanics (Sm-Nd wr
2090±70 Ma, Huhma et al., 1990), the two last
mentioned from the Peräpohja schist belt. At
Rautuvaara, western Lapland, a differentiated
dyke has been dated by U-Pb zircon at
2027±33 Ma (Hiltunen, 1982). The carbona-
tites of Laivajoki and Kortejärvi yield a U-Pb/
zircon age of 2020 Ma (Vartiainen & Woolley,
1974). The U-Pb zircon age, 2060 Ma, of an
alkali granite, Kola Peninsula (Pushkarev et
al., 1978) Comes close to the Keivitsa age.

The peculiar mafic dykes that cut the solidi-
fied and cooled Keivitsa intrusion have no
known compositional counterparts among the
dyke rocks of the Shield. They may be contem-
poraneous with 1970 Ma tholeiitic dykes
(Vuollo et al., 1992) and ophiolites (Kontinen,
1987) in eastern Finland. Considering the long
magmatic history, these dykes represent the
prelude to a restless future, the Svecokarelian
orogeny.
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I find it impossible to describe the cumu-
lates of the layered intrusions in neutral terms,
uninfluenced by the ideas to be presented later
in this book. To help the reader follow the text
I shall therefore, without arguments, look
briefly at the convection-contamination (CC)
model that runs like a leading thread (or per-
haps to some, like a barbed wire) through the
rest of this book.

The magma filled the chamber before any
significant crystal accumulation occurred, and
formed a chilled lining of microgabbro against
the country rocks. The magma was convective
due to heat loss through the roof (thermal con-
vection) and spatial differences in bulk densi-
ties of the melt-crystal suspension (two-phase
convection). There were intermittent acceler-
ated bursts of convection and, possibly, con-
vective overturns of the magma reservoir. The
mingling-mixing zone between the mafic main
magma and overlying buoyant anatectic melt
was the prime setting of phase separation
(crystallization of cumulus silicates and ox-
ides, separation of immiscible sulphide liquid,
degassing).

The crustal rocks were melted mainly due to
the latent heat released by crystallizing cumu-
lus minerals. The melting occurred in two
stages, corresponding to fractional (water-sat-
urated/dry) melting of the granitic constituents
of the country rocks. Practically no melting
took place during the interval between the two
stages of fractional melting. At melting,
chilled linings were detached and they found-
ered in the magma. New generations of tempo-
rary chills formed from the evolving magma
against the walls and even against the salic
roof melt.

The magma was contaminated by selective

diffusion, wholesale mixing (hybridization)
and refractory residual phases after partial
melting of the country rocks. The added con-
taminants shifted the field boundaries of satu-
rated and potential phases. The residual xenoc-
ryst phases equilibrated their compositions or,
if not part of the set of phases separating from
the mafic magma, reacted with it or were dis-
solved. Thus, the effects of contamination
were mainly catalytic, visible only in trace ele-
ment and isotope systems, and in the intercu-
mulus. Contaminants were dragged along in
crystal-laden density flows and trapped in the
cumulus pile by settling crystals. The main
magma that were not drawn into the density
flows evolved independently towards iron en-
richment.

The two stages of fractional melting are re-
flected in two main contamination stages in in-
trusions. Towards the end of fractionation,
magma mixing became increasingly sluggish
as the compositions of the mafic and salic sili-
cate liquids approached the stable immiscibili-
ty solvus.

The character of contamination depends on
the water content and chemical composition of
the wall rocks, the size and surface/volume ra-
tio of the magma chamber and on the type of
melting (equilibrium/fractional). In KOI-type
intrusions (Koitelainen, Akanvaara) the con-
tamination was determined by fractional two-
stage melting, and by salic and refractory alu-
minous residue materials, in KEI-type intru-
sions (Keivitsa-Satovaara) contamination was
effected by selective contamination (H

2
O, Cl,

K), by water-saturated melting of sulphide-
rich pelitic and carbonaceous sediments, and
by refractory olivine xenocrysts from disag-
gregated komatiitic rocks.

PREVIEW OF THE CONVECTION-CONTAMINATION MODEL
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Fig. 2. Akanvaara hill. The top consists of acid volcanic rocks. From the top downwards
are granophyre, ferrogabbro and magnetite gabbro. The craggy banks are washed and
reworked shores of the Salla glacial lake. A thick anorthositic sequence (with PGE)
occupies the gully at the foot of the hill. Photo by TM.

THE AKANVAARA INTRUSION

General geology

km2. Its length from north to south is ca 15 km;
its width in the southern part, along the strike
of layering, is ca 7 km, and across the northern
wing 2–3 km. In the east and west the intrusion
is bounded by zones of steep NW-NNW faults.
The eastern fault zone separates the intrusion
from older acid volcanics. In the west, beyond
the western fault zone, the terrigeneous
psephitic and psammitic sediments of the
Ritaselkä formation are considered younger
than the Akanvaara intrusion (Jorma Räsänen,
oral comm.). Thus, the southern part of the in-
trusion is an erosional section of a fault stair-
case descending to the west, the parts west of
the boundary fault being buried beneath
younger metasediments. This general structure
of the intrusion is shown by the gravity field
(increases westwards, towards the buried part
of the intrusion and away from the lower-den-
sity acid rocks) and magnetic field (increases
eastwards, towards the strongly magnetic acid
volcanics).

The Akanvaara intrusion is located in the
southeast of the LIB (Fig. 1), 80 km southeast
of Koitelainen. Zircon from a crescumulate
gabbro just above the Upper Chromitite layer
gives a U-Pb age of 2430 Ma (Hannu Huhma,
letter 1992; pers. comm. 1996).

Owing to the lack of outcrops the existence
of the northern wing of the intrusion was not
known at the time the Savukoski map sheet
was printed (Juopperi, 1986; Heikki Juopperi
oral comm., 1991). The geology of this wing is
indeed still poorly known.

The new geological map (Appendix 1) is
based on revised mapping of the area, low-alti-
tude aeromagnetic maps, ground geophysical
surveys (magnetic, gravity and electromagnet-
ic), extensive diamond drilling, and new chem-
ical analyses, thin sections and electron micro-
probe mineral analyses. Exploration by the
RONF continues in the area.

The intrusion is a block-faulted monocline
dipping southeast, with a surface area of 50–55
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The southern part of the intrusion consists of
three large fault blocks and numerous sub-
blocks. The general direction of these faults is
between NW and NNW, the same as that of the
boundary faults, and uncomfortably close to
the ideal drilling direction.

The dip of igneous layering in the southern
part varies from 25o in the westernmost block
to 40o in the east, indicating relative rotation of
blocks. Here the floor and roof contacts of the
intrusion, where known, have been preserved,
but in the northern wing long stretches of the
western (floor) and eastern (roof) contacts
have been faulted. The general strike of the
magmatic layering in the northern wing seems
to be northeasterly, the same as in the southern
part of the intrusion.

Young faults (from post-metamorphic to
postglacial) and other “zones of weakness”
consist of crumbled material, and contribute to
core loss. No displacement along young faults
has been recognized.

Old healed faults and fault zones are formed
before and (or) during regional metamorphism.
They have been intersected by diamond drill-
ing and are sometimes visible in outcrops.
Apart from normal fracturing they are solid
rocks. The broad fault zones are schistose
blastomylonites, often with mineral veins
(quartz, carbonate). Thin fault traces (width ≤
0.5 m) are often filled with meta-pseudotachy-
lytes (metamorphosed pseudotachylytes). In
Tuorelehto a braided network of faults, shear
zones and metapseudotachylytes is visible in
the Upper Chromitite (UC) outcrop (Appendix
2). The pseudotachylytes formed through cata-
clastic comminution, frictional melting and
post-frictional annealing (see Reitan, 1968;
Sibson, 1975, 1977; Fleitout & Froidevaux,
1980). Pockets of coarse plagioclase (with mi-
nor chlorite) occur in meta-pseudotachylyte
veins; they may represent segregated and
slowly crystallized frictional neo-melt.

The chromitite layers of the Lower Zone fre-
quently have contact faults, with displacement
roughly parallel to layering. Such faults may

already have formed during consolidation of
the cumulate pile, between stiff chromitite lay-
ers and less competent host pyroxene cumu-
lates (possibly still containing interstitial
melt). Layer-contact faults may also have
formed during metamorphic hydration as a re-
sult of dissimilar volume expansion of chromi-
tite and pyroxenite. Similar contact faults are
common in Bushveld (Lea, 1996).

The magma intruded supracrustal rocks
among which acid volcanics were dominant.
Basalt xenoliths occur in granophyre. The acid
volcanics of the roof, well exposed on Akan-
vaara hill, typically contain large silicic amyg-
dales. All the acid volcanites intersected by
diamond drill holes below the intrusion are
hornfelses (later altered to metahornfelses).
Porphyric types are dominant here, but amy-
gdaloidal rocks also occur. The hornfelses in-
tersected and analysed so far are composition-
ally affected by the intrusion and hence resem-
ble the ferrogranophyres of the roof (see Mu-
tanen, 1996, p. 107). The hornfelses are more
“primitive” (higher MgO and mg# and V, low-
er Mn, Pb and Zn).

Acid volcanic rocks heated by the crystalliz-
ing magma of the intrusion melted relatively
easily, particularly if they contained glass. The
nature and amount of the digested roof rocks
are not known, but the presence of basaltic xe-
noliths indicates a lithology more variegated
than that of the present roof. At Purkkivaara,
5 km south of the intrusion, high-aluminous pe-
litic schists and komatiites occur at about the
level of the “missing” lithology of Akanvaara
(Jorma Räsänen, 1983, and pers. comm.). They
may correspond to the high-aluminous pelitic
roof rocks of the Koitelainen intrusion.

Numerous mafic dykes with a general strike
of NNW cut the Akanvaara intrusion and
country rocks. The two dykes analysed repre-
sent two distinct magma types: a rather primi-
tive one (MgO 11%, FeO(tot) 10%, TiO

2

0.85%, Cr 950 ppm, Ni 300 ppm, Cu 100 ppm,
SiO

2
 50.5%), and a more evolved one (MgO

7%, FeO(tot) 13%, TiO
2
 1%, Cr 130 ppm, Ni
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90 ppm, Cu 180 ppm, SiO
2
 48%). Some newly

intersected dykes are komatiitic in appearance.
The rocks of the intrusion, along with their

envelope and dyke rocks, underwent amphibo-
lite-facies regional metamorphism. The rocks
of the intrusion suffered hydration but, apart
from that, metamorphism appears to have been
almost isochemical. The granophyre and gab-
bros down to the Main Zone are usually heavi-
ly recrystallized. The former cumulus py-
roxenes have not been replaced by the usual,
tidy uralite pseudomorphs but by a sheaf of
long amphibole prisms that have grown far be-
yond the original grains. Plagioclase is whit-
ish, having lost its characteristic dark pigment

during recrystallization, and has altered into
clinozoisite and a more albitic plagioclase,
sometimes into scapolite. However, during al-
teration the plagioclase retained the pigment
even when all the pyroxenes had been urali-
tized. With the general decrease in alteration
downwards, the dark-pigmented plagioclase
becomes more common, and in the lower Main
Zone pyroxenes and olivine have survived in
gabbro, troctolite and peridotite. Preserved py-
roxene is common in the pyroxene cumulates
of the Lower Zone. Unless stated otherwise,
the terminology of the cumulates is based on
the original magmatic minerals.

Igneous stratigraphy and petrography

There are very few outcrops in the Main and
Lower Zones. However, overlapping drill
cores provide a continuous profile from near
the top of the granophyre down to the floor
rocks. The cores were analysed gaplessly for
Pd and Au, and XRF whole rock analyses were
made on all cores or at regular intervals.

The total thickness of the cumulate succes-
sion plus granophyre as exposed on the present
surface is ca 3100 m (Figs 3 and 5). The lay-
ered succession above the lower chilled mar-
gin is formally divided into zones.

The lower marginal chill is composed of
fine-grained microgabbros and non-laminated
(non-cumulate) gabbros, the latter often with
dendritic plumose pseudomorphs of former py-
roxene (“crescumulate microgabbro”).

The Lower Zone (LZ) consists of a lower
orthopyroxene cumulate unit and an upper
gabbroic unit; there are several chromitite lay-
ers.

In orthopyroxene cumulates cumulus chr-
omite is ubiquitous. The cumulates also con-
tain, particularly when chromite is abundant,
cumulus clinopyroxene as big, sparse cumulus
crystals, more rarely as small euhedra. Inter-

estingly, orthopyroxene has a reaction rela-
tionship with clinopyroxene, the latter finish-
ing its crystallization with intercumulus
quartz. Olivine (now altered) is a visiting cu-
mulus mineral. It joins the pyroxene-chromite
cumulus assemblage 1.4–3.1 m below each of
the Lower Chromitite (LC) layers, occurs be-
tween closely-spaced chromitite layers and in
one case continues for 2 m above the chromi-
tite. Sometimes euhedral olivine occurs, with-
out reaction, with euhedral orthopyroxene. As
at Koitelainen and Keivitsa, I think that this
does not really mean co-crystallization of oliv-
ine and orthopyroxene. The olivine abundance
below the lowermost LC layer is very low. Oli-
vine is not associated with the Lowermost
Lower Chromitite (LLC) layers.

Plagioclase is the main intercumulus miner-
al in LZ. Brown primary hornblende also oc-
curs in the intercumulus. The amount of post-
cumulus plagioclase, and also of quartz, is
quite high (27–39 vol% pl+q) near the base, to
the extent that some pyroxene cumulates are
modally gabbros and quartz gabbros. Euhedral
zoned crystal cores in plagioclase oikocrysts
indicate that plagioclase began to grow as a
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Fig. 3. Stratigraphy of the Akanvaara intrusion.

cumulus phase. Evidently these cumulates
contain a considerable amount of acid contam-
inant magma from melted floor rocks. Layers
of true gabbroic cumulates occur in the lower
part of the unit. Fluorapatite and zircon are
typical (but never abundant) accessory miner-
als. The amount of intercumulus plagioclase

decreases upwards. Zircon is present, and lov-
eringite is common (Fig. 4, Table 2). I have
found crystals of loveringite as inclusions in
orthopyroxene; thus, it is apparently a cumulus
phase, as in the Koitelainen intrusion (Tarkian &
Mutanen, 1987). Apatite is chlorapatite (Cl
5.03–6.84%, F 0.00–0.08%) in pyroxene cu-
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Fig. 4. Chlorapatite and loveringite from Akanvaara. BE images by Lassi Pakkanen. a – cumulus chlorapatite with veins of
secondary magnetite. Olivine cumulate (peridotite) overlying ULC layer. DDH337/29.75 m; b – loveringite mantle around cumu-
lus chromite in orthopyroxene-clinopyroxene cumulate. Loveringite has a thin ilmenite+rutile rim. In this thin section there are also
laths of loveringite, zircon, primary phlogopite and quartz. DDH320/252.80 m.

mottled look. Oikocrysts of orthopyroxene are
preserved in unaltered rocks. Chlorapatite oc-
curs as big cumulus crystals (Fig. 4, Table 8).

In the upper part of the unit there are inter-
layers of pyroxene cumulates (with chromite)
and olivine-plagioclase-chromite cumulates
(troctolites, with poikilitic pyroxenes). These
are overlain by a succession, ca 35 m thick, of
alternating layers of gabbro and pyroxenite.
Most of the MZ rocks are cotectic plagioclase-
pyroxene cumulates. In the lower gabbros, or-
thopyroxene typically occurs as small (≤ 1–2
cm) oikocrysts.

Solitary layers rich in cumulus plagioclase
(anorthosite gabbros) and two thick succes-
sions of alternating layers of gabbro,
anorthosite gabbro, gabbro-anorthosite and
mottled anorthosite occur in the upper part of
the MZ.

The coarse gabbros on top of the MZ contain
plagioclase in excess to its due cotectic pro-
portion. These rocks are also rich in intercu-
mulus quartz and contain big fluorapatite crys-
tals.

The Upper Zone (UZ) is set to begin from
the top of the homogeneous gabbros underly-
ing the Upper Chromitite (UC) layer. It starts

mulates (Table 8), but in the heavily contami-
nated lowermost pyroxene cumulates and LLC
layers the apatite is fluorapatite.

Interlayers of gabbro appear in the upper
part of the unit.

The lowermost part of the gabbro unit con-
tains pyroxenite interlayers. Otherwise the unit
mainly consists of monotonous gabbroic cu-
mulates. Discontinuous layers of pyroxene (-
chromite) cumulates and a group of thin (≤ 5
cm) chromitite layers occur in the upper part.

Immediately below the base of the MZ is a 3
m-thick succession of alternating layers of py-
roxenite, gabbro and mottled anorthosite.

The Main Zone (MZ) comprises cumulates
from the base of the Uppermost Lower Chrom-
itite (ULC) up to the base of the Upper Chrom-
itite (UC) succession.

An olivine-pyroxene cumulate unit about 25
m thick overlies the ULC layer. This unit
shows up well on the magnetic map. Dissemi-
nated cumulus chromite is always present; in
the lower part of the unit chromite occurs as
thin bands and as concentrated pockets be-
tween orthopyroxene cumulus crystals. Black
oikocrysts of amphibolized clinopyroxene, en-
closing olivine, give the rock its characteristic
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with the UC sequence, which will be described
later in connection with the UC layer (see Fig.
10).

Leucocratic layers become thinner and more
sparse upwards from 10 – 15 m above the UC,
vanishing altogether about 40 m above it. The
interval between the UC succession and mag-
netite gabbro consists mainly of cotectic py-
roxene-plagioclase cumulates that are macro-
scopically monotonous except for size layer-
ing. In this innocuous gabbro a 14-m-thick in-
terval enriched in PGE was revealed by sys-
tematic Pd assays. The overlying cumulates up
to the magnetite gabbro are variably anoma-
lous in PGE.

Near the top of the UZ is a 100-m-thick se-
quence of plagioclase-rich cumulates (mott-
led anorthosites, gabbro-anorthosites and
anorthosite gabbro), with gabbro interlayers.
Ilmenite may have crystallized as a cumulus
mineral, possibly due to silicic-aluminous
contamination. The sequence contains a 40-m-
thick bipartite PGE-enriched interval.

The sudden arrival of cumulus titanomag-
netite marks the sharp basal contact of the
magnetite gabbro. At this phase contact there
are marked anomalies of P

2
O

5
 (up to 0.3%), Zr

(210 ppm), Cr (376 ppm), La (45 ppm) and Ce
(76 ppm), which suggest that the arrival of
magnetite was promoted by convective over-
turn and associated contamination of the mag-
ma. The high Cr reflects the high D

Cr
sp/liq, but

the source of Cr may be Cr-enriched refractory
residue matter of melted crustal rocks. Geo-
chemical anomalies of Zr, P and REE seem to
be characteristic of reversals analysed in detail
(see Lambert & Simmons, 1984; Halkoaho,
1994) and I take the liberty to interpret them
with the CC model.

The magnetite-gabbro unit consists of two
magnetite-rich layers (with V > 0.1%) separat-
ed by a layer poor in magnetite. The lowermost
6 m consists of plagioclase-magnetite cumu-
late with a V content of 0.4%. Magnetite has
partly altered into silicates (hornblende, bi-
otite) in metamorphic reactions.

Titanomagnetite was evidently the sole cu-
mulus Fe-Ti oxide in magnetite gabbro. With
decreasing temperature ilmenite exsolved from
titanomagnetite first by granule oxidation-ex-
solution, later by lamellar exsolution (il-
menomagnetite). Titanomagnetite crystallized
as a cumulus phase up to the end with plagi-
oclase and pyroxenes. These were probably
later joined by fayalite. Apatite joins the cu-
mulus assemblage at about 150–200 m below
the granophyre.

Thin (1–4 cm) anorthosite layers occur in
the lower part of the unit. In the magnetite-
poor upper part there are seven layers of plagi-
oclase-rich cumulates (mottled anorthosite,
anorthosite gabbro), from 1 m to 7.5 m thick,
and more than ten ultramafic layers (now horn-
blendite) 0.2 – 1.7 m thick. In these rocks there
is a positive correlation between plagioclase
content and P-Zr-Ce-La.

The uppermost mafic cumulates are ferro-
gabbros (SiO

2
 < 55%, FeO(tot) 17–25%, CaO/

Na
2
O < 2), apatite-ferrogabbros (apatite 2–5%)

and apatite-ferrodiorite.
Granophyre is the uppermost magmatic

unit of the intrusion. The basal 20 m is ferro-
granophyre (FeO 11 – 12.5%, SiO

2
 60 – 65%),

which grades into underlying ferrodiorite and
overlying acid granophyre (SiO

2
 70 – 75%).

The total thickness of the granophyre is > 260
m. Plagioclase was the first major silicate to
crystallize from the melt. The contact relations
with the older acid volcanites of the roof are
not known.

Microgabbros are encountered from the
base of the intrusion up to the UZ. They in-
clude rocks of the lower chilled margin, layers
(?) and autoliths in the basal LZ, and discon-
tinuous layers and autoliths in the upper MZ
and in the UC succession. Microgabbros in the
cumulate succession are almost always associ-
ated with anorthositic cumulates. In the UC se-
quence microgabbros occur as irregular layers
below, in and immediately above the UC layer,
and as autoliths above the UC (see Appendix
2). There are two main types, a fine-grained
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and a medium-grained microgabbro, both com-
monly present in one sample (see Fig. 7). The
fine-grained microgabbro seems to have been
consolidated earlier and is often embedded (as
autoliths) in medium-grained microgabbro.
Both are non-cumulate rocks, which I interpret
as representing mafic magma frozen at contact
with colder country rocks, an acid anatectic
roof melt or a “cold” density flow. Hybrid mi-

crogabbro may have formed by mixing of acid-
hybrid magma and mafic magma. Microgab-
bros, which I interpret as having been formed
by internal chill phenomena, are found in
Bushveld (Cameron, 1982), Ylivieska intru-
sion (my own observations, 1965–1974), in
Stillwater intrusion (Page, 1979) and in the
Duluth Complex.

Chemistry and fractionation

The general course of crystal fractionation is
seen in cumulate compositions (Fig. 5). Analy-
ses of some rocks are presented in Mutanen,
1996. As exploration is going on in Akanvaara
and the material is not yet public, I cannot
quarantee that I am able to send wanted analy-
ses by request.

The undisturbed route from the parent mag-
ma (of the basal chill composition) would have
been: pyroxene(s) + plagioclase (+chromite?) -
> pyroxenes + plagioclase -> pyroxenes + pla-
gioclase + magnetite -> pyroxene + plagiocla-
se + fayalite(?) + magnetite -> pyroxene + pla-
gioclase + fayalite + magnetite + apatite, and
for the most part the magma did indeed evolve
along this cotectic line. The basal part of the
LZ shows the reverse fractionation from
chilled and other non-cumulate rocks to or-
thopyroxene(-chromite) cumulates. The re-
verse fractionation continues up to the lower-
most LC layers, as seen in the mg# curve (Fig.
15), and is quite similar to the reverse fraction-
ation of the Basal zone of the Stillwater intru-
sion (Page, 1979).

Crystal fractionation produced rocks with
decreasing Cr, Ni, Mg, and mg#. The build-up
of incompatible elements (Cu, S, V, Ti) and
iron in residual liquid is clearly visible in sili-
cate cumulates only above the magnetite phase
contact. The crystallization of magnetite effec-
tively depleted the vanadium in the residual
liquid. Towards the top of the magma chamber

there is a dramatic rise in Cu, Cl, P, Zr and S
(Fig. 5).

The last Fe-rich liquid was probably immis-
cible with any salic liquid, formed either by
anatectic melting of the roof rocks or by spon-
taneous splitting of the residual liquid.

The most remarkable reversals and phase
boundaries are:

1) chromite (in) / plagioclase (out), above the
lower marginal  chill;

2) orthopyroxene (out), each LC chromitite
layer in the LZ;

3) chromite (in) / plagioclase (out), pyroxene-
chromite   cumulates, upper LZ gabbro;

4) olivine (in/out), before and after each LC
layer;

5) pyroxene (out), anorthosite layers in the
upper LZ;

6) chromite (in)/ pyroxene-plagioclase (out),
chromitite   layers in the LZ gabbros;

7) chromite (in)/ pyroxene-plagioclase (out),
ULC chromitite  at the base of the MZ;

8) olivine (in), olivine-pyroxene-chromite cu-
mulate at the base of the MZ;

9) plagioclase (out), pyroxenite layers in the
lower MZ;

10) pyroxene (out), anorthosite layers in the
upper MZ;

11) chromite (in)/ plagioclase and pyroxene
(out), UC chromitite;

12) pyroxene (out), anorthosite layers of the
UZ;
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13) pyroxene (out), base of magnetite gabbro;
14) Cr peak, basal contact of the magnetite

gabbro;
15) pyroxene and magnetite(?) (out),

anorthosite layers in  magnetite gabbro;
16) plagioclase (out), ultramafic layers in

magnetite gabbro

The reversals, which are associated with
non-cotectic cumulus assemblages, imply that

the composition of magma (melt) went astray
from cotectic lines. I suggest that the cause of
the reversals was the addition of exotic materi-
al from heated and melted country rocks. This
addition changed the composition and struc-
ture of the melt, and shifted the liquidus phase
boundaries. As at Koitelainen, there is no evi-
dence of, nor need for, new magma pulses of
any kind to explain the evolution of the magma
system.

Chromitite layers

mite) cumulates, underlain, intercalated and
sometimes overlain by olivine-pyroxene-chro-
mite cumulates. Thin chromitites between the
LC and ULC are associated with thin plagi-
oclase-rich layers and discontinuous layers of
mottled anorthosite and pyroxenite. The ULC
layer is underlain by alternating layers of gab-
bro, mottled anorthosite and pyroxenite, and
overlain by olivine-pyroxene (-chromite) cu-
mulates.

The UC is the most regular and tectonically
least disturbed of the chromitite layers. The
stratigraphic positions of the LC layers seem
to be regular; however, because individual lay-
ers pinch and swell, and are often badly dis-
turbed by faults, their connections between
drill holes cannot always be established. In
this respect, the Akanvaara chromitites are
similar to the UC layer and LC layers of the
Koitelainen intrusion. Load cast structures
were found in a DDH at the base contact of a
LC layer, where a lightweight feldspathic layer
is overlain by a massive chromitite. Identified
load casts seem to be rare among layered intru-
sions but they are reported below the Steelport
Seam chromitite (Cameron, 1980) and below
magnetite gabbro in Bushveld (Willemse
1969b).

As a rule, the chromitites are distinct mo-
nocumulate layers of small (0.1 – 0.5 mm),
euhedral chromite crystals embedded in sili-

To date, 23 chromitite layers have been
counted in the Akanvaara intrusion (Fig. 6):
the Lowermost Lower Chromitite (LLC) group
at the base of the layered sequence, the Lower
Chromitite (LC) layers among LZ pyroxene
cumulates, the Uppermost Lower Chromitite
(ULC) at the base of the MZ and the Upper
Chromitite (UC) at the base of the UZ. In the
total count, closely-spaced layers are counted
as one. In addition, there are numerous chrom-
itite bands of uncertain continuity, particularly
in LZ pyroxene cumulates and in the olivine
cumulate layer above the ULC layer.

In the following I shall describe some gener-
al features of the chromitite layers and look at
the UC layer in more detail.

Chromitites occur from the base of the LZ to
the base of the UZ. Chromitite autoliths are
met with in the lower chill rocks (Fig. 7). This
implies that chromite had accumulated and
consolidated into solid cumulate somewhere,
and had then been detached, before the last
chill rocks had crystallized. On the other hand,
there are microgabbro autoliths in chromitite.
Obviously, chill-formation was a process of al-
ternate formation and peeling-off of temporary
chilled linings.

The lowermost LC chromitites are associat-
ed with gabbroic and pyroxenitic cumulates,
rich in quartz, feldspar and biotite-phlogopite.
The other LC layers occur in pyroxene (-chro-
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Fig. 6. Thicknesses and grades of Akanvaara chromitite layers.
UC – Upper Chromitite, ULC – Uppermost Lower Chromitite,
LC – Lower Chromitite Layers, LLC – Lowermost Lower
Chromitite layers.

cate matrix. Fossil melt inclusions and embay-
ments (re-entrant inclusions) are common;
coarse chromite often has skeletal outlines
(Fig. 8a). The base contacts are usually sharp,
even under the microscope. The chromite crys-
tals tend to coarsen towards the base of layers
(Fig. 8a).

The LC layers typically grade upwards, and
sometimes downwards, through a thin chro-
mite-orthopyroxene cumulate to the ordinary
orthopyroxene (-chromite) cumulate. The py-
roxene cumulates and microgabbros associated
with the UC layer contain a variable amount of
chromite as dissemination, concentrated bands
and schlieren.

The LC layers occasionally contain spots of
talc(-tremolite), pseudomorphs after scattered
cumulus crystals of orthopyroxene(?). Oiko-
crysts of hornblende (former pyroxene) are
common in UC and LC layers; plagioclase
oikocrysts occur in the salic intercumulus ma-
trix of the lowermost LC layers. The oiko-
crysts have grown around scattered cumulus
cores. The mutual modal proportions of sec-
ondary intercumulus minerals – biotite-
phlogopite, talc, chlorite, amphibole and car-
bonate – vary in different layers. Ilmenite,
which is ubiquitous as exsolved rods in chro-
mite and as poikilitic grains enclosing chro-
mite, has commonly altered to rutile and “il-
menorutile” (Fig. 9a; Table 2). The euhedral
ilmenite occurs as a daughter mineral in fossil
melt inclusions in chromites. Euhedral cumu-
lus crystals of Mn-rich ilmenite (Fig. 9b; Table
2) imply that chromite and ilmenite saturated
together, but this could not have happened in
the main magma body. Apatite and tourmaline
have been observed. Tourmaline (Cr

2
O

3
 1.35–

3.65%) is found as poikilitic, oikocryst-like
grains and oikocrystic bands reminiscent of
layers (Fig. 8b). Light-brown oikocryst-like
tourmaline occurs in a LZ troctolite. It is pos-
sible that boron was a primary contaminant
from melted sediments, and the poikilitic tour-
maline grains grew as true postcumulus oiko-
crysts from boron-enriched intercumulus melt.
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Fig. 7. Chromitite autoliths in heterogeneous non-cumulate microgabbro (including fine-grained chilled microgabbro), near the
base of the Akanvaara intrusion. DDH340/138.24-138.30. Bar = 2 cm. Photo by Reijo Lampela.

The majority of the chromitites are rich in
biotite-phlogopite, which occurs as oikocrysts,
secondary filling of intercumulus space and in
fossil melt inclusions. However, the ULC and
the uppermost LC layer are extremely poor in
K

2
O.
Interestingly, biotite-phlogopite is always

present, even in abundance in chromitites of
various types (Sampson, 1932; Jackson, 1961,
1963; Bichan, 1969; Ferguson, 1969; Windley
et al., 1973; Ghisler, 1976; Ivanov, 1977;
Suwa & Suzuki, 1977; Genkin et al., 1979;
Marakushev, 1980). Windley and co-workers
(1973) suggest that the high potassium in the
chromitites of the Fiskenaesset intrusion is a

Fluorapatite and zircon occur in pegmatoid
rock immediately underlying a LC chromitite
layer. Big zoned zircon crystals were found in
a coarse footwall layer of the ULC chromitite.

Some chromitites are rich in interstitial sul-
phides (pyrite with relics of pyrrhotite, pent-
landite and chalcopyrite, sometimes molyb-
denite), but they show no extra enrichment in
PGE.

A few tiny (≤ 5 mu) PGM grains have been
found; according to electron microprobe EDS
determinations (by Bo Johanson and Lassi Pa-
kkanen, GSF) the grains are composed of laur-
ite, sperrylite and their intergrowths (Bo Jo-
hanson & Lassi Pakkanen, letter 1996).
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Fig. 9. BE images of Akanvaara chromitites. a – euhedral chromite and poikilitic “ilmenorutile”. LC, DDH320/283.10 m. Bar =
20 mu; b – euhedral chromite and Mn-rich ilmenite (MnO 9.53%), the latter altered to “ilmenorutile”. LC, DDH320/271.05 m. Bar
= 100 mu; c – laurite crystal in chromite (laurite contains Ru 47.1%, Pd 1.8%, Os 6.5%, Ir 5.5%, Rh 0.36% and As 2.1%). UC,
DDH363/131.19 m. Bar = 20 mu; d – laurite (L), hollingworthite (H) and sperrylite (white), lower left, a zoned laurite crystal with
an Os-rich rim (erlichmanite). UC, sample TM-91-15.10. Bar = 2 mu; e – a zoned laurite crystal (L), hollingworthite (H) and
sperrylite (white). UC, sample TM-91-15.3. Bar = 5 mu. Photos by Lassi Pakkanen (a–c) and Bo Johanson (d–e).

primary constituent. The chromitite layers of
the Koitelainen intrusion are enriched in K

2
O,

particularly the UC layer (Mutanen, 1979,
1981, 1989b). A chromitite layer situated be-
low the main chromite ore of the Kemi intru-
sion contains 3% K

2
O (Alapieti et al., 1989).

Here the chromite is low in MgO and the Ce-
La of the chromitite are high (op.cit.). Similar
features have been described from Entire
anorthosite gneiss, where P, Zr and Nb are
strongly concentrated in chromitite (see Sivell
et al., 1985). In the CC model these features

demonstrate the presence of crustal contami-
nant melt in chromite-charged density flow.

Cumulate petrography shows that the
chromitite layers were formed by the sudden
disappearance of cumulus silicates and the ac-
cumulation of chromite as a sole cumulus min-
eral; equally suddenly, the re-entry of orthopy-
roxene (in LC layers) and of pyroxene and pla-
gioclase (at the UC) terminated the process.
Banded contacts, internal banding and other
signatures of co-cumulation of significant
amounts of silicates along with chromite are



45Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

rare; they do occur, however, in the very low-
ermost chromite-rich layer 9 m above the top
of the lower chilled margin. The layer, which
occurs in cumulate gabbros, is 0.51 m thick
and consists of alternating chromite-rich and
pyroxene-rich layers. Quartz, plagioclase and
biotite are abundant in the intercumulus, which
also contains loveringite(?), zircon and fluora-
patite. Near the base of this layer is an autolith
of fine-grained microgabbro.

The compositions of chromite from the
chromitite layers are listed in Table 1. There
are no systematic upward trends in the LC lay-
ers, although there are clear differences (e.g.,
in Al, Mn, Fe, Cr and Mg) between the layers,
intra-layer variation (Mg, Fe, Al, Cr) and even
slight but distinct variation between grains in
one sample. There is no correlation between Fe
and Mn, Fe and V, but a positive one between
Cr and V. There is a general, but not tight,
negative correlation between Al and Fe, indi-
cating Al3+/Fe3+ substitution. In LLC layers the
substitution is between Cr3+ and Fe3+. The com-
position of the chromite from a pyroxene-chr-
omite cumulate between two chromitite layers
differs from that of the chromitites (Table 1).

Upwards from the LC to the ULC there is a
slight decrease in Mg and an increase in Zn
and Mn, but chromites with similar Mn values
occur in the lowermost LC layers. The UC is
distinct from the ULC and LC. Its chromite has
an even lower Mg and higher Ti, V and Zn
content; Mn is high, being about the same as in
ULC chromite.

Post-cumulus re-equilibration was probably
not very effective. Analyses of LC chromite on
one sample (DDH322/258.27 m) in which
chromite is enclosed by three different poikil-
itic matrix minerals – sulphide, plagioclase
and carbonate – showed that the compositional
differences between these chromites are negli-
gible. Chromite in plagioclase is slightly high-
er in Al, whereas chromite in sulphide is high-
er in Fe and Ti and lower in Mg, Cr and Al.

Other evidence for the lack of significant
post-cumulus changes come from the UC lay-

er, where the mg# in bulk silicates is even low-
er than that in underlying and overlying sili-
cate cumulates (Fig. 17). This indicates that
the low Mg in UC chromite is an original fea-
ture and was not markedly lowered by postcu-
mulus (magmatic plus metamorphic) re-equili-
bration.

As the D
Mg

chr/liq in all imaginable magma com-
positions is > 1 (see Maurel & Maurel, 1982b,
1984), the low Mg in chromite implies that the
chromites of all chromitite layers crystallized in
an environment very poor in Mg.

The UC layer (see Appendix 2) is similar to
the UC layer of the Koitelainen intrusion. It
was found in an outcrop in 1991 and was later
traced (1995–1996) by diamond drilling in the
southern part of the intrusion. Between the
eastern and western fault borders it is continu-
ous over a strike length of 8 km. From east to
west the relative stratigraphic elevation of UC
succession decreases several hundred metres
in relation to the base of the magnetite gabbro,
whereas the combined thickness of the MZ and
UZ remains approximately constant.

Figure 10 shows the general stratigraphy of
the UC succession, and details of UC DDH in-
tersections. The homogeneous MZ gabbro has
a sharp boundary with the overlying UZ. This
begins with a 0.5–4.6-m-thick unit of alternat-
ing layers of mottled anorthosite, gabbro-
anorthosite, anorthosite gabbro and medium-
grained non-cumulate gabbro and microgab-
bro. The layers are irregular and do not always
persist laterally. Below the UC the mottled
anorthosite is from 0.2 to 1.2 m thick, but in
five DDH intersections it is lacking altogether.
The irregularity of the sub-UC unit is ascribed,
as at Koitelainen, to strong magmatic erosion.

Closely associated with the UC are micro-
gabbro, medium-grained non-cumulate gabbro,
pyroxenite, pyroxene pegmatoid and pyrox-
ene-plagioclase pegmatoid, all of which con-
tain chromite as dissemination, schlieren and
thin layers. The UC is overlain by layers of
mottled anorthosite and other plagioclase-rich
cumulates, gabbro and layers/autoliths of non-
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Table 1. Compositions of chromite from Akanvaara chromite layers. Electron microprobe analyses by Bo Johanson and
Lassi Pakkanen (GSF, Espoo).
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Table 1. (Continued)

cumulate gabbro and microgabbro. The layer
of mottled anorthosite overlying the UC is
generally from 1.9 to 2.6 m thick, but is lack-
ing in some DDH intersections.

Dendritic (crescumulate) plagioclase occurs
in a coarse leucocratic gabbro a few metres
above the UC. This rocks contains zircon (it is
the “age sample” of Akanvaara). The layer
seems to be laterally irregular. The plagioclase
evidently crystallized from a supercooled alu-
minous magma (see Poldervaart & Taubeneck,
1959; Taubeneck & Poldervaart, 1960; Mu-
tanen, 1974).

A persistent marker layer of mottled
anorthosite, from 1 to 2 m thick, occurs 10–15 m
above the UC.

The thickness of the UC layer, which has
been intersected in 30 drill holes, ranges from

0.64 to 1.79 m (average 1.14 m). The massive
chromitite contains on average: 23% Cr

2
O

3
,

2.4% TiO
2
, 5% MgO, 1.5% K

2
O, 4000 ppm V,

320 ppm Ni and ca 1 ppm PGE. Most of the
PGMs (laurite, Os-rich laurite, hollingwor-
thite, sperrylite) occur as inclusions in chro-
mite (see Fig. 9).

The euhedral chromite (0.1–0.2 mm) is the
sole cumulus mineral. It is rich in Fe, Ti, V,
Mn and Zn and poor in Mg (Table 1). Fossil
melt inclusions are common in chromite, and
skeletal chromites have been found. The Ti in
chromite resides in exsolved ilmenite rods; oc-
casionally the exsolved ilmenite occurs as big-
ger euhedral laths. The matrix is very rich in
biotite (with 1.44–1.50% Cr

2
O

3
) and in K

2
O;

the silicate tailings of a big sample from the
ore outcrop, used for mineral extraction tests,
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Table 2. Compositions of loveringite and ilmenite, Akanvaara and Koitelainen intrusions. Electron micro-
probe analyses by Lassi Pakkanen, GSF. Anal. No. 5 by Tarkian & Mutanen (1987).

contained 7.5% K
2
O. Biotite is abundant in

fossil melt inclusions of chromite. The UC
rock is high in Cl (average 1800 ppm Cl).

The other main intercumulus minerals are
green chromian hornblende (with 0.77–2.04%
Cr

2
O

3
) and light-green actinolite. Sodic plagi-

oclase comprises a small portion of the inter-
cumulus matrix. The amounts of intercumulus
ilmenite and secondary titanite and rutile are
relatively high. Protoclastic fractures in chro-
mite were filled with postcumulus ilmenite
and pyroxene (now amphibole). Ilmenite often

occurs as large oikocrysts with euhedral out-
lines (“idiocrysts”) enclosing chromite. Ilmen-
ite oikocrysts seem to be lacking from the low-
er part of the UC.

Chlorite, quartz, chromian clinozoisite
(“tawmawite”, with up to 3.47% Cr

2
O

3
), flu-

orapatite and sulphides (pyrrhotite, pentland-
ite, pyrite, violarite, millerite, marcasite, bor-
nite and chalcocite) occur in small to very
small amounts. Like ilmenite, fluorapatite
sometimes occurs as big oikocrysts enclosing
chromite.



49Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

Fig. 10. The general layered sequence of the UC layer, and selected details of DDH intersections. Distance between intersections
shown between columns.

Anomalous PGE values occur from the base
of the intrusion up to the lowermost part of the
magnetite gabbro, mostly in chromitites, but
also in other rocks without any visual clues.
Geochemically the most important PGE en-
richment is in gabbros and anorthosites in the
upper part of the intrusion.

There are no sulphide-associated concentra-
tions of PGE. Terminal saturation of sulphide
liquid took place with the arrival of cumulus

magnetite (see Fig. 5). The sulphide liquid,
quite naturally, was rich in Cu. Below that, in
anorthosite 40 m below the magnetite phase
contact, the Cu concentration jumps from low
background values (ca 40 ppm) to 130–250
ppm, and at the same time S rises from very
low values (generally below 100 ppm, the de-
tection limit of the XRF method) to 100–400
ppm. A strong Au anomaly (1.5 ppm/1m) coin-
cides with this Cu-S inflection, with a tail (20–

Behaviour of PGE
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Fig. 11. Diagrams of chondrite-normalized values of PGE and Au from Akanvaara chromitite layers and associated rocks. Arrow
top lines = analytical detection limits. a – LLC chromitites and associated rocks, b – LC and associated orthopyroxene-chromite
cumulates; c – ULC layer and thin chromitite layers between LC and ULC; d – PGE-anomalous layers between ULC and UC;
e – UC layer; f – UC ore, chromite concentrate and silicate tailings; g – silicate rocks (with or without accessory chromite) associated
with the UC layer; h – Koitelainen and Akanvaara chromitites.
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11a) layers differ from other chromitites in
having an M-shaped CN profile, with peaks at
Rh and Pd; the shape of the profile resembles
those of the PGE-anomalous silicate rocks of
the MZ and of the UC association (Figs 11d
and 11g), the footwall rocks of the PGE-anom-
alous anorthosite in the UZ (Fig. 13c), and the
chromitites of the Koitelainen intrusion (Fig.
11h). Other chromitite layers have a domed
shape, sloping from Rh towards Au and Ir.
Os(CN) is higher than Ir(CN), the only excep-

50 ppb) extending for 15–20 m upwards. There
is no associated increase in PGE. The Cu-S-en-
riched basal part of the magnetite gabbro is
slightly enriched in Au (25–45 ppb) and Pt
(10–40 ppb), but Pd is below the detection lim-
it of 3 ppb (see Fig. 13).

Chondrite-normalized (CN) diagrams of
PGE-Au for chromitites are presented in Figs
11a-h and for silicate-associated PGE-anoma-
lies in Figs 13a-h. The Cr-PGE relationships
are illustrated in Figs 12a-d. The LLC (Fig.

Fig. 11. (cont.)
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tion being the ULC layer. Silicate cumulates,
whether separated from or associated with
chromitites, show M-shaped CN profiles, with
peaks at Rh and Pd. Au(CN) is always low.
From UC upwards, Os, Ir and Ru are low, as if
depleted by accumulated chromite. In the
PGE-enriched anorthosites and gabbros below
the magnetite gabbro (see Fig. 2), the PGE ele-
ment ratios vary over a wide range and often
very rapidly (Figs 13a–g). Here the CN dia-
grams have many shapes: M (peaks at Rh and

Pd, Rh(CN) < or > Pd(CN)); flat domes, with a
Pt-Pd top; peaked with varying slopes (peaks
at Rh, Pt or Pd). Upwards from the anor-
thosites the diagram is M-shaped, but now the
peaks are at Pt and Au.

There is a general but very weak positive
correlation between the of Cr and PGE concen-
trations (Fig. 12a). Below about 1% Cr (corre-
sponding to a chromite content of 3–4%) the
total PGE is indifferent to Cr. In chromitites
and in rocks with Cr concentrations down to ca

Fig. 12. PGE vs Cr, Akanvaara chromitites and associated rocks. a – PGE vs Cr; b – Ru vs Cr; c – Ir vs Cr; d – Ir vs Cr in UC and
LC chromitites.
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Fig. 13. Diagrams of chondrite-normalized values of PGE and Au from Akanvaara Upper Zone PGE-enriched anorthosites and
gabbros. a – PGE-anomalous gabbro cumulates between UC and magnetite gabbro, footwall rocks; b – PGE-anomalous zone;
c – g are for PGE-anomalous anorthosite sequence below magnetite gabbro: c – footwall rocks; d – lower part of the PGE sequence;
e – low-PGE middle part of the sequence; f – upper part of the sequence; g – immediate hanging wall rocks; h – basal part of the
magnetite gabbro.
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Fig. 13. (cont.)

1000 ppm, Ir and Ru correlate well with Cr
(Fig. 12b–d). The diagrams suggest that chro-
mite is the main collector of Ir and Ru (and,
presumably, for Os). While Pt, Rh and Pd are

clearly enriched in chromitites, there are other
collectors and collection mechanisms for these
elements. Sulphide liquid took no part in con-
centrating PGE in the Akanvaara magma sys-
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Fig. 14. Pd vs Cu in Akanvaara chromitites, associated rocks, and PGE-anomalous rocks.

tem because at the time of terminal sulphide
saturation the residual liquid was extremely
depleted in PGE by other collectors. Cu and
Pd, which are generally regarded as chal-
cophile elements, show no mutual correlation
in Akanvaara cumulates (Fig. 14).

The general order of depletion (i.e., of de-
creasing compatibility) in the evolution of the

Akanvaara magma system seems to be: Ir > Os
> Ru > Rh > Pd > Pt > Au. This order may
hold in general for S-undersaturated magmas,
with recurrent deposition of chromite monocu-
mulates. As regards the end triplet, it is some-
what at variance with the order presented by
Barnes and others (1985).
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Most of what I have conjectured about the
Koitelainen intrusion (Mutanen, 1989b, 1992)
applies to Akanvaara as well. The parent mag-
ma was a silica-saturated low-Ti basalt, low in
P

2
O

5
 and sulphur. The magma was dry. Conse-

quently, primary hornblende never crystallized
as a stable phase from the fractionating main
magma. At the beginning and throughout most
of the crystallization the magma held on or as-
pired to the cotectic of augite, low-Ca pyrox-
ene and plagioclase. Iron became enriched in
the residual liquid, along with Ti, V, Zn, Na,
and the truly incompatible elements. Fraction-
al crystallization of pyroxenes rapidly depleted
the liquid in Cr and Ni. The magma was in
convective motion, driven by thermal and two-
phase convection (see Morse, 1988). Extreme
cases of two-phase convection were the sudden
downdraft surges of chromite-laden density
flows.

The cotectic routine was interrupted by epi-
sodic melting of country rocks. The roof por-
tion of the magma chamber was stirred by
sinking xenoliths and heavy residue minerals
from partial fractional melting of pelites. The
mixing of the mafic melt and the anatectic roof
melt increased crystallization and accelerated
two-phase convection.

The contamination was by:

– selective diffusion between mafic magma
and solid or molten  country rocks (floor,
roof and immersed xenoliths), and   across
melt boundaries in the acid/mafic emulsion
in the  mixing zone of mafic magma and
anatectic roof magma (see  Watson, 1982);

– direct mixing of mafic magma and acid con-
taminant magma;

– refractory or otherwise insoluble phases
(e.g., sulphide  liquid) after partial melting
of country rocks.

Mineralogical and geochemical indicators of
contamination are the common occurrence of

loveringite (Table 2), zircon and chlorapatite,
fluorapatite (in the Lower Zone), the abun-
dance of intercumulus quartz, potassium feld-
spar and biotite-phlogopite, and the presence
of “granitic” intercumulus material and “gra-
nitic”, Cl-rich melt inclusions in cumulus oli-
vine and chromite.

Owing to contamination by salic alkalic ma-
terial orthopyroxene crystallized in the basal
part as the sole cumulus silicate, and olivine
appeared at the MZ boundary. Plagioclase cu-
mulates, without mafic counterlayers, are
thought to represent the excess alumina left
behind after partial melting of pelitic schists
(Bowen, 1928; Wyllie & Tuttle, 1961; see lat-
er).

The case of the UC chromitite is discussed
in greater detail later. Here I only present some
facts and ideas concerning the Akanvaara UC
layer.

The stratigraphic position of the UC high in
the layered sequence, the composition of the
chromite, and the petrography and geochemis-
try of the intercumulus and melt inclusions are
all features not easily accommodated to stand-
ard petrogenetic models. Customarily, new
primitive magma pulses (rich in Mg and Cr)
are invoked to explain even lesser problems in
layered intrusions. New magma pulses, regard-
less of their composition, seem to offer an ex-
planation for mineralogical and geochemical
reversals, regardless of their character (see
e.g., Eales et al., 1990). The models based on
new magma pulses rely on circumstantial evi-
dence; transgressions of new magma through
settled cumulates are hardly ever visible, even
in well exposed mafic intrusions. At Akan-
vaara the UC layer is well exposed in trenches
and has been intersected in 30 drill holes, but
there is nothing in the field or in rock and min-
eral analyses to suggest the entry of new mag-
ma in any amount, or of any density or compo-
sition.

Some petrological aspects
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The addition of primitive magma should
have left its signature in the mineralogy and
chemistry of the cumulate pile overlying the
UC. But, as shown by Figs 5 and 15, the mag-
ma reassumed its former fractionation trend af-
ter the UC event. As seen in Fig. 15, there is
no increase in mg# below, at or above the UC.
In fact, there is a marked decrease in mg# at
and above the UC (in chromitite the ratio is
0.233, in bulk UC silicates 0.438). The very
low mg# in UC and plagioclasic cumulates is,
of course, partly due to the trapped liquid shift
effect, as recognized by Barnes (1986) and
convincingly applied by Cawthorn (1995,
1996).

It is seen in Fig. 15 that the MgO, mg# and
Cr curves each represent a mirror image of the
Al

2
O

3
 curve. The latter reflects the amount of

cumulus plagioclase. Thus, when plagioclase
crystallized (or settled) in excess of the cotec-
tic pl/px ratio, the MgO, mg# and Cr of the cu-
mulate decreased. In the long run plagioclase
would not have been able to crystallize in non-
cotectic proportion without having enriched
the residual magma in MgO and, as a result,
restarting pyroxene crystallization. As there
are no counterlayers compensating for the ex-
cessive plagioclase separation, it must be con-
cluded that alumina was added to the magma
system, most probably as an aluminous residu-
al phase from melted sedimentary rocks. I re-
mind the reader of the fact that assimilation of
aluminous sediments augments the crystalliza-
tion of more anorthitic plagioclase and of Ca-
poor pyroxene at the expense of Ca-rich py-
roxene (see e.g., Bowen, 1928; Kuno, 1950;
Gribble & O’Hara, 1967; Willemse & Viljoen,
1970). Suppression of the crystallization of the
Ca-rich pyroxene and its removal from the cu-
mulus assemblage results in a radical decrease
of Cr in cumulate. Accordingly, assimilation

of aluminous sediments would result in the
compositional profiles seen in Fig. 15.

Let us then consider the possibility that the
chromium was derived from the main magma.
The uppermost Main Zone gabbro, a few me-
tres below the UC layer, contains 50 ppm Cr.
With a px/pl ratio of 1, the original “bulk” py-
roxene would have had 100 ppm Cr; further,
using D

Cr
px/liq values from 10 to 20 (a reasona-

ble range for terrestrial basalts, see e.g. Hueb-
ner, 1976; Duke, 1976; Grove & Bence, 1977;
Henderson, 1979; Allègre et al., 1977), we get
a concentration of 5–10 ppm Cr for the last
MZ melt. Obviously, then, it was not possible
to make the UC from the lean, old magma.

The low Mg in chromite and the potassic
composition of the melt inclusions and of the
intercumulus material suggest that the chro-
mite crystallized in an environment poor in
Mg and rich in K (and Cl). Thus, it seems that
for the UC event to happen the only “primi-
tive” additive was Cr.

The PGE do not keep company with sul-
phide concentrations. Apparently, PGE be-
haved as incompatible elements throughout
most of the crystallization. However, at times
(and sites) of contamination, the PGM crystal-
lized as tiny free crystals, remaining in suspen-
sion or nucleating on chromite. The PGE-en-
riched intervals in the Upper Zone may repre-
sent true saturation of PGM phases in residual
liquid. PGM nucleated homogeneously or het-
erogeneously on any substrate suitable and
available, such as cumulus silicates and (or) il-
menite. The PGM paragenesis has still to be
studied. Au seems to be the only truly chal-
cophile noble metal. Its first (and only) marked
enrichment occurred when the first tiny prema-
ture fraction of sulphide liquid separated from
residual liquid slightly below the magnetite
phase contact.
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The intrusion is a flat, oval-shaped brachy-
anticline structure, 26 km x 29 km in size (see
geological map, Appendix 3). The interior is
made up of footwall rocks of the intrusion –
Archaean granitoid gneisses, overlying late
Archaean to early Proterozoic (“Lapponian”)
supracrustal rocks, pre-Koitelainen gabbroic
intrusions and ultramafic dykes. The Archaean
gneisses form two domes. The smaller one, im-
mediately west of the peridotitic basal cumu-
lates of the Koitelainen intrusion, consists of
tonalites, trondhjemites and granodiorites (Pel-
tonen, 1986), yielding a U-Pb zircon age of
3100 Ma (Kröner et al., 1981); however, Sm-
Nd isotopic ratios suggest a prior crustal resi-
dence of about 250–500 Ma (Jahn et al., 1984).
The few outcrops of the much larger easterly
Kiviaapa dome (U-Pb zircon ages 2765–2821
Ma, Mutanen, 1989b) are located near the base
contact of the Koitelainen intrusion. The east-
ern contact of the Kiviaapa dome gneisses with
the Koitelainen intrusion has been intersected
by two DDHs. These rocks were thermally af-
fected by the intrusion.

A deep gravity low in the core of the Kivi-
aapa dome, with distict gradient boundaries
against surrounding gneisses, suggest the pres-
ence of a granite mass with a great depth ex-
tent here.

The pre-Koitelainen supracrustal rocks
around the Archaean gneisses beneath the in-
trusion include regionally metamorphosed sub-
arkoses, various acid and intermediate volcani-
clastic rocks, volcanic breccias (U-Pb zircon
age 2526±42 Ma, Peltonen, 1986; Pihlaja &
Manninen, 1988), diamictites, tuffs and
tuffites, and basaltic lavas and tuffs. The most
common, but rarely exposed (as a result of
grussification), rock type is a biotite-plagiocla-
se mica gneiss that contains various amounts
of felsic volcanic material.

The Koitelainen intrusion is overlain by a
thick succession of metamorphosed volcanic
and sedimentary rocks. In the roof, within
reach of the thermal effects of the intrusion,
high-aluminous schists (for composition, see
anal. 1, Table 3) and komatiitic volcanic rocks
(Mutanen, 1976a), accompanied by smaller
amounts of basaltic effusives and tuffs and
subarkosic quartzites, predominate. Higher up,
there must be a change from the pre-Koitelai-
nen to post-Koitelainen, pre-Keivitsa supracrus-
tal formations. The boundary has not yet been
located; tentatively I would place it just above
the level of calcareous rocks, micaceous arkos-
ic rocks and low-Ti basalts between the
Koitelainen and Keivitsa intrusions (see Ap-
pendix 4).

Emplaced among the volcanic-sedimentary
rocks are several small mafic intrusions and
extensive komatiitic layered sills. Some of
these are older than, and probably unrelated to,
the Koitelainen intrusion; these include
“komatiite gabbros” and ultramafic intrusions
of the komatiite kin, and a differentiated,
“evolved” mafic sill found by diamond drilling
immediately beneath the Koitelainen intrusion,
at the eastern boundary of the Kiviaapa dome.

I conceive the two layered komatiitic sills
between the Koitelainen and Keivitsa intru-
sions (see geological map, Appendix 4) as
roughly consanguineous with the former.
These sills occur all around the western perim-
eter of the Koitelainen intrusion. When close
to the upper contact of the Koitelainen intru-
sion, the lower part of the lowermost sill regu-
larly contains spots of augite (now mostly al-
tered to amphibole), enclosing clusters of oliv-
ine crystals (for composition, see anal. 2, Ta-
ble 3). I interpret the spots as having formed
through the thermal effect of the Koitelainen
intrusion.

THE KOITELAINEN INTRUSION

General geology
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Table 3. Chemical composition of some rock types of the Koitelainen area.

Countless diabase dykes (only the thickest
are shown on the map, Appendix 3) cut the
basement, the intrusions and the supracrustal

rocks. No komatiitic dykes are seen to cut the
Koitelainen intrusion. The northeasterly trend-
ing dyke in the western part of the Kiviaapa
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dome (see Appendix 3) has yielded percussion
drilling samples with rather high Ni and Cr; it
may represent a feeder either to pre-Koitelai-
nen komatiitic magmas or to post-Koitelainen
(Ludian) komatiitic effusives. Thick (up to 90
m) dykes of diabases with a rather evolved ge-
ochemical signature (high Fe, Ti) are well ex-
posed in the Koitelainen fell area. These dykes
have chilled contacts against cooled Koitelai-
nen rocks, and may represent pre-Keivitsa vol-
canism (2200–2100 Ma?). However, volcan-
ism corresponding to these diabase magmas is
all but unknown in the pre-Keivitsa sequence.
During recent checking of thin sections from
the eastern Kiviaapa and Iso Vaiskonselkä are-
as diabase dykes similar to the east-northeast-
erly olivine gabbro-diabase dykes of the
Keivitsa intrusion (see later) were found.

During the Svecokarelian folding (ca 1900 Ma
ago) the Koitelainen intrusion behaved mainly
as a competent, brittle body and was fragment-
ed into fault blocks along northeasterly and
northerly faults. Plastic deformation styles are
evident in blastomylonites in broad fault
zones, in the foliated to schistose outermost
granophyres and throughout the tectonically

thinned western limb of the intrusion. A fault
zone is well exposed at Lakijänkä, Koitelainen
(see Mutanen, 1989b, p. 45). There, coarse
pegmatoids have been deformed into banded
hornblende-ilmenite-magnetite rock. A folded
scapolite dyke indicates repeated movements
in the fault zone. Younger northwesterly and
north-northwesterly fault and fracture zones
also occur.

The intrusion and the diabase dykes alike
were regionally metamorphosed to varying de-
grees, most heavily long fault zones and near
the upper contact. The alteration of primary
non-hydrous minerals in gabbros and other
competent rocks (into uralitic hornblende,
tremolite, clinozoisite, scapolite, talc, serpen-
tine minerals, chlorite, carbonate, biotite-
phlogopite) typically advanced along an or-
thogonal system of narrow fractures (Fig. 17,
upper left).

Original magmatic minerals have never been
preserved in granophyres and only rarely in
magnetite gabbros. The metamorphic grade of
the area corresponds to that of lower and mid-
dle amphibolite facies.

Emplacement and fractionation

The U-Pb ages of zircons from ultramafic
pegmatoids (see Fig. 18f) and from a porphy-
ritic granophyre are 2435 Ma (Mutanen,
1976b, Kröner et al., 1981; Mutanen, 1989b).
The estimated maximum thickness of the intru-
sion is around 3200 m.

The magma intruded through an old Archae-
an crust and was emplaced beneath the high-
aluminous pelitic rocks. The situation is analo-
gous to that of the Kejv area, central Kola Pe-
ninsula, where mafic layered intrusions occur
between Lebyazhinsk gneisses (very similar to
the gneisses beneath the Koitelainen intrusion)
and high-aluminous gneisses, similar to the pe-
litic roof rocks of the Koitelainen intrusion

(see Sharkov & Sidorenko, 1980; Kratts et al.,
1984). The Akanvaara and Imandra intrusions
are in a similar stratigraphic position, the latter
between the Archaean gneisses and overlying
superstructure of terrigenous metasediments,
andesitic and basaltic metalavas and acid
metavolcanics (Dokuchaeva et al., 1992).

The upper contact of the intrusion is roughly
conformable. Nowhere is the intrusion seen to
have breached the high-aluminous schists.
These schists evidently halted the ascent and
controlled the lateral spreading of the magma
as a permeable, fissile layer and as a vapour
barrier (see Mudge, 1968; Williams & McBir-
ney, 1979).
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The lower contact is transgressive, climbing
the stratigraphy away from the feeder, which I
assume was in the western part of the intrusion
beneath the deep basin filled with thick olivine
cumulates (see map, Appendix 3). A gabbro
dyke projecting northwest from this basin may
be an extension of the feeder.

The original contact hornfelses of the intru-
sion are hardly distinguishable because of su-
perimposed retrograde (in relation to contact
metamorphic facies) regional metamorphism.
Hornfelsic sedimentary xenoliths have been
found in the lower part of the intrusion, and
relict contact metamorphic garnet occurs at the
top of the granophyre. The magma melted and
swallowed immediate roof rocks (high-alumi-
nous pelitic schists and arkosic quartzites) for
several hundreds of metres. Signs of incipient
melting are seen in the granitic clasts of an
older conglomerate immediately beneath the
intrusion in the western Kiviaapa area. As will
be discussed later, floor melting, rarely noted
in layered intrusions, was intense among the
salic floor rocks below the deep cumulate ba-
sin in the western part of the intrusion.

Shallow holes drilled recently (1995) in the
granophyre cap area, in the southeastern part
of the intrusion have intersected partially di-
gested acid volcanic rocks in which quartz
amygdales are often preserved (factually, as an
insoluble refractory residue) in a matrix with
the mineralogy and chemistry of granophyres
(SiO

2
 54.35 – 65.78%, CaO 3.04 – 7.24%,

MgO 0.88 – 4.79%). Refractory roof rocks
(basalts, basaltic tuffs, various komatiites) oc-
cur as xenoliths, typically at or above the ma-
jor stratigraphic breaks and reversals.

There is no evidence of multiple magma
pulses at Koitelainen, nor does the petrological
explanation of the intrusion need them. As evi-
dence of fresh pulses I value only cases in
which magma is factually and unambiguously
seen to have intruded from beneath and to have
torn through cumulates. Considering the erod-
ing power of density currents sweeping along
the cumulate surface (see later) I attach little

significance to cumulate autoliths as evidence
of entry of fresh magma into the chamber. In
my opinion the intrusion formed essentially as
a single cast, before deposition of any signifi-
cant amount of cumulates. I consider the rever-
sals, often used as The Evidence for multiple
magma pulses, a problem to be solved, not a
solution to be satisfied with.

In analogy with the Akanvaara intrusion, the
parent magma (the magma that entered the in-
trusion chamber) was silica-saturated or just-
saturated, low-Ti tholeiitic in composition.

Fine-grained chilled microgabbros were
formed against the walls. Field evidence from
Koitelainen, Akanvaara and elsewhere sug-
gests that this lining did not last for long but,
loosened by the melting of the support rocks,
was peeled of and fragmented and left to
founder in magma (e.g., Hess, 1960; Morse,
1969a; Wadsworth, 1988; Wiebe, 1990). Be-
fore their true nature was revealed (Batashev
et al., 1976; Lavrov et al., 1976), such de-
tached, stoped chill slabs, often very extensive
(and, naturally with at least one sharp contact),
were earlier perceived as dykes.

New chilled rocks promptly formed in place
of the peeled-off margins. Stepwise chill re-
newal from continuously fractionating magma
may give a deceptive impression of successive
magma pulses (Mutanen, 1989b, Hoatson et
al., 1992). Later, we shall see how reversals in
the layered igneous sequences, which are gen-
erally (and too casually) ascribed to new mag-
ma pulses, might be explained by contamina-
tion.

In principle, a succession of temporary
chills would give a good measure of the evolu-
tion of magma. However, chilled rocks are
well known to be porphyritic, i.e., they contain
primocrysts (of olivine, pyroxene, plagioclase;
see e.g., Page, 1977; Hoover, 1989). Still
worse, chilled rocks are often mixed with con-
taminants (op. cit., and the following).

In the Koitelainen intrusion, autoliths of
chilled rocks are common in the Upper Zone
(UZ; analyses 3–4, Table 3). Most of them are
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equigranular microgabbros and coarser non-
cumulate gabbros, some containing plagiocla-
se primocrysts. There are also contaminated
microgabbro autoliths in hybrid, quartz-rich
matrix, suggesting that mafic magma chilled
against salic anatectic melt (see Gibson &
Walker, 1964; Blake et al., 1965; Eichelberger
& Gooley, 1977; Wiebe, 1984, 1990; Furman
& Spera, 1985).

The contacts of the autoliths are generally
sharp, but the contaminated autoliths show
rapid gradations to cumulates. In the southern
part, a succession of autoliths was intersected
by DDHs. The uppermost autoliths are aphy-
ric, more or less contaminated microgabbros
underlain by plagioclase-phyric microgabbros;
lowermost are plagioclase-phyric microgab-
bros with amygdale-like granophyre pockets.
This series of autoliths represents an interest-
ing record of roof melting, contamination and
chilling. In one of the DDHs, salic melt (now
granophyre) was found trapped beneath a
foundered autolith.

Thus, there are no satisfactory, representa-
tive chilled rocks untainted by cumulus crys-
tals or contamination, approximating the com-
position of the parent magma of the Koitelai-
nen intrusion. The examples cited above suggest
that such virgin chills are all but impossible to
come by anywhere. This is certainly one of the
reasons why the actual cumulus successions in
layered intrusions deviate from the liquidus
phase relations determined experimentally for
chill compositions (see Biggar, 1974, and
compare with Hoover, 1989). The main reason
in many intrusions, however, was the addition
of exotic contaminants, and their effects on the
cumulus paths (see Kushiro, 1973; Irvine,
1975a; Mutanen, 1989b, 1992). At Koitelainen
the apparent reverse fractionation from lower
chill rocks to thick early olivine(-chromite) cu-
mulates, as well as later reversals are ascribed
to the various effects of contamination.

Even if we never manage to learn the exact
compositions of parent intrusive magmas,
many of their characteristics can be deduced

from what compositional data are available on
the lower marginal gabbros and on the general
course of fractional crystallization as seen in
the cumulate sequence. The magma was, and
remained, rather dry to the very end. Thus no
primary hydrous silicates crystallized from the
main magma as cumulus or intercumulus phas-
es. Primary biotite-phlogopite and magmatic
hornblende occur only as daughter minerals in
melt inclusions in olivine and chromite, and in
intercumulus of contaminated cumulate layers.
The last liquid fraction shows an increase in
Cl. The parent magma was low in P

2
O

5
. Flu-

orapatite, an intercumulus mineral in contami-
nated Lower Zone cumulates, was soon super-
seded by chlorapatite (see Table 8). The latter
is common in intercumulus and as a daughter
mineral in melt inclusions in the Lower Zone.
In the mixed-rock peridotite unit in the Main
Zone chlorapatite visits as big cumulus crys-
tals (see Mutanen, 1989b). Apatite reached the
terminal cumulus status (as fluorapatite) only
just below the granophyre.

Cumulus magnetite appears at about the 95
PCS level, suggesting that the oxidation state
of the magma was low, and hence crystalliza-
tion of magnetite was suppressed. As the mag-
ma was also low in Ti, ilmenite never crystal-
lized as a proper cumulus mineral; it does oc-
cur, though, as daughter crystals in melt inclu-
sions in olivine and as big Doppelgänger cu-
mulus crystals in the felsic part of the mixed
rock peridotite (see Mutanen, 1989b). The Ti
content remained relatively low until late stages
of fractionation. The first cumulus titanomag-
netite depleted the melt in Ti, and no ilmenite
crystallized from magma.

The magma was low in sulphur and, apart
from transient sulphide saturation associated
with contamination, the terminal saturation of
sulphide liquid was attained only 40 m above
the magnetite phase contact, well above the 95
PCS level.

For most of the crystallization history py-
roxenes and plagioclase precipitated cotecti-
cally. The residual liquid was gradually en-
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riched in Fe to the point where pigeonite crys-
tallized in the upper Main Zone. Eventually
magnetite and, finally, fluorapatite joined pla-
gioclase and pyroxenes.

The massive accumulation of olivine cumu-
lates in the basal part of the intrusion seems to
be at variance with the assumption of a just-
saturated magma. Although it is well known
that olivine can crystallize from a silica-over-

saturated liquid, the amount of olivine accu-
mulation as found at Koitelainen seems incred-
ible. The composition of early olivine (ca Fo

80
,

see later) is typical of a tholeiitic magma rath-
er than the ultramafic magma often invoked as
a promoter of reversals. I will return to the oli-
vine problem later when discussing the effects
of contamination.

Igneous stratigraphy and petrography

First, I repeat my advice that the reader
should consider (but not necessarily subscribe
to) the CC model previewed before, though
only to better understand the description that
follows. The petrographic description deals
only with primary magmatic and post-magmat-
ic minerals, which are amply available
throughout most of the cumulate succession;
secondary minerals are mentioned when neces-
sary. Also, I will drop petrological explana-
tions en route, as I do not think it is fair to
swamp the confused reader with petrological
data and arguments at the end of the book.

The general division and cumulus stratigra-
phy of the intrusion is presented in Fig. 16.
The intrusion is divided into an ultramafic
Lower Zone (LZ), a gabbroic Main Zone (MZ)
and a gabbroic Upper Zone (UZ; with
anorthosites and magnetite gabbro). Grano-
phyre forms a continuous cap above the mafic
succession. In the text, individual rock units,
distinguishable sequences and isomodal layers
(e.g., mixed rock peridotite, pigeonite gabbro,
magnetite gabbro) are informally called units.

Xenoliths of intrusive gabbros and extrusive
komatiites, and chill-autoliths occur near the
base contact of the intrusion. Neither autoliths
nor xenoliths have been found in the MZ, but
in the UZ and granophyre they are common
once again, particularly at or near the base of
the anorthosite unit of the Upper Chromitite
(UC) sequence, and of the magnetite gabbro

unit. The xenoliths and autoliths are concen-
trated at levels corresponding to episodes of
fractional melting of the roof and a concomi-
tant increase in two-phase convection.

Phenomena that might be characterized as
magmatic-diagenetic were associated with the
consolidation of the cumulus pile. They in-
clude diapirs of anatectic floor melt (Fig. 21),
ultramafic pegmatoid pipes and veins in the
MZ (see Figs 28–29, 34), and acid dykes and
veins (Fig. 17, middle right). The pegmatoids
represent accumulations of intercumulus liq-
uid, the acid dykes “back-intrusion” either of
the first anatectic melt from the wall rocks or
of the last minimum-melting liquids from
granophyre magma.

Load cast structures occur in cumulates at
sites of density inversion (Fig. 17, middle
left), but no large-scale upward seepage of in-
tercumulus liquid caused by compaction of the
growing cumulus pile (as suggested by Cam-
eron, 1969 and Irvine, 1978b) has been noted
at Koitelainen. At Koitelainen there is no un-
ambiguous evidence of significant vertical
movement of the intercumulus liquid, in agree-
ment with McCarthy and co-workers (1984),
Barnes (1986) and Cawthorn (1995), or even
of compaction (Morse, 1986, 1988). If com-
paction were effective in driving the intercu-
mulus liquid, the initial porosity should de-
crease, and the proportion of adcumulates in-
crease, downwards, but this is not generally
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Fig. 16. Rock units and cumulate stratigraphy of the Koitelainen intrusion.

the case (e.g., Jackson, 1961; see also Wager
& Brown, 1968). At Koitelainen the opposite
is true: orthocumulates are more common in
the lower part of the intrusion. Still more sig-
nificant is that the intercumulus liquids of the
ultramafic cumulates were of the low-density,

low-temperature type, conceivably with a long
liquid life and sensitive to compositional con-
vection.

At a first, perfunctory glance the Koitelai-
nen intrusion is a textbook example of a layered
intrusion. In a single relatively thin layered se-
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Fig. 17. Rocks of the Koitelainen intrusion. Upper left – Main Zone pyroxene-plagioclase cumulate, uralitized along fissures; upper
right – mottled anorthosite of the UC sequence, Koitelaisenvosat; middle left – fine layering in mottled anorthosite, a few metres
above the UC layer. Layers truncated by anorthosite pothole edge (right). The wavy upper surface of the mottled anorthosite layer
in the middle suggests load cast bulging. Glacial boulder; middle right – contact between a vein of granophyre (light-coloured) and
magnetite gabbro. The granophyre intrudes downwards into magnetite gabbro, and the vein can be traced for hundreds of metres,
Iso Vaiskonselkä, southern part of the intrusion; lowermost – reverse grading in magnetite gabbro (stratigraphic top to the right,
magnetite appears white). Koitelaisenvosat, DDH320/63.90 m. Drill core diameter 3 cm. The last photo by Erkki Halme, others
by TM.
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Fig. 18. Cumulates of the Koitelainen intrusion: Lower Zone cumulates from a to c, Main Zone cumulates d and e; f is granophyre.
All photos by Erkki Halme. a – olivine-clinopyroxene cumulate, intercumulus oikocrysts of plagioclase. Parallel nicols. DDH302/
12.25 m. Bar 2 mm; b – band of cumulus chromite in slightly altered olivine-pyroxene cumulate. Parallel nicols. DDH302/28.30
m. Bar = 1 mm; c – feldspathic pyroxene cumulate, with cumulus clinopyroxene and intercumulus oikocrysts of plagioclase.
Parallel nicols. DDH302/7.95 m. Bar = 2 mm; d – plagioclase-clinopyroxene-orthopyroxene cumulate, plagioclase laths draped
over orthopyroxene. Crossed nicols. Sample TM-74-27. Bar = 1 cm; e – planar lamination in plagioclase-pyroxene (clinopyroxene
and inverted pigeonite) cumulate. Crossed nicols. Sample TM-74-29A. Bar = 5 mm; f – porphyritic granophyre, with primocrysts
of plagioclase. Crossed nicols. Sample TM-78-51C. Bar = 5 mm.

quence phenomena familiar from other, well-
known intrusions are to be seen: the gross fea-
tures of layering, crystal fractionation, revers-

als and the selection of ore layers. It is impor-
tant, however, to read the fine print, the petro-
logically revealing and often surprising de-
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Fig. 19. SE and BE images of fossil
melt inclusions and accessory min-
erals of the Koitelainen intrusion.
Photos by Bo Johanson (a), Ragnar
Törnroos (b,c,g) and Lassi Pakkanen
(d–f).

a – SE image of a fine-grained (de-
vitrified glass?) melt inclusion in
olivine, with an ilmenite daughter
crystal. Lower Zone olivine cumu-
late, DDH310/82.50 m; b – SE im-
age of a skeletal zircon crystal,
length ca 0.4 mm, mixed rock peri-
dotite layer, Main Zone of the
Koitelainen intrusion, DDH365/
181.05 m); c – BE image of a zircon
crystal (length 40 mu?) pinching a
loveringite grain; another lovering-
ite in top right corner; d – BE image
of part of a large orthoclase perthite
oikocryst (dark) in olivine-clinopy-
roxene cumulate. Grey – euhedral
cumulus clinopyroxene, white – il-
menite. Lower Zone, DDH308/
28.00 m; e – BE image of a big cu-
mulus crystal of chlor-fluorapatite,
with allanite inclusions, the same
sample as in d; f – BE image of zir-
con crystals in mixed rock peridot-
ite layer, Main Zone of the Koitelain-
en intrusion, DDH365/190.55 m; g
– SE image of a baddeleyite crystal
(50 mu?), with a thin zircon rim, in
mixed rock peridotite, DDH365/
191.00 m.
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Fig. 20. Microphotographs of contaminant inclusions and loveringite from the Koitelainen intrusion. Photos by Jari Väätäinen.
Upper left – olivine crystal (diameter 3 mm) with a fossil melt inclusion. Olivine(-chromite) cumulate, Lower Zone, DDH309/
258.05 m. Crossed nicols; upper right – angular inclusions of potassium feldspar (black) in the core of a cumulus plagioclase crystal.
Darker shades in plagioclase are relatively rich in anorthite, lighter shades (core and marginal zone) are more albitic. From a
plagioclase-pyroxene(-olivine) interlayer in the Lower Zone, DDH310/19.55 m. Crossed nicols. Width of photo 0.8 mm; lower left
– salic granophyre inclusions (melt droplets) in massive sulphides. The layer of massive sulphides is overlain by disseminated
sulphides in pyroxene cumulate. Upper part of the Lower Zone, DDH360/139.03 m. Crossed nicols. Width of photo 1.6 cm; lower
right – cumulus chromite crystals partially mantled by loveringite. The ilmenite rim of loveringite is altered to rutile. Feldspathic
pyroxene cumulate (cumulus orthopyroxene and clinopyroxene), with primary phlogopite and intercumulus potassium feldspar.
DDH363/329.87 m. Reflected light. Width of photo 0.8 mm.

tails. I have found many of these, such as fos-
sil melt inclusions in olivine, in the Keivitsa
and Kemi intrusions (Mutanen, 1989b). With-
out doubt they are common in other intrusions,
too, if only looked for.

All standard types of layering and corre-
sponding layer contacts occur, e.g., phase lay-
ering, isomodal layering, ratio layering, size
layering, cryptic layering, igneous lamination
(planar lamination) and mineral graded layers
(for terminology, see e.g., Jackson, 1967,
1970; Wadsworth, 1973). Small-scale layering

has been noted in anorthosites (Fig. 17),
chromitites and magnetite gabbro, possibly
caused by seismic longitudinal waves travers-
ing a stagnant, supersaturated liquid (see Hof-
fer, 1966). Inverse grading occurs in magnetite
gabbro (Fig. 17). Igneous lamination is present
in all gabbros of the MZ and UZ, but it has not
been observed in gabbroic interlayers of the
LZ.

Formally the gabbroic rocks are mesocumu-
lates (gabbroic rocks) and orthocumulates.
Only those rocks whose intercumulus compo-
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sition deviates conspicuously from the mafic
residual magma (pyroxene cumulates, chromi-
tites) show orthocumulate textures. Typical
adcumulates have never been found.

The lower part of the Lower Zone (LZ)
consists of peridotites, with two pyroxenite-
gabbro interlayers in the upper part. The peri-
dotites are olivine-chromite cumulates with
varying amounts of the following primary min-
erals: orthopyroxene, clinopyroxene and inter-
cumulus plagioclase, potassium feldspar (or-
thoclase perthite) and minor sulphides, prima-
ry phlogopite, brown primary hornblende,
chlorhornblende, chlorapatite and fluorapatite,
ilmenite, zircon, allanite, graphite, zircono-
lite(?), perrierite(?) and an unknown Ti-Th-
Fe(-REE-P) silicate.

The lowermost LZ cumulates are either or-
thocumulates or mesocumulates. In general the
pyroxenes seem to be true postcumulus phases
(intercumulus phases or formed by reaction
between olivine and intercumulus liquid). Up-
wards, the grain sizes and the amount of py-
roxenes increase to the degree that they can be
thought to have partly formed by reaction be-
fore settling, and should thus be regarded as
cumulus phases. Many orders of crystallization
and peritectic reactions are observed. The
ubiquitous occurrence of smooth, roundish in-
clusions of clinopyroxene in olivine suggests
that the former started to crystallize before the
latter, perhaps together with chromite. In gen-
eral, the lowermost rocks are ol-crt cumulates
(possibly with cpx as a transient early phase),
followed by postcumulus reaction-opx, inter-
cumulus cpx and pl; higher up, the general ev-
olution of cumulus orders and assemblages is
crt-ol-opx-cpx (Fig. 18a–c).

I have not undertaken a systematic study of
the composition of cumulus minerals. One mi-
croprobe determination on the basal peridotite
unit gave an olivine composition of Fo

80.6
. Oli-

vines analysed from one DDH through 70 m
of the topmost peridotite layers vary (upwards;
corresponding mg# values for coexisting opx
and cpx are in parentheses): Fo

80.6
 –> Fo

81.4

(cpx 91.4) –> Fo
82.3 

(opx 82.0, cpx 81.1) –>
Fo

82.8
 (cpx 84.9) –> Fo

71.8
 (opx 75.0–77.1, cpx

82.2).
Intercumulus ilmenite is surprisingly com-

mon in peridotitic cumulates, much more so
than in the MZ gabbros. Several zircon crys-
tals in orthopyroxene oikocrysts have been ob-
served.

Both chlorapatite and fluorapatite occur in
intercumulus spaces (for compositions, see
anal. 4–5, Table 8), even existing together in
one and the same thin section. The fluorapa-
tites (atomic Cl/Cl+F ratio 0.28–0.38) have
high Ce-La and contain allanite inclusions
(Fig. 19e). The chlorhornblende (see Table 9)
is rather rich in Mg, not like the dashkesanite
(potassian hastingsite) of the Keivitsa intru-
sion.

Orthoclase (checked in several cases by mi-
croprobe EDS) is a common intercumulus min-
eral, even in the lowermost olivine-rich cumu-
lates, and mostly altered to secondary
phlogopite. In the uppermost peridotites or-
thoclase-perthite occurs as large (>2 cm2)
oikocrysts enclosing euhedral clinopyroxene
(Fig. 19d). I suspect that this phenomenon is in
fact not so exceptional after all, as orthoclase
is too easily misidentified as plagioclase. The
Merensky Reef contains locally up to 10.6%
orthoclase (Vermaak & Hendriks, 1976).

There are gabbroic cumulate interlayers (see
Fig. 16) in the upper part of the peridotite unit
that grade downwards via pyroxene cumulates
to peridotites. Sometimes olivine occurs as a
cumulus phase in gabbro. The passing precipi-
tation of cumulus plagioclase in ultramafic cu-
mulates is uncommon, yet probably more com-
mon than reported. Even in Bushveld, contrary
to general belief, cumulus plagioclase occurs
deep in the Lower Zone (Cameron & Desbor-
ough, 1969; Cameron, 1978).

Two peculiar features deserve mention.
First, graphite occurs as tiny spherical aggre-
gates; second, the cumulus plagioclase crystals
are inversely zoned, with relatively sodic cores
containing angular inclusions of potassium
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feldspar (Fig. 20). Similar potassium feldspar
inclusions in plagioclase have been described
from the Stillwater intrusion, where the potas-
sium enrichment in magma is ascribed to adja-
cent crustal xenoliths (Barker, 1975). Over-
growth of more calcic plagioclase on sodic, of-
ten embayed, corroded or patchy-zoned cores,
has been described from intrusions and extru-
sive rocks (e.g., Fenner, 1926; Homma, 1932;
Kuno, 1950; Lebedev, 1962b; Maaløe, 1976;
Eichelberger & Gooley, 1977; Dungan &
Rhodes, 1978; Hibbard, 1981; Nickel, 1981;
Nielsen & Dungan, 1985). Most of the above
authors ascribe the phenomenon to magma
mixing. The sodic cores grew in a relatively
acid, alkali-rich magma before being brought
into a mafic magma; that the cores were not
entirely dissolved is attributed, first, to the
sluggish dissolution kinetics and second, to the
fact that the sodic feldspar had originally crys-
tallized from a Supercooled melt (Wager,
1959; Morse, 1988). I agree with these expla-
nations: the plagioclase cores grew in an envi-
ronment very rich in alkalies, not from the
overlying resident magma. I will return to this
subject soon.

Both fossil melt inclusions and magma in-
clusions occur in olivine and orthopyroxene.
Melt inclusions are ubiquitous in olivine (see
Fig. 19a, Fig. 20, upper left). Sometimes sev-
eral inclusions occur in one crystal (“Swiss
cheese” olivine). The smallest inclusions (ca <
20 mu) are very fine-grained; they most proba-
bly remained glassy until regional metamor-
phism (see Roedder & Weiblen, 1971) but big-
ger inclusions (up to 200 mu or more) crystal-
lized from the walls inwards, in due order (see
Fig. 46). Ilmenite is an easily identifiable
daughter mineral (Fig. 19a). Chlorapatite is
common as a daughter phase in olivine melt
inclusions at Koitelainen, Keivitsa and Kemi
intrusions (Mutanen, 1989b).

Magma inclusions in olivine contain sul-
phide beads. Sometimes the inclusions are
crowded with chromite crystals. This indicates
crystallization of olivine in dense chromite

suspension and hints at the possibility of early
chromite accumulation at the base of the oli-
vine cumulate basin. Magma inclusions in or-
thopyroxene contain zirconolite, carbonate and
big occluded crystals of chlorapatite.

The composition of the inclusions in olivine
is quite strange (Table 5), but only if one im-
agines that the olivine grew from, and trapped
samples of, the overlying resident main mag-
ma. Because of a possible reaction between the
trapped liquid and host olivine (see Fig. 46a)
and the growth of small amounts of olivine on
inclusion walls (Roedder, 1984) the present
composition of the inclusion is not exactly that
of a trapped liquid, but is enriched in compo-
nents rejected by olivine. It is, however, a well
known and much utilized fact that glass inclu-
sions in olivine and other phenocrysts in lavas
approximate the melt composition surprisingly
well (e.g., Roedder, 1979) and, when analysed
in a series along fractionation, yield a well de-
fined liquid line of descent. Observations (Lu
et al., 1995) do not support significant bounda-
ry layer buil-up of rejected components, like
K

2
O. The melt inclusions in the Koitelainen

olivine, with end members of a potassic-calcic
(potassic in the following) melt and siliceous-
sodic (sodic in the following) melt, represent
trapped liquids of a heterogeneous, hybrid
melt of a mingling-mixing zone between an
anatectic salic crustal melt and a mafic melt,
most probably at the roof. The potassic melt
represents the mafic magma which gained K

2
O

from the salic melt by selective diffusion
(Watson, 1982); the sodic melt represents the
salic melt which lost potassium to, and gained
sodium from, the mafic magma (op. cit.). The
breeding magma was also rich in Cl, as shown
by the high Cl in the potassic inclusions (Table
5) and by the occurrence of chlorapatite
daughter crystals.

Inclusions too alkali-rich (most commonly
potassic) or otherwise not on a par with the
conceived breeding magma are known from ol-
ivines (Predovskii & Zhangurov, 1968; Glazu-
nov et al., 1973: Ludden, 1978; Fenogenov &
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Emelyanenko, 1980; Lorand & Ceuleneer,
1989) and from ilmenite (Weiblen, cited by
Roedder, 1979). Alkalic inclusions are known
to occur in chromite both in tholeiitic intru-
sions (McDonald, 1965; Irvine, 1974; Alapieti.
1982; Alapieti et al., 1989) and in ophiolitic
chromites (e.g., Talkington et al., 1984). The
chromites and chromitites of Akanvaara and
Koitelainen represent an extreme case of alkali
enrichment: both the melt inclusions and the
matrix are very potassic. The subject is dis-
cussed in more detail later.

Ascending the stratigraphy we find right
above the peridotites a peculiar and seemingly
incompatible association of olivine pyroxen-
ites, sulphide-disseminated pyroxene cumu-
lates and pyroxenites rich in quartz, potassium
feldspar, biotite and fluorapatite. An unknown
Ti-Th-Fe(-REE-P) silicate with inclusions of
perrierite(?) occurs in the intercumulus of a
sulphide-disseminated pyroxene cumulate. The
sulphides are very low in Ni and show only
slightly elevated PGE-Au concentrations (see
Fig. 27c); in fact, they are quite similar to the
false ore sulphides of Keivitsa. The pyroxene
cumulates are closely associated with, and
grade into, alkali-rich quartz gabbros contain-
ing inverted pigeonite, cumulus magnetite and,
interestingly, solitary chromite euhedra. The
latter rocks are often fine-grained, resembling
chilled microgabbros.

Here we find the unholy cohabitation of
magnesian olivine and intercumulus quartz
(0.1 mm apart at the closest), encountered later
again above the Lower Chromitite layers and
also in the Merensky Reef, Bushveld (Mu-
tanen, 1989b), and recently at Keivitsa, too.
This disequilibrium assemblage, which was
brought about by magma currents from differ-
ent parts of the chamber, was incompletely
mingled before settling. Disequilibrium phen-
ocryst assemblages of quartz and olivine are
known from mixed lavas (Sakuyama, 1981). A
peculiar feature found in mixed lavas is the re-
verse peritectic resoption of orthopyroxene to
olivine and augite (Kuno, 1950). Similar re-

sorption of orthopyroxene (to clinopyroxene)
is common in pyroxene cumulates in the upper
LZ.

Olivine and orthopyroxene often occur in
these rocks as separate crystals, apparently
without a reaction relationship, suggesting co-
precipitation of the minerals. But the pressure
needed, 5.4 kb, (Boyd et al., 1964), corre-
sponding to a depth of ca 18 km, is certainly
too high for the basal part of the Koitelainen
intrusion, and also for the Keivitsa intrusion,
where olivine and orthopyroxene co-exist sim-
ilarly. I think that this is another case of bas-
tard cumulate assemblage, of minerals bred
separately but later mingled together (see also
Jackson, 1961).

The unexpectedly early appearance of in-
verted pigeonite may be due to chilling (Wager
& Brown, 1968), but here it suggest contami-
nation by exotic iron, such as has been noted
or suspected elsewhere, for instance, in Dore
Lake Complex (Allard, 1986), Stillwater
(Barker, 1975; Page, 1979; Raedeke & McCal-
lum, 1984), Duluth Complex (Tyson & Chang,
1978) and Platreef area, Bushveld (Buchanan
& Rouse, 1984). The occurrence of cumulus
magnetite indicates that the contaminant in-
creased the oxidation state of the local system.

This local system is spatially intimately as-
sociated with the quartz monzonite diapirs (see
Fig. 21). The quartz monzonite magma stocks
(diapirs) intruding the LZ cumulates are mani-
festations of large-scale early melting of the
floor rocks (labelled monzonite diapirs on the
geological map, Appendix 3; for quartz mon-
zonite compositions, see anal. 5–11, Table 3).
Their U-Pb zircon age, 2434 Ma (Olavi Kou-
vo, letter, May 19th, 1994), is the same as the
age of the intrusion. The quartz monzonite
contains finer-grained autoliths of about the
same composition. Dendritic growth of plagi-
oclase and olivine(?) suggests superheating
and subsequent supercooling of the quartz
monzonite magma. Against the overlying cu-
mulates the stocks have a blanket of chilled
rocks (internal chill) with abundant sulphides
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as round droplets and dissemination. Closely
associated with the stocks, at about the level of
their tops, are pyroxene cumulates, olivine-py-
roxene cumulates and pigeonite gabbros, all
with disseminated sulphides and intercumulus
quartz. The acid magma withstood superheat-
ing by exchanging components with the inter-
cumulus liquid and the main magma, thus ac-
quiring its present quartz monzonitic composi-
tion. All observations indicate that the magma
rose through hot cumulates and reached the
main magma. Mixing of the magmas resulted
in rapid crystallization and the introduction of
salic contaminants into the main magma. Por-
tions of acid magma possibly escaped to the
roof as “melt balloons”.

Similar “rheomorphic” igneous bodies occur
in the lower parts of the Stillwater and Bush-
veld intrusions (see Page, 1977; Willemse &
Viljoen, 1970). The composition of the quartz
monzonites of the Koitelainen intrusion are
very similar to those of the granofelses and in-
trusive palingenetic quartz monzonites of
Bushveld (see Willemse & Viljoen, 1970). At
Stillwater the quartz monzonite bodies intrud-
ing the lowermost cumulates are of the same
age as the intrusion (see Lambert et al., 1985).
Veins, segregations and roundish bodies of

anatectic magma occur at the lower contact of
the Insizwa complex (Lightfoot et al., 1984). In
a trip to the Penikat intrusion led by Vesa Pert-
tunen (GSF) in 1981 I was shown a salic spher-
ical body (ca 50 cm across) near the base of the
intrusion. I interpret this as having been a
buoyant megadroplet of floor melt which was
frozen in the ultramafic cumulate during its as-
cent. The U-Pb zircon age of the rock, ca 2440
Ma (Olavi Kouvo, private comm.), indicates
that there is no inherited basement zircon, and
the zircon crystallized from the anatectic melt
(see Mezger & Krogstad, 1997).

Stratigraphically, the contaminated cumu-
lates are located at about the level where the
tops of the diapirs touch the magma chamber.
The situation strongly suggests that the diapirs
were feeding the contaminants to the overlying
magma, which mixed rapidly with the convect-
ing resident magma. The outcome was the for-
mation of miscellaneous, variously contami-
nated cumulates and the occasional chilling of
the mafic magma.

It is here that we encounter the first tenuous
bands of disseminated chromite (Fig. 18b). I
suggested back in 1973 that the magma system
was prone to incursion into the chromite phase
field. True chromitite layers appear higher up,

Fig. 21. Schematic cross-section of the quartz-monzonite diapirs, lower part of the Koitelainen intrusion. See text.
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among the orthopyroxene cumulate unit (see
Fig. 16).

A unit of heavily contaminated gabbros with
apparent reverse fractionation lies between the
peridotite unit and the overlying uppermost LZ
unit, the pyroxenite. In the eastern Kiviaapa
area the contaminated gabbros (with pigeonite
and cumulus magnetite) grade upwards with
decreasing contamination into pyroxene gab-
bros and low-Ti microgabbros; in the latter,
the plagioclase laths exhibit igneous lamina-
tion. Relics of a pre-Koitelainen intrusion have
been intersected by drilling below laminated
microgabbros (see Fig. 5, Mutanen, 1989b).
Immediately below the pyroxenite unit olivine
visits as a cumulus mineral.

The pyroxenite unit hosts the Lower Chrom-
itite (LC) layers. The pyroxenites consist of
opx-crt cumulates, with intercumulus plagi-
oclase, clinopyroxene, primary phlogopite
(less often primary hornblende), potassium
feldspar and quartz. Clinopyroxene mantles or-
thopyroxene, suggesting a reverse peritectic
(?) reaction. Both pyroxenes contain inclu-
sions of primary phlogopite and hornblende,
particularly when the intercumulus is rich in
quartz and potassium feldspar.

Ubiquitous accessory minerals are chlorapatite
and fluorapatite (sometimes as composite chlora-
patite-fluorapatite grains), and zircon. Lovering-
ite is also ubiquitous, often occurring as fair-
sized, roundish cumulus crystals (Fig. 20, com-
positions in Table 2; see also Tarkian & Mu-
tanen, 1987). Loveringite is usually mantled by
Mn-ilmenite, which contains chromite inclu-
sions. The customary Mn-ilmenite mantle of lov-
eringite crystals has a thin, almost continuous
rim of zircon. Bigger zircon crystals embrace
loveringite (Fig. 20). Tarkian and Mutanen (op.
cit.) suggested that loveringite, like armalcolite
in lunar basalts, reacted with the FeO + MnO in
residual liquid, producing Mn-ilmenite, zircon
and chromite (see also: Lindsley et al., 1974).

The LC layers are treated later in more de-
tail. The chromitites lack sulphides, but these
sometimes occur close to chromitite layers. A

case of special interest is in DDH360, where
sulphide-disseminated rock grades rapidly (in
about 1 metre) downwards into a layer of mas-
sive pyrrhotite. The pyrrhotite contains acid
blebs with beautiful granophyric textures (Fig.
20). As the main magma was still far from true
(terminal) sulphide saturation, this must be a
choice example of transient sulphide satura-
tion. The sulphide liquid droplets had separat-
ed from a contaminated magma portion and
were escorted along their trajectories by salic
liquid dragged along in the density flow. The
salic liquid, now preserved as blebs in the lay-
er of massive sulphides, protected the sulphide
droplets from re-solution. I consider this one
of the key observations of Doppelgänger phase
saturation (premature phase separation, see
Mutanen, 1992, p. 26).

In general there are no ol-opx cumulates,
with ol and opx mixed in all proportions, nor
similarly mixed ol-crt cumulates as at Stillwa-
ter (Jackson, 1961); instead, at Koitelainen chr-
omite and orthopyroxene form density-graded
cumulates. Such grading (Fig. 23) which clear-
ly does not represent hydraulic grading, seems
to be a characteristic feature of both the Akan-
vaara and Koitelainen intrusions. Differences
in the ultramafic cumulus assemblages suggest
some fundamental features (e.g., silica activity,
extent and timing of early selective contamina-
tion) of the early magma system.

The Main Zone (MZ) consists chiefly of
gabbroic cumulates (pl+opx+cpx; Figs 17,
18d). In the lowermost part there are interlay-
ers of feldspathic pyroxene cumulates. As in
the lower MZ of the Akanvaara intrusion, there
are some rare places where olivine and plagi-
oclase crystallized as cumulus minerals (troc-
tolites). Cumulus olivine is found together
with intercumulus quartz and big crystals of
apatite and loveringite. Chromite and lovering-
ite continued to crystallize high into the gab-
bros, but in decreasing amounts. In the analo-
gous Bird River intrusion, the chromite ex-
tended its crystallization for tens of metres
into the gabbroic cumulates above the chromi-



75Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

tites (Bateman, 1943). At Koitelainen loverin-
gite has been found high in the MZ. When in
intercumulus quartz it lacks the ilmenite man-
tle, suggesting that the quartz inhibited the ex-
change of components between loveringite and
intercumulus liquid.

In the lower part of the MZ two prominent
reversals interrupt the cumulate succession.
About 250 m above the base of the zone there
is a 2.5-m-thick layer of feldspathic pyroxenite
(opx-cpx cumulate), with a 5-cm-thick chromi-
tite layer at the base. The chromite is rather
aluminous and, curiously, the most Mg-rich
among the Koitelainen chromitites (Table 4).
Just below the chromitite the cumulus plagi-
oclase is calcic (An

78
), the mg# of the clinopy-

roxene is 0.87. In the pyroxenite overlying the
chromitite the mg# for orthopyroxene is 0.78,
for clinopyroxene 0.83.

About 60 m above this pyroxenite, there is a
13-m-thick layer of peridotite with patches of
coarse feldspathic material. Called the mixed
rock peridotite (mixed rock in the following),
it is underlain by 4 m of pyroxene cumulates.
The salic patches contain large euhedral crys-
tals of ilmenite and skeletal crystals of chlor-
apatite; the ultramafic rock has cumulus olivine,
chromite and chlorapatite. Chromites and chlo-
rapatites contain potassic melt inclusions. The
basal pyroxenitic layer and the alternating cu-
mulate layers (px, px-pl, pl) below it are
anomalous in Pt and Pd (Fig. 22). This mixed
rock sequence is a relation (although a poor
one) of the Stillwater mixed rock and the asso-
ciated PGE-rich J-M reef (Bow et al., 1982).

That contamination contributed to the mixed
rock reversal is clearly attested to by the range
of accessory minerals: chlorapatite (in crystals
up to 6 mm in length), zircon (Fig. 19b, f),
baddeleyite (Fig. 19g), loveringite, thorite(?)
and galena. Such minerals would hardly be ex-
pected were the peridotite the result of a new
pulse of primitive magma. The peridotite is en-
riched in both Zn and Pb compared with the
background values in gabbroic cumulates (Fig.
22). There are no primary sulphides to explain

the Zn-Pb anomaly. I interpret the layer as
having formed through the combined effects of
selective alkali contamination and salic con-
tamination. The crystals formed in the contam-
inated environment (e.g., olivine, chromite,
ilmenite, baddeleyite, zircon, chlorapatite)
deposited from a density flow. The sodic (feld-
spathic) portions represent the salic contami-
nant melt, modified by selective diffusion of
alkalies in the emulsion (Watson, 1982; this
topic will be discussed later in this book). As
in melt inclusions and in contaminated PGE-
anomalous rocks higher up in the MZ (see lat-
er), ilmenite was a liquidus phase in the salic,
sodic liquid (see Green & Pearson, 1986). Po-
tassic matter in melt and matrix represent sam-
ples of the K

2
O-enriched magma which bred

the olivine.
Thin layers of feldspathic pyroxene cumu-

lates occur about 13 m above the mixed rock
sequence; precipitation of minor chromite and
olivine continued in gabbroic cumulates above
the mixed rock, that of olivine for ca 30 m. A
plagioclase cumulate layer (0.3 m) occurs 24
m above the mixed rock.

From the mixed rock sequence up to the first
reversal above the first pigeonite gabbro unit
(see Appendix 3) the MZ cumulates are well
preserved and well exposed in the Koitelainen
fell area. As there are no direct observations of
the dip of layering, the thickness of the MZ as
indicated in Fig. 16 is only an educated guess.

The gabbros are very monotonous, laminat-
ed pl-cpx-opx cumulates (Fig. 18d, e). The ad-
cumulus growth of cpx is poikilitic; in opx
oikocrystic enlargements enclose small plagi-
oclase laths. Upwards, approaching the pi-
geonite gabbro (“ferrogabbro”), there are pl-
opx cumulates with intercumulus or poikilitic
cpx (poikilitic norites). Regular intercumulus
minerals in MZ gabbros are quartz, potassium
feldspar, primary biotite and minor amounts of
ilmenite and fluorapatite. Intercumulus mag-
netite occurs in the uppermost MZ gabbros. Up
to the lower pigeonite gabbro unit small grains
of loveringite are present in most of the thin
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Fig. 22. Columnar section of the mixed rock peridotite layer (DDH365), showing variations in Pt+Pd, Cr, Ni, Pb and Zn. Note that
the scale for Ni is not linear. Koitelainen.
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sections studied. The MZ cumulates are very
similar to those of the Main Zone of the Bush-
veld Complex, where the intercumulus is rich
in quartz (up to 6 vol%) and granophyre
(Groeneveld, 1970).

Formally, the MZ gabbros are mesocumu-
lates. Any adcumulus growth seen can be at-
tributed to simple extension growth of py-
roxenes from trapped mafic liquid (Cameron,
1969), not the delicate (and all too slow) proc-
ess of diffusion of components from overlying
magma.

The cores of the opx oikocrysts probably
represent original primocrysts (see Cameron,
1969), but it is even possible that the oiko-
crysts settled as glomerophyric aggregates of
opx and pl (e.g., Hess, 1960; Jackson, 1961;
Wager & Brown, 1968; Olmsted, 1979).

In the upper MZ the Ca-poor pyroxene is in-
verted pigeonite (Fig. 18e), with one or possi-
bly two reversals back to opx (see map, Ap-
pendix 3). Unlike other MZ gabbros these do
not contain salic intercumulus material. In
Bushveld, too, the salic intercumulus disap-
pears in the Upper Zone (Groeneveld, 1970).
The pigeonite crystallized as a cumulus miner-
al together with pl and cpx. The cumulus crys-
tals were later (probably at or after inversion)
recrystallized (annealed ?) into big, optically
continuous crystal networks.

In Bushveld inverted pigeonite appears soon
above the Merensky Unit (Willemse, 1969a,
von Gruenewaldt, 1973; Coertze, 1974; Mitch-
ell, 1990). Likewise, in the Keivitsa intrusion
pigeonite began crystallizing shortly above ul-
tramafic cumulates. The relative level of ap-
pearance of pigeonite (at about En

30
) is a good

measure of fractionation of residual liquid, but
the differences – early in Bushveld and Keivit-
sa intrusions, late in the Koitelainen intrusion
in relation to uppermost ultramafic cumulates
– craves explanation. Pyroxene fractionation is
the most effective means to increase the mg#
in residual liquid; accordingly, in intrusions
with vast separation of pyroxenes (Bushveld,
Keivitsa) the decrease in mg# needed for pi-

geonite crystallization is attained earlier than
when olivine is a major fractionating phase, as
in the Stillwater (Hess, 1960) and Koitelainen
intrusions.

The pigeonite gabbro unit is topped by a re-
versal back to “normal” pyroxene. The revers-
al itself is not exposed; the nearest outcrop
above consists of contaminated orthopyroxene
gabbro (cumulus pl+opx, intercumulus cpx).
The rocks contain spots of quartz and biotite
and coarse salic and ultramafic pockets. Very
small amounts of stringer and disseminated
copper-rich sulphides are encountered in this
outcrop. The rock exhibits anomalous to high
PGE-Au (Fig. 25c), but these have no direct
relation to sulphides (for more details, see Mu-
tanen, 1989b). These rocks contain independ-
ent, cumulus-like ilmenite, a further indication
of salic contamination (Green & Pearson,
1986). Further north, at about the level of this
reversal, thin layers of anorthosite (pl cumu-
late) with poikilitic cpx have been found.

From the pigeonite reversal to the Upper
Zone (UZ) the rocks are poorly exposed. Drill
cores show that from the second pigeonite gab-
bro unit upwards the normal pl-cpx-opx cumu-
lates grade, with increasing amounts of poikil-
itic opx, into pl-cpx cumulates with big “snow-
ball” oikocrysts of opx enclosing small pl
laths. Higher up, small primocryst cores be-
come visible in opx oikocrysts.

I have not yet any systematic data of the
composition of the cumulus minerals of the
MZ. I have made, however, 16 accurate optical
determinations of plagioclase compositions
(symmetric sections normal to (010) cleavage).
These show that in all pl-cpx-opx cumulates of
the MZ, plagioclase has a sodic core, a more
calcic middle zone and again a more sodic rim,
but in pigeonite gabbros the zoning is normal.
The compositions from core to rim in lower
and middle MZ are (in An mol%): (60–63) –>
(70–68) –> (63–60) –> 58 –> 53; in poikilitic
norite: 62 –> (68–70) –> 65 –> 61 –> (58–54);
in gabbro below the lower pigeonite gabbro
unit: (66–63) –> (59–57) –> (55–56); in pi-
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geonite gabbro: 55 –> 47; and in MZ gabbro
above the lower pigeonite unit: 61 –> 68 –>
61. Thus, inverse zoning occurs in rocks with
salic intercumulus but normal zoning in rocks
without it. From this I conclude that the sodic
cores crystallized near the roof in a slightly
contaminated magma, the calcic middle zone
on them from the relatively uncontaminated
main magma, and the rim from fractionated in-
tercumulus liquid. The plagioclases in pi-
geonite gabbros were bred in the uncontami-
nated main magma and evolved by the book.

Electron microprobe analyses on samples
from five MZ rocks show relatively little vari-
ation of the mg# in pyroxenes and mol% An in
plagioclase in a traverse from the lower MZ to
upper MZ. The lowermost gabbro (possibly
from below the first chromitite-pyroxenite re-
versal) has mg# in opx 0.765, in cpx 0.797, An
in pl 71.7 mol%; in the next sample from
above the mixed rock mg# in opx is 0.726–
0.701, in cpx 0.786, An in pl 75.5–61.5 mol%;
in a pigeonite gabbro mg# in opx is 0.717, in
cpx 0.746 and An in pl 67 mol%. In the upper-
most cumulate from above the lower pigeonite
gabbro unit the mg# in opx is 0.708–0.701, in
cpx 0.737, An in pl 67.7–65.2 mol% (one spot:
An 89 mol%). In a pyroxenitic pegmatoid from
the lower part of the lower pigeonite gabbro
unit the opx had a mg# of 0.713–0.699, cpx
0.731–0.719 and the interstitial pl An 60.5
mol%.

The apparent lack of signatures of fractiona-
tion in cumulus plagioclase, even a reverse ev-
olution towards more calcic composition, is
not unheard of in layered intrusions (e.g., Fer-
guson & Wright, 1970; Mathison & Hamlyn,
1987). All the cumulus plagioclases are more
calcic than the intercumulus pl in the LZ. This
is a common phenomenon (e.g., Cameron &
Desborough, 1969), but not easily explained in
the (many) cases without any possibility of Ca-
Al fractionation in intercumulus liquid, espe-
cially if it is presupposed that the intercumulus
liquid represents the mafic main liquid of the
magma chamber. The intercumulus composi-

tions of ultramafic LZ cumulates (olivine cu-
mulates, orthopyroxene cumulates, chromi-
tites) are very salic, even granitic (quartz, sod-
ic plagioclase, orthoclase, phlogopite, apatite).

Besides the KOI-type intrusions described
here, quartz-rich intercumulus seems to be a
general feature in layered intrusions; e.g., Page
(1977) reports up to 6% of intercumulus quartz
from Stillwater orthopyroxene cumulates; Me-
rensky Reef contains locally abundant quartz
(Vermaak & Hendriks, 1976). Although salic
intercumulus is a regular feature, it seems that
only Sharkov (1980, p. 138–139) has paid any
attention to this glaring discrepancy, although
he does not interpret it as I do here: as samples
of contaminant magma carried in the density
flow.

The Upper Zone (UZ) begins with a 40-m-
thick succession of anorthosites. The Upper
Chromitite (UC) layer, to be described later in
this book, is located in the middle of this unit.
The anorthosites are overlain by gabbros and
anorthosites, the amount of anorthositic mate-
rial decreasing upwards. The UZ gabbros are
pl-px cumulates; the pyroxenes are completely
uralitized.

The uppermost unit of the UZ is magnetite
gabbro. The entry of magnetite at ca 95 PCS is
about the same as estimated by Morse for the
Kiglapait intrusion (88.6 PCS; Morse, 1969a;
93.5 PCS, Morse, 1979b). The late entry of
magnetite suggests that the oxidation state of
the magma was, and remained, low.

The magnetite gabbro is underlain by a unit
of spotted anorthosite, with interlayers of pure
anorthosite and ultramafic cumulates (for more
detail, see Mutanen, 1989a, b). The pl cumu-
lates contain granophyre pods and are in gen-
eral rich in intercumulus granophyre material.
Fluorapatite is common; skeletal apatite crys-
tals up to 5 mm long have been found.

The magnetite gabbros (Figs 17 and 26)
have been intersected by the holes of DDH
profiles at Koitelaisenvosat, in the eastern part
of the Koitelainen intrusion (see Fig. 12, Mu-
tanen, 1989b). The magnetite gabbros form a
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tripartite unit with a sharp contact against the
underlying spotted anorthosites. The lower
subunit consists of pl-cpx(-pig)-mt and px(-
ol?)-mt cumulates and is 40 m thick, with ca
0.2% V. The 20-m-thick middle part (0.03–
0.07% V) consists of plagioclase-rich cumu-
lates with small amounts of cumulus magnet-
ite. The upper subunit (35 m thick) is similar
to the lower one (0.2–0.3% V). Terminal satu-
ration of sulphide liquid was attained near the
top of the lower subunit, where the Cu jumps
from a background value of 40 ppm to 1000–
1500 ppm (Fig. 26). Near the top of the lower
unit there is a 0.2–0.9 m-thick plagioclase-rich
layer. Small-scale layering (pl/mt ratio layer-
ing) is most common near the top of the lower
subunit and in the upper unit.

Cumulus ilmenomagnetite grains, 0.5–2 mm
in size, have interstitial adcumulus enlarge-
ments. In the southern part of the intrusion,
magnetite (9.4–10.9 vol%) occurs as roundish
(subhedral?) cumulus grains. I have estimated
at Koitelaisenvosat that the content of il-
menomagnetite was 10–15 wt%. These figures
are within the observed range (9–12.7 vol%)
for magnetites of pl-px-mt cumulates in lay-
ered intrusions (see Lebedev, 1962a; Irvine &
Smith, 1969; Molyneux, 1974; Bogatikov,
1979; Morse, 1979b). The magnetite percent-
age probably represents the cotectic ratio
(Bogatikov, 1979). When the liquid is still
richer in Fe, and Fe-rich olivine enters the cu-
mulus assemblage, the cotectic proportion of
magnetite increases to 15–20 vol% (op. cit.).

For magnetite to become overenriched (to
supercotectic amounts) the residual liquid
must have stayed in the magnetite phase field.
With the increase in polymerization of the melt
(due to contamination or silica enrichment dur-
ing mt(-ol)-px fractionation) the cotectic pro-
portion of magnetite decreases; e.g., in the
Bushveld magnetite gabbro the proportion of
magnetite decreases upwards in the series
(wt%): 12.7 –> 7.4 –> 6.4 –> 5.4 –> 3.3 (see
Molyneux, 1974). In the magnetite gabbro of
the Koitelainen intrusion the original magnet-

ite content of the middle (pl-rich) subunit was
3–7 wt%, which I interpret as representing the
cotectic magnetite/silicate ratio in a contami-
nated magma.

Ilmenite occurs as coarse granule exsolution
grains in association with magnetite, and as
exsolution lamellae and late-stage lace-like il-
menite (Fig. 14 in Mutanen, 1989b). The Ti
concentration of the residual liquid before the
magnetite phase contact, and the oxidation
state of the magma were both so low that, dis-
counting the Doppelgänger ilmenite in melt in-
clusions, the mixed rock and other contaminat-
ed cumulates, the ilmenite did not crystallize
as a proper cumulus mineral and the first ti-
tanomagnetite was not saturated with Ti. The
proportion of granule-exsolved ilmenite was
dependent on the concentration of V in the
original titanomagnetite (Mutanen, 1979a).
The vertical distribution of V in magnetite re-
veals cryptic variations (op. cit.). The V in
magnetite varies between 0.9 and 2.4%, and in
ilmenite between 0.17 and 0.7%. There are,
however, very high-grade magnetite concen-
trates with up to 2.84% V in magnetite and up
to 0.94% in ilmenite.

In the main part of the magnetite gabbro
unit, Cr in magnetite concentrates is very low
(<50 ppm), but at the very base of the unit
magnetite is very rich in Cr, with up to 3.8–
6.1% Cr

2
O

3
. As proposed for the Upper

Chromitite, this Cr may be of exotic origin, not
“innate”, as proposed by McCarthy and Caw-
thorn (1983) for a similar phenomenon in the
Bushveld intrusion.

Apatite and tourmaline are typical accesso-
ries. Sulphides (chalcopyrite, bornite, chalcoc-
ite, pyrrhotite and pyrite) occur in the upper
part of the unit. The amount of interstitial apa-
tite seems to increase upwards, and hence it
most probably attained cumulus status above
the section intersected by drilling.

The original (premetamorphic) ilmenomag-
netite was altered to secondary biotite and
hornblende, while ilmenite was mostly pre-
served. The alteration, called silication of
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magnetite during the exploration stage, is very
uneven and irregular and proceeded mostly
along thin subvertical joints, as uralitization
did in gabbros (Fig. 17, upper left). The
boundary between completely silicated and
preserved magnetite gabbros is generally
sharp. Of the many possible reactions, silica-
tion in the Koitelainen intrusion was due to the
reaction of magnetite with intercumulus feld-
spars (potassium feldspar, plagioclase) with
the active participation of a water-rich fluid
(Eugster, 1957; Wones & Eugster, 1965) dur-
ing regional metamorphism. The D

V
sv/bi for the

metamorphic assemblage is ca 1.7.
The relations between the magnetite gabbro

unit and the overlying granophyre are not
quite clear. In some parts of the intrusion the
magnetite gabbro seems to grade into grano-
phyre with the decrease in magnetite and in-
crease in interstitial granophyric material. In
the southwestern part an anorthosite layer sep-
arates the magnetite gabbros from the grano-
phyre. The thickness of the granophyre cap in
the least tectonized parts is 200–400 m. Plagi-
oclase (≤ 4 mm) was the first mineral to crys-
tallize from the granophyre magma. The euhe-
dral to subhedral plagioclase crystals are now
completely altered to albite + epidote. The ma-
fic minerals – dark hornblende and biotite –
are secondary (metamorphic), formed from
original pyroxenes, magnetite and possibly
fayalitic olivine. Residual garnet from melted
schists is found in a DDH in the western limb
and in the northwestern part of the intrusion

(Fig. 33). Aggregates and individual grains of
residual quartz also occur (Mutanen, 1996,
p. 36).

The lowermost granophyres are medium- to
coarse-grained, but upwards the grain size de-
creases. Some of the granophyres in the south-
ern part of the intrusion resemble plagioclase-
phyric lavas (Fig. 18f); lava-like granophyres
are known to form at the incipient melting of
country rocks (Smith, 1969, and they are typi-
cal of the upper part of the Sudbury grano-
phyre (“micropegmatite”; Stevenson & Col-
grove, 1968).

In the main part of the granophyre the Cr
concentration is below the detection limit of
50 ppm, but at Kaitaselkä, in the northeast of
the intrusion, a percussion drilling sample tak-
en from near the roof of the granophyre (with
residual garnet from melted high-aluminous
schist) was very high in Cr (Cr

2
O

3
 1800 ppm in

rock, 1.7-3.8% Cr in magnetite).
Granophyres also occur as pockets trapped

beneath autoliths and xenoliths, as frozen
droplets in massive sulphides (Fig. 20), patch-
es in anorthosites, pockets in pegmatoids (Fig.
29) and also as dykes in UZ rocks. At Iso
Vaiskonselkä a dyke of acid granophyre pro-
jecting from the ferrogranophyre cap can be
traced for a couple of hundred of metres down
into magnetite gabbro (Fig. 17). Most probably
this represents the last residual (eutectic) liq-
uid of the granophyre magma, which seeped
into a contraction crevice.

Chromitite layers

The pessimistic prediction of Thayer (1973)
concerning the limited scope of potential
ground for chromite ores became outdated in
1977, when the extensive UC layer was inter-
sected in DDH329 in Koitelainen. “Impossi-
ble” by any grounds – stratigraphic position,
and the composition of both the chromite and

the intercumulus – the discovery of the UC
was followed by that of the LC layers at
Koitelainen in 1981, and in 1991–96 by the
equally paradoxical chromitites of Akanvaara.

The chromitites of Finnish Lapland are not
completely without relations. With regard to
the stratigraphic position near the level of the
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plagioclase phase contact, the ore grade and
the Mg-poor chromite composition, the LC
layers of Koitelainen are similar to the chromi-
tites of Penikat (Kujanpää, 1964) and Bird
River (Bateman, 1943, 1945; Davies, 1958)
and the lower chromitites of Fiskenaesset (see
Ghisler, 1976).

The stratigraphic position of the UC is com-
parable to that of the upper chromitite layers of
Fiskenaesset (Windley & Smith, 1974; Myers,
1975; Ghisler, 1976) and the anorthosite-associ-
ated chromitites of Sittampundi (Janardhanan
& Leake, 1975), Soutpansberg (van Zyl,
1950), Entire (Sivell et al., 1950) and possibly
some of the Imandra chromitites (see Kozlov
et al., 1975; Dokuchaeva et al., 1982b;
Zhangurov et al., 1994). The peculiar, alkali-
enriched concentrations of Ti-rich chromite in
the uppermost part of the Norilsk sill (Genkin
et al., 1979) have a certain kinship with the UC
of Koitelainen. The most complete analogy of
the Koitelainen intrusion is the Fiskenaesset
intrusions, with chromitites and magnetite
gabbro in comparable positions (see Bridgewa-
ter et al., 1978).

In the Koitelainen intrusion the lowermost
LZ cumulates represent crystallization along
the olivine-chromite boundary. The presence
of chromite-rich magma inclusions in olivine
suggest that chromitite accumulations may oc-
cur in the depths of the olivine cumulate basin
in the western part of the intrusion (see Appen-
dix 3).

The Lower Chromitite (LC) layers have
been intersected by drilling in the Porkkausaa-
pa area, east of the Kiviaapa dome and more
recently in the Rookkiaapa area, southwest of
the dome (see the geological map, Appendix
3). According to the results of diamond and
percussion drilling the LC layers are continu-
ous over a distance of about 20 km. In the
Kiviaapa area the dip of the chromitites and of
the lower contact of the intrusion is ca 10° SE.

The LC layers occur in the pyroxene cumu-
late unit in the uppermost part of the LZ within
a vertical span of 37–59 m. The uppermost

Table 4. Average compositions of chromite from the UC
layer, a thin chromitite in MZ (DDH365/527.46 m) and
four LC layers, Koitelainen intrusion. Electron micro-
probe analyses by Tuula Hautala and Jaakko Siivola
(GSF).

chromitites are 30–55 m below the base of the
MZ. There seem to be four to six layers over
0.3 m thick, with Cr

2
O

3
 from 10.6 to 32.2%.

The thickest DDH intersection of chromitite
was 2.9 m. The basal contacts are generally
sharp; the hanging wall contact is gradational
from massive chromitite to net-textured ore to
chromite-disseminated pyroxenite (Fig. 23).

Besides the counted layers there are numer-
ous thinner, possibly discontinuous, bands,
net-textured schlieren and chromite-dissemi-
nated layers.

The chromite octahedra (0.1–1 mm) occur in
a matrix of secondary phlogopite, colourless or
slightly greenish secondary amphibole, and
plagioclase, with variable but usually smaller
amounts of scapolite, talc, chlorite and carbon-
ate. Fossil melt inclusions are common in chr-
omite (Fig. 25L).

Electron microprobe analyses of typical LC
chromites are presented in Table 4. The
chromites are of the Akanvaara LC type, with
similar low MgO and a substitution relation
between Al and Cr.

The PGE assays are generally high in the LC
layers. Weighed total PGE values for individu-

1 - UC (n = 33)
2 - MC (n = 9)
3 - LC1 (n = 10)
4 - LC2 (n = 10)
5 - LC3 (n = 10)
6 - LC4 (n = 10)
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al layers vary between 0.1 and 3.41 ppm
(weighed average 1.4 ppm). The mean of indi-
vidual analyses of Pt/Pd is 0.87, weighed mean
0.34. Au is very low. The CN pattern is M-
shaped, with peaks at Rh and Pd (Fig. 27a).
Suspect PGM have been found but not yet
checked by electron microprobe. The chromi-
tites do not contain any primary sulphides.

The position of the LC far above the floor of
the intrusion and after voluminous pyroxene
and chromite accumulation makes the occur-
rence of chromitites at the stratigraphic level
where they were in fact found rather unlikely.
The paradox of massive pyroxene and chr-
omite prior to chromitite accumulation is
shared by most of the Bushveld chromitites
(see Cameron, 1978, p. 446 and p. 459), that
is, by around 90% of the world’s chromite re-
serves. Another paradox is that most of the
chromite deposits are associated with tholeiit-
ic, relatively Cr-poor (around 300 ppm) mag-
mas, but chromite deposits are not known as-
sociated with komatiitic magmas, with ca
2000–3000 ppm Cr!

In the lower MZ, a 5 cm-thick layer of
chromitite occurs at the base of a feldspathic
cpx-opx cumulate layer. This middle chromi-
tite (MC) was intersected by two DDHs and
has not been traced laterally. The chromite
(Anal. 2, Table 4) is the most magnesian (MgO
ca 3.1%) and most aluminous of all Koitelai-
nen chromitites. With regard to V, the best indi-
cator of fractionation, the MC chromite comes
between the LC and UC chromite.

The Upper Chromitite (UC) layer is located
at the base of the UZ, at about 86 PCS level,
only ca 170 m below the magnetite gabbro
(Mutanen, 1981).

The UC is a distinct layer, 0.75–2.18 m thick
(mean DDH intersection thickness 1.35 m,
true thickness ca 1.2 m), containing 21%
Cr

2
O

3
, 0.4% V and 1.1 ppm PGE. For an ultra-

mafic rock in general, and for a chromitite in
particular, the Ag (2–6 ppm) is very high. As a
whole, the UC is continuous, and composition-
ally and mineralogically homogeneous. It also

has a constant, predictable stratigraphic posi-
tion.

The UC layer has been encountered in all
corners of the intrusion (see Appendix 3). The
mottled anorthosite is always accompanied by
the UC and vice versa. In the southern part
(shown on the map as a gap) irregular dissemi-
nation, pockets and schlieren of chromite oc-
cur in a mess of contaminated gabbroic cumu-
lates and microgabbro autoliths several tens of
metres thick.

Mottled anorthosites are dominant in the UC
sequence (Figs 17, 24). The contact with the
underlying homogeneous MZ gabbros is sharp.
A xenolith of amydgaloidal basalt has been
found at the base of the UC succession (Mu-
tanen, 1989b, p. 44–45). The UC usually rests
directly on mottled anorthosite, but in some
drill holes a layered succession, up to 11 m
thick, of alternating gabbroic and anorthositic
rocks occurs between the UC and the footwall
anorthosite. This succession includes micro-
gabbros (homogeneous, with pl primocrysts,
sometimes with minor chromite), pegmatoid
gabbros and a discontinuous layer (≤ 0.8 m) of
spotted anorthosite, containing cumulus plagi-
oclase, minor chromite and interstitial quartz.
This footwall succession evidently represents
relics of layers that were beheaded in most
places by magmatic erosion. They stand like
buttes in the desert.

Thus, strong convection and concomitant
magmatic erosion preceded, but also accompa-
nied and succeeded, the accumulation of the
UC.

The maximum thickness of the preserved
succession (11 m) gives a measure of the
thickness of the unconsolidated cumulus mush
in the Koitelainen intrusion. It is of the range
estimated from other intrusion: 1–3 m in Bush-
veld cumulates, 26 m in potholes (Ferguson &
Botha, 1963), 14 m from potholes (Viljoen et
al., 1986a), 2–3 m in the Skaergaard intrusion
(estimated from cumulate slumping, Wager &
Brown, 1968); 1–5 m in the Kiglapait intrusion
(Morse, 1969a); max. 15–20 m in various in-
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trusions (Roobol, 1974); ca 1 m at Skaergaard
(McBirney & Noyes, 1979); 1.8 m below a
chromitite layer at Stillwater (Sampson, 1969),
and 18–20 m in the Ilimaussaq alkaline intru-
sion (Sørensen & Larsen, 1987).

Intercumulus quartz is always abundant in
the mottled anorthosite; other intercumulus
minerals are ilmenite and fluorapatite.

The basal contact of the UC is invariably
sharp. In one DDH there are disseminated chr-
omite and thin chromite bands immediately be-
low the UC. As in the Akanvaara intrusion,
contact faults are common in the base contact.
The fault blastomylonites are sheared, silici-
fied, albitized and carbonatized rocks contain-
ing biotite and very fine-grained euhedral tour-
maline (3.1% Cr

2
O

3
 by electron microprobe).

Layer-parallel veins (1 mm) of sodic plagi-
oclase are common in massive UC ore.

The top of the UC normally consists of a 5–
8 cm-thick zone of two or three bands of mas-
sive or disseminated chromite in gabbro ma-
trix. In places the banded part is missing, and a
thin anorthosite layer separates the UC from
the hanging-wall gabbro. In this anorthosite,
small chromitite fragments, eroded from the
upper massive UC (Fig. 25b), indicate scour-
ing by magma currents. Strong erosion occurs
on the upper surfaces of Bushveld chromitites
(Ireland, 1986). The case of UC is also a
strong indicator that adcumulus growth began
soon after settling (Cameron, 1969) and the
chromitite hardened immediately into an adcu-
mulate hardground (see Wager & Brown,
1968; Sparks et al., 1985). The lack of overen-
richment by resolution and annealing (Cam-
eron & Emerson, 1959; Cameron, 1969; see
also Vogt, 1924) at Koitelainen, at both LC

Fig. 23. Spotted chromitite (chromite-orthopyroxene cumulate) grades into net-textured orthopyroxene-chromite cumulate. Koitelai-
nen LC layer, DDH359/31.25 m. Bar = 1 cm. Diascanner photo by Reijo Lampela.



84 Geological Survey of Finland, Bulletin 395

Tapani Mutanen

Fig. 24. DDH intersection through the UC sequence and details of some UC intersections. Koitelainen intrusion.

Fig. 25. “The mother of all reversals”, the UC layer of the Koitelainen intrusion. Photo l by Jari Väätäinen, all others by Erkki Halme.
a – cumulus pyroxene (now uralitized) in chromitite. Cumulus crystals of pyroxene and plagioclase are rare in UC. DDH337/105.20
m. Parallel nicols. Bar = 1 mm; b – fragment of chromitite in the anorthosite immediately above the UC layer. DDH346/41.51 m.
Parallel nicols. Bar = 5 mm; c – base contact of the upper part of the UC layer against a gabbro interlayer. DDH330/214.15 m.
Parallel nicols. Bar = 3 mm; d – ilmenite exsolution bodies partly replaced by secondary titanite and biotite. Bar = 0.2 mm; e –
exsolved ilmenite grains in chromite. DDH333/225.25 m. Reflected light. Bar = 100 mu; f – detail of the secondary silicate
inclusions (biotite, titanite). Reflected light. Sample not on record. Bar = 100 mu; g – skeletal chromite crystal, width 0.8 mm.
DDH330/214.50 m; h – a big inclusion in chromite (chromite diameter 0.4 mm), possibly an embayment. DDH341/276.05 m; i
– “Swiss cheese” chromite, 0.5 mm in size, with several fossil melt inclusions. DDH333/225.25 m. The inclusions mainly consist
of biotite, hornblende and plagioclase; j – an ilmenite-rich graded chromitite layer, at top right. The composition varies from that
of an original Cr-rich ulvite (graphic ilmenite-chromite symplectite in the massive bottom) to that of Ti-rich chromite (from
lamellar to ordinary isolated ilmenite lamellae, with increasing idiomorphism of the host chromite) towards the top. DDH346/42.74
m. Bar = 5 mm; k – Pt(-Pd-Bi)Te (moncheite?) and Rh sulphide (cannot be distinguished from the former). Length of chromite grain
is 0.13 mm; l – “Swiss cheese” chromite (0.5 mm) from LC layer. DDH359/59.60 m. (Next page).
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the UC there are groups of finely layered rocks
(Fig. 17, middle left), the “warning layers”
(during drilling, the depth to UC could be pre-
dicted approximately from these bands). A
warning about these layers is in place here,
however: they seem to overlie a discordance

and UC, is a strong indicator of the very low
solubility of chromium in the breeder and car-
rier melt.

The plagioclase cumulates overlying the UC
are mottled anorthosites and minor spotted
anorthosites. From 2.4 to 6.0 m upwards above

L
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and hence, the depth to the UC varies over a
short distance.

There are also two layers of tourmaline in
mottled anorthosite above the UC, and one
of them mocks a graded cumulate layer. High-
er up, gabbroic interlayers appear, and from 20
m above the UC upwards, gabbros dominate
anorthosites.

In the UC the chromite shows size layering
(graded bedding) and ratio layering (down-
wards-increasing chromite/silicate ratio), with
a reversal to coarser size in the middle of the
layer. The grain size of chromite in the lower
parts of the size-graded layers is up to 1 mm
(sometimes up to 1.5 mm), in the upper parts,
0.2–0.3 mm. As in the Akanvaara intrusion, a
layer of fine-grained chromitite occurs in
coarser chromitite (see Fig. 8a). Thus, it seems
that there are two grain-size populations, both
of which are easily seen in thin section. Either
we have here a mingled population of various
grain sizes, or an unmingled one, with two
stages of chromite nucleation. The two size
classes also occur in the Kemi chromite depos-
it (Veltheim, 1962).

The UC is always separated from the hang-
ing wall anorthosites by a layer of medium-
grained, homogeneous non-cumulate gabbro
0.7–1.0 m thick. Sometimes the gabbro lay-
er “splits” the UC layer (seam splitting;
Wadsworth, 1973) at the level of the size re-
versal. When the middle gabbro thins down, its
place is taken by coarse pegmatoid gabbros. In
two DDHs there is a 1–3-cm-thick pl-crt layer
on top of the pegmatoid interlayer. In this po-
sition a massive to disseminated, composition-
ally graded layer was noticed and analysed
(Fig. 25j). The combined thickness of the split
layer is the same as the thickness of the undi-
vided layer (see also Ferguson & Botha, 1963).

In DDH346 there is a big (several cm in di-
ameter) pocket of granophyre in an anorthosit-
ic part of the interlayer. The contacts of the
gabbroic interlayer against massive chromi-
tites are always sharp (Fig. 25c).

Euhedral, unchained chromite octahedra

constitute 39–47 (aver. 43) vol% of the ore,
corresponding to an initial porosity of 61–53
vol%. In a cumulate with practically no post-
cumulus growth of chromite, this percentage
equals the volume proportion of apparent ini-
tial porosity. The original figures would have
been somewhat lower (ca 54 vol%) because of
the later volume increase due to metamorphic
hydration. Still, it is higher than generally ob-
served in, and estimated for, natural magma
suspensions (from 20 to 50 vol%,; see Jackson,
1961; Cameron, 1969; Kobayashi, 1972; Cou-
turié, 1973; Hamlyn & Keays, 1979; Morse,
1988), which suggests that either the carrier
liquid was very viscous or that, besides the ob-
vious “holes” of cumulus silicates (Fig. 25a),
there was always a small amount (10–20 vol%)
of cumulus phases other than chromite. Ir-
vine’s (1978b) estimate for the initial porosity
was 60%. Thus, the interesting possibility aris-
es that my calculated value (average 57%) is
the true one.

Large chained crystals of chromite were ob-
served near the base of the layer. Potassic fos-
sil melt inclusions (with secondary biotite, pla-
gioclase, secondary amphibole) are common
(Fig. 25g–i) in chromite. Ilmenite exsolved at
lower temperatures from the original, high-T
chromite (Fig. 25e); in metamorphism the il-
menite exsolution bodies were replaced, from
crystal faces inwards, by secondary biotite and
titanite (Fig. 25d, f).

The other original minerals are plagioclase,
clinopyroxene, Ca-poor pyroxene (orthopyrox-
ene or pigeonite), ilmenite, fluorapatite, allan-
ite, sulphides and platinum-group minerals
(PGM). I assume that potassium feldspar was a
primary intercumulus phase. Primary intercu-
mulus quartz occurs near the base of the UC,
and it is common in the banded top. Occasion-
ally postcumulus primary hornblende has been
noticed; also some primary biotite may have
been present. The primary oikocryst phases are
plagioclase (particularly near the base), pyrox-
ene, ilmenite and fluorapatite. The proportions
of primary postcumulus phases are still reflect-
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ed in the vertical distribution of secondary
minerals: in graded layers biotite is most abun-
dant in the upper part, hornblende in the mid-
dle and plagioclase in the lower part. In some
cases the lowermost 10 cm consists mainly of
poikilitic plagioclase and chromite.

Of the primary minerals cumulus pyroxene
either crystallized or, more probably, settled,
with chromite (Fig. 25a). Big (up to 1 cm)
euhedral cumulus crystals of plagioclase are
common at Jänessaari, southwestern Koite-
lainen (see Mutanen, 1989b, p. 44 and 49).
Large crystals of fluorapatite, partly of cumu-
lus status, occur in places; fluorapatite oiko-
crysts are seen to enclose chromite crystals. Il-
menite, too, sometimes occurs as cumulus crys-
tals. Tourmaline (3.1% Cr

2
O

3
 by electron micro-

probe) is always present in small amounts; it may
be a primary postcumulus mineral.

The intercumulus consists mostly of second-
ary silicates and other secondary minerals: bi-
otite (1.4% Cr

2
O

3
 by electron microprobe),

colourless amphibole, greenish amphibole,
bright green amphibole (1.1–2.1% Cr

2
O

3
 by

electron microprobe), titanite, rutile, two kinds
of chlorite, epidote-clinozoisite, porphyroblas-
tic scapolite, carbonate, hydrobiotite-vermicu-
lite, zeolites, and the present paragenesis of
sulphides (two generations of pyrite, chalcopy-
rite, pyrrhotite, pentlandite, covellite, miller-
ite, violarite, galena and marcasite). In some
strongly carbonatized places the margins of
chromite crystals have been altered to a ferro-
magnetic spinel (Cr-magnetite ?).

Of the PGM, moncheite (Fig. 25k) and a Rh-
S phase were found first, but ruarsite (RuAsS)
is most common; it occurs as tiny (<10 mu)
euhedra in both chromite and matrix. Laurite
and sperrylite have also been encountered.

When the UC layer was found and prelimi-
narily studied, it soon became apparent that the
chromite has a unique and quite unexpected
composition (anal. 1, Table 4). The high Ti is
due to exsolved ilmenite rods. The Mg is very
low, and even the modest MgO values in anal-
yses are mainly due to secondary biotite inclu-

sions. Narrow beam analyses give MgO 0.0%
and TiO

2
 0.2–0.4% for “pure” chromite. All

chromites analysed are very poor in Mg and
rich in Fe. The UC chromite is conspicuously
rich in V.

The chromite as a whole, even in different
parts of the intrusion and certainly re-equili-
brated under different postcumulus conditions,
is surprisingly homogeneous in composition.
However, a strong vertical variation in V has
been observed. In the case studied in detail, the
V in chromite was high in the upper part
(range 0.5–1.34% V) and lower part (range
1.34–1.46%) of the UC layer, but only 0.30–
0.50% V in the middle.

The calculated normative oxide (spinel + il-
menite) compositions of the chromite are (in
wt%): chromite 56–71%, ilmenite 0.7–15%,
hercynite 12–18%, magnetite 7–12%, frankli-
nite 0.6–1.8%, jacobsite 1–4% and coulsonite
1.0–3.2%. Evidently the original high-T spinel
was above the solvus of the continuous ulvite-
chromite solid solution system (see Arculus,
1974; Arculus & Osborn, 1975). The “pure”,
low-Ti matrix chromite represents a very low-
T composition on the solvus, with the oxida-
tion-exsolved ilmenite. Understandably, be-
cause of the necessary combination of “primi-
tive” (Cr) and “evolved” (Ti, Fe, V, Zn) com-
ponents, there were not many opportunities for
the natural chromite ores to experiment with
the system. However, the series is seen in as-
sociation with accessory spinels in both lavas
and intrusive rocks (Evans & Moore, 1968;
Gunn et al., 1970; Evans & Wright, 1972;
Thompson, 1973; Zolotukhin et al., 1975; Ne-
radovskii & Smolkin, 1977; Rozova et al.,
1979; Genkin et al., 1979; Muraveva et al.,
1979; Eales, 1979; Eales & Snowden, 1979; El
Goresy & Woerman, 1977; Smolkin & Pakho-
movskii, 1985; Neradovskii, 1985; see also:
Cameron & Glover, 1973).

According to experimental data given by
Maurel & Maurel (1983, 1984), the liquid in
equilibrium with the UC chromite contained
Al

2
O

3
 11–12% and MgO << 0.5%.
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All chromitite layers known from the
Koitelainen intrusion accumulated after volu-
minous fractionation of pyroxenes and plagi-
oclase. There is no evidence of the purported
peritectic reaction between chromite and py-
roxene (Irvine, 1967; Maurel & Maurel,
1982b), neither is there evidence of the alter-
native (op. cit.; Ridley, 1977), namely that the
peritectic reaction produced a chromite differ-

ent from the original composition (op. cit.;
Ridley, 1977). Quite the contrary, chromite
seems to have crystallized and survived even
with a Ca-rich pyroxene (see Neradovskii,
1985). Experimental evidence of the existence
and effect of the peritectic reaction is negative
or ambiguous (Arculus, 1974; Arculus & Os-
born, 1975; Maurel & Maurel, 1982b).

Occurrences of PGE and Au

Several occurrences of PGE-Au are known
from the Koitelainen intrusion, but the grades
are always too low to be economically interest-
ing. In the layered sequence, enrichments of
PGE-Au occur from the lowermost olivine-py-
roxene cumulates up to the magnetite gabbro.
The CN PGE-Au diagrams for the various PGE
enrichments are presented in Fig. 27a–f.

Two PGE-anomalous DDH intersections
were found in systematic Pd-Au assays in the
LZ peridotites. These anomalies have no visi-
ble or analysed connection with sulphides.
Their CN PGE-Au graphs (Fig. 27a) have the
M-shape typical of Koitelainen chromitites
and silicate rocks of both Koitelainen and
Akanvaara (see Fig. 11, Fig. 27e).

At Rookkijärvi, pyroxene cumulates with
weak sulphide dissemination contain traces of
PGE (max. total PGE 1300 ppb, Pt/Pd 0.12–
0.18). Au is very low (max. 36 ppb) and the
CN graphs (Fig. 27c, graphs 1 and 2) have a
steep positive slope. PGM have not been
found. The host rocks are feldspathic pyroxen-
ites (opx-cpx cumulate) with abundant intercu-
mulus quartz, potassium feldspar and biotite.
A quartz monzonite diapir occurs in close
proximity to sulphide-disseminated rocks. Sul-
phide separation is thought to have been pro-
voked by salic material fed by the felsic dia-
pirs to the mafic magma.

The pyroxene cumulates associated with the
LC layers have been systematically analysed

for Pd and Au (each length ca 0.5 m). All as-
says were well below the treshold of economic
interest. Au is slightly anomalous, but Pd ex-
ceeds 20 ppb only over a combined DDH
length of 19 m. Disseminated and massive sul-
phides (Fig. 20, lower left) over a DDH core
length of ca 1 m are associated with a pyroxen-
ite-chromitite breccia. The disseminated rock,
with 1.1% Cu and 0.08% Ni, contained 0.13
ppm Pt+Pd, the massive sulphides (with 0.3%
Cu and 0.34% Ni) had a mere 100 ppb Pt+Pd.
Pyroxene cumulates between individual LC
layers contained a maximum of 0.23 ppm
Pt+Pd.

The LC layers are enriched in PGE. The CN
PGE graphs (Fig. 27b) cannot be distinguished
from those of UC (Fig. 27e).

The slightly PGE-anomalous basal part of
the peridotite mixed rock, described above in
connection with MZ cumulates, has a maxi-
mum of 100 ppb Pt (Fig. 22).

The geology of the PGE occurrence at the
reversal of the lower pigeonite unit was de-
scribed in connection with the MZ cumulates.
The CN PGE pattern (Fig. 27c, graphs 3 and 4)
has the expected positive slope. The calculated
PGE+Au(100S) values range from 56 to 1532
ppm. This reversal zone is now once again in
the PGE exploration programme of the GSF
RONF.

The occurrence of PGE in the UC layer was
described in the context of the UC. The CN
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PGE graphs are shown in Fig. 27e. Note that
the graph for mottled anorthosite exhibits the
same M shape but that the Pd/Ir is much higher
than in the UC.

The PGE-Au enrichment in the magnetite
gabbro unit is one of the most conspicuous fea-
tures of the Koitelainen intrusion. Although
not exactly a bonanza economically, the de-
posit presents a challenge to the established
models of PGE ore genesis; also, it may well
be a harbinger of similar (or, hopefully, better)
deposits to be found one day.

Continuous assays of the cores from two
holes (DDH318, 319) show the distribution of
Pt, Pd, Au, Cu, V and Pt/Pd (Fig. 26). The
grades are low in the V-poor subunit in the
middle of the magnetite gabbro unit, and final-
ly die out rapidly at about 75 m above the base
of the unit. The weighed average Pt+Pd+Au
grade of the lowermost 75 m of magnetite gab-
bro is 0.5 ppm. The peak total assays are 1.17
ppm/2.0 m and 1.21 ppm/2.35 m.

There is no correlation between PGE+Au
and Cu, except for the highest value of Au,
which coincides with the first Cu hike, i.e.,
with the first sulphide liquid separated from
magma. The PGM (cooperite, Pt tellurides, Pt-
Fe alloys) do not follow sulphides, not even in
the Cu-rich part, but occur as separate grains,
mostly in ilmenite and magnetite.

The PGE correlate very well with V, i.e.,
with the abundance of original cumulus mag-
netite (Fig. 26b). The Pt/Pd ratios fluctuate
within wide limits, even in successive core
samples. However, the vertical patterns of the
ratio are similar (Fig. 26c) in the two cores as-
sayed. The average Pt/Pd in the Cu-poor lower
part is 0.32, and 0.51 in the upper, Cu-rich
part. Thus, considering both Akanvaara and
Koitelainen intrusions, Pt was more incompati-
ble than Pd, sulphide liquid or not.

The CN graphs of the Cu-poor and Cu-rich
parts (Fig. 27f) are similar to each other. Os, Ir
and Ru are strongly depleted; curiously, how-
ever, the values of Ir, Ru and Rh are higher in
the upper part of the unit than in the lower

part. One explanation is that some exotic Ir,
Ru and Rh were contributed by convective
contamination at about the stage of the V-poor
subunit.

The PGE+Au allotted to sulphides is 2234
ppm (max. 11626 ppm) in the Cu-poor lower
part and 870 ppm (max. 4321 ppm) in the Cu-
rich upper part.

The ultramafic pegmatoids will be described
soon, and their genesis will be discussed later
in this book. The pipes occur among the MZ
rocks whose intercumulus was not unduly af-
fected by salic contaminant melt. The pegma-
toids themselves I interpret as representing the
intercumulus liquid, or part of it, and thus their
PGE concentrations would give an estimate of
the PGE concentrations in evolved residual,
uncontaminated liquid.

The main, magnetite-disseminated parts of
the pipes have Pt grades of 0.1–0.2 ppm with
Pt/Pd > 1. Pt is enriched in magnetic fraction;
a magnetic concentrate contained 2.3 ppm Pt.
Sulphides are practically lacking from the
pipes, but some vein (that is, late) pegmatoids
contain disseminated Fe-Cu sulphides; in such
rocks Pd is dominant over Pt. The CN graphs
of two magnetite-ilmenite-rich pegmatoid
samples show a positive slope up to Pt, and a
drop thereafter to Pd. Similar pipes in Bush-
veld also contain anomalous PGE values (van
Rensburg, 1965).

For most of magmatic evolution PGE and
Au behaved as incompatible elements and
were enriched in residual liquid. In the sul-
phide-disseminated cumulates in the Lower
Zone and upper Main Zone the PGE values are
only modestly elevated, but even in those
cases the correlation of PGE and sulphide con-
tents is not straightforward. The lowermost
PGE enrichments occur in the ultramafic basal
cumulates, which carry no sulphides. The PGE
are markedly concentrated in chromitite layers
which are always very low in sulphur. Even
when primary sulphides are associated with
chromitite (in the pyroxenite chromitite brec-
cia), the sulphides are not enriched in PGE. A



90 Geological Survey of Finland, Bulletin 395

Tapani Mutanen

Fig. 26. Variation in PGE, Cu (a), V (b) and Au, Pt/Pd (c) values across the magnetite gabbro unit, Koitelaisenvosat, Koitelainen
intrusion. The DDH318 (scale to left) failed to reach the base contact, which is indicated by the sudden increase in V in DDH319
(scale to the right). Thickness of magnetite gabbro unit ca 100 m.
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Fig. 27. Diagrams of chondrite-normalized values of PGE and Au, Koitelainen intrusion. a – PGE-anomalous intervals in basal
olivine-rich cumulates; b – LC layers; c – layers with disseminated sulphides in Lower Zone and upper Main Zone; d – ultramafic
pegmatoid pipes rich in ilmenite and magnetite, Main Zone; e – UC layer and underlying mottled anorthosite; f – magnetite gabbro.
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Fig. 27.

major part of the PGE-Au is incorporated in
the magnetite gabbro unit.

In the Koitelainen intrusion the apparent or-
der of decreasing compatibility of the PGE
was: Ir – Pd – Pt – Au.

There must have been a special mechanism
of fixation for PGE in chromitites, different
from the mechanisms in cases where the PGE
are associated with silicates and sulphides. The
mineralogy of the PGM indicates that in
chromitites and magnetite gabbro the PGM ei-
ther crystallized as stable liquidus phases (al-
loys, sulphides, AsS phases) before chromite
and magnetite or nucleated on spinels. The
only truly chalcophile metal was Au, which
shows a spectacular rise (2 ppm) just at the
level of terminal saturation of (Cu-rich) sul-
phide liquid. But even in the sulphide-saturat-
ed regime of the upper magnetite gabbro the
PGM occur separate from sulphides.

Enrichments of PGE in the upper part of the
magma chamber are known from other intru-

sions, e.g., from Skaergaard (Nielsen, 1989),
Bushveld (Harney & Merkle, 1990) and No-
rilsk (Tuganova & Malich, 1990).

Thus, as at Akanvaara (and Keivitsa), the
relation between PGE (and, in detail, PGM)
and sulphides is lukewarm, haphazard or non-
existent. The relationship between PGE and
sulphide liquid may have been mechanical
(i.e., it was between PGM and sulphide liquid)
rather than chemical (Mutanen, 1992, Mutanen
et al., 1996). In exploration at least, it is better
not to count on the chalcophile character of the
PGE!

Contrary to common belief the mantle
source of the SHMB magmas, proposed as par-
ents of large Precambrian layered intrusions
(Bushveld, Stillwater), is not particularly en-
riched in PGE (Sun et al., 1989). Thus, as in
the case of the Cr needed for chromitites dis-
cussed above, the initial PGE concentrations
of magmas are of little consequence with re-
gard to, or in favour of, the genesis of the PGE
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ores. What is necessary is that the PGE should
be concentrated in the residual liquid (and this
the PGE themselves take care of), that there
should be a good collector operating in mag-
ma, and that great volumes of magma should
be stirred and mixed. At present it seems that
cumulus spinel phases (magnetite, chromite)
are as good collectors for PGM as any.

An ever growing list of cases shows that spi-
nel phases really did act as PGE collectors.
PGE deposits and anomalies are associated
with magnetites (Ivanov & Lizunov, 1944;
Latysh, 1959; Rozhkov et al., 1962; Fominykh
& Khvostova, 1971; Razin, 1974; Perry, 1984;
Golubev & Filippov, 1995), where the PGE of-
ten occur as independent PGM phases (e.g.,
Latysh, 1959; Fominykh & Khvostova; Razin,
1974); with ilmenite (Parry, 1984) or with
chromite (Ivanov & Lizunov, 1944; Rozhkov
et al., 1962; Razin & Khomenko, 1969; Razin,
1974; Parry, 1984; Lee & Parry, 1988; Scoates
et al., 1988; Perring & Vogt, 1989; Lazarenkov
et al., 1991). Despite the general perception,
the PGE and (still less) the PGM in Merensky

Reef are not in fact associated with sulphides
but with chromite (e.g., Viljoen, Theron et al.,
1986), down to a cm scale (Scoon & Teigler,
1994). With regard to PGE, in the Lower and
Critical Zones of the Bushveld Complex it was
not the case of an increase in S and PGE to-
wards the climax at Merensky Reef, but an in-
crease of PGE as incompatible metals in resid-
ual liquid and their increased fixation in
chromitite layers until the UG2, the true cli-
max located from tens to hundreds of metres
below the Merensky Reef (Hatton, 1989).

It has been suggested, even quite recently,
that PGE make use of diadochic substitution in
spinels (Razin & Khomenko, 1969; Fominykh
& Khvostova, 1971; Capobianco & Drake,
1990). It has been noted that, as with sul-
phides, the PGM phases in spinels are concen-
trated at grain boundaries (Parry, 1984); this
suggests the possibility that cumulus spinels
could serve as phase boundary collectors for
PGM phases (Mutanen, 1992; Mutanen et al.,
1996). I will return to the PGE problem after
providing more facts about Keivitsa.

Ultramafic pegmatoid pipes

Various sections of ultramafic pegmatoid
pipes are exposed in the Lakijänkä area in
Koitelainen fell. Moving northeastwards, up
the gentle dip of layering, we first encounter
small (2–3 m in diameter) root parts of the
pipes which are very rich in magnetite and il-
menite (up to 30–40 vol%). At a higher level,
deep blue quartz appears and the amount of
oxides decreases until, in the northernmost
sections of the swarm, granitic (granophyre)
pockets appear. Figure 28 presents the general
form of the pipes, as interpreted by using out-
crop mapping and DDH core data. Micro-
photos of some pegmatoid types are also pre-
sented in Fig. 29.

A big pegmatoid pipe, about 200 m in diam-
eter, has been intersected by drilling at Mukka-

järvenaapa, in the southwestern corner of the
intrusion (see geological map, Appendix 3).
The pipes of Koitelainen are similar to the
magnetite-rich ultramafic pipes of Bushveld
(e.g., Willemse, 1969b).

The pegmatoid rocks were originally
clinopyroxenites rich in magnetite and ilmen-
ite, but clinopyroxene is almost completely al-
tered to hornblende. Besides clinopyroxene,
magnetite, ilmenite, quartz and plagioclase,
other primary minerals are apatite, zircon, al-
lanite (?) and in one uncertain case, olivine.

The large Mukkajärvenaapa pipe regularly
contains small amounts of sulphides: pyrrho-
tite, chalcopyrite, pentlandite, millerite, thios-
pinels of the linneite-siegenite series, and cov-
ellite.
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Fig. 28. Schematic picture of ultramafic pegmatoid pipes and veins in Koitelainen.

and apatite.
Big zircon crystals (Fig. 29d) found in the

pegmatoids in 1973 were used to get the first
“honourable” age for the layered intrusions of
the 2440 Ma age group (Mutanen, 1976b; Kou-
vo, 1977). Before that, Silver (1968) had used
zircon from mafic pegmatoids of the Adiron-
dack area for radiometric dating.

Secondary minerals of the pegmatoids are
amphiboles, epidote-clinozoisite, scapolite, bi-
otite, chlorite, tourmaline, titanite and rutile.
The deep-blue, isometric and amoeboid quartz
grains most probably represent primary liquid-
us crystals of a silica phase, possibly cristobal-
ite, that crystallized cotectically along with
cpx, pl and mt plus the accessory phases zircon
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Fig. 29. Microphotographs of ultramafic pegmatoid rocks, Lakijänkä, Koitelainen. a – metapyroxenite, with amoeboid quartz
grains (white). Parallel nicols. Sample TM-76-10F. Bar = 5 mm; b – Big, altered clinopyroxene crystals and interstitial grano-
phyre. Crossed nicols. Sample TM-76-10Å. Bar = 5 mm; c – granophyre pocket from the upper part of the pipe. Note euhedral
plagioclase cores. Crossed nicols. Sample TM-76-10Z. Bar = 2 mm; d – zircon crystal (length 0.15 mm) in metapyroxenite. All
photos by Erkki Halme.

PETROLOGY OF THE KOITELAINEN INTRUSION

On reversals and multiple magma pulses (MMP)

Since the late 1970s, new doctrines have
emerged or been reinvigorated to explain the
genesis of mafic layered sequences and associ-
ated ore deposits.

Although hailed by many as a progressive
new theory, the first of these concepts did not
add much to our understanding of layered ig-
neous sequences, and nothing to that of mag-
matic ores. It was nothing less than an attempt

to abolish the cumulus theory, which states
that the cumulus crystals had formed in a dif-
ferent part of the magma system and had accu-
mulated where they are now. The new hypoth-
esis suggests instead that the crystals had in
fact formed practically in situ (Campbell,
1978; McBirney & Noyes, 1979). The large
value of Reynold’s number of silicate liquids
was calculated to be too high to allow settling
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of plagioclase, the most common mineral in
mafic layered intrusions; on the other hand it
was purported that the plagioclase crystals did
not settle as cumulus crystals but grew from
the bottom (see Campbell, 1978), as, indeed,
they sometimes do.

The news of the death of the cumulus theory
soon proved exaggerated, however, as geolo-
gists were reminded of the facts everyone al-
ready knew (see e.g., Morse, 1969a; Cox,
1985; Cox & Mitchell, 1988; Ghiorso & Car-
michael, 1985; Marsh & Maxey, 1985; Martin
& Nokes, 1988, 1989; Martin, 1989; Martin &
Nokes 1989). Most geologists involved with
the study of layered intrusions probably re-
garded the new dogma unworthy of a fight,
and paid no heed to it. Of one of the many fal-
lacies of the un-cumulus theory Morse stated,
rightfully: “The notion that the [cumulus] the-
ory deals only with crystal settling and molec-
ular diffusion is a recent myth” (Morse, 1985).

The other fashion, also at variance with clas-
sical cumulus models, was the concept of dou-
ble diffusive convection (DDC). This is essen-
tially a single phase compositional convection
model (McBirney & Noyes, 1979; Chen &
Turner, 1980: Tait et al, 1984), relevant in
low-viscosity fluids, such as water. Applied to
intrusions, it needs a calm magma and does not
tolerate overall convection (see e.g., Morse,
1985) and probably no stirring other than that
caused by the DDC itself. The DDC denies the
significance of crystal settling in magmas (Mc-
Birney & Noyes, 1979) and is, thus, another
aspect of un-cumulus thinking.

The third trend in explaining the filling and
crystallization of layered intrusion is what I
call the MMP (for multiple magma pulses) hy-
pothesis and its kin. Considering the huge vol-
umes of many layered intrusions, the incre-
mental intrusion of magma appeals to our com-
mon sense. Incredible as they may seem, sin-
gle eruptions of basaltic magma with volumes
of up to 6000 km3 are known (McDougall, 1962;
Feoktistov, 1976; Williams & McBirney, 1979).

Actually, MMP is not a recent fad; proposals

of new magma surges can be traced back to
Kuschke (1939). When one sees a radical
change (a reversal or the appearance of a Dop-
pelgänger phase) in the cumulate succession, it
is only natural to invoke a new kind of magma.
It is seldom thought that this new magma
(mixture of liquid and crystals) might have
been generated in the magma chamber itself,
with no help from the mantle. Here I propagate
the idea that the new magmas were products of
“inside” events resulting from magma/wall
rock interaction.

In many well-studied intrusions the possibil-
ity of MMP has been considered but rejected,
and with good reason. In Stillwater, Hess
(1960), Jackson (1961) and recently Loferski
and co-authors (1990) concluded that the mag-
ma chamber was filled about to its final vol-
ume before significant crystal accumulation,
and the “oscillations” (layering, reversals)
were due to mechanisms operating inside the
magma chamber (Hess, 1960). There is a con-
tinuous iron-enrichment trend through the fa-
mous J-M reef, from footwall to the hanging
wall, with no evidence for a new magma pulse
at that important reversal (Bow et al., 1981). A
variant of the MMP hypothesis maintains that
a new pulse of a heavy anorthositic magma
was injected beneath a buoyant old magma
evolved from an ultramafic magma (Irvine et
al., 1982). The Pb isotope studies indicate very
convincingly that the Stillwater magma cham-
ber was filled to capacity before any essential
cumulus sedimentation (Wooden et al., 1991).

At Bushveld the old ideas of MMP have
been redesigned from time to time (e.g., von
Gruenewaldt, 1979; Sharpe, 1981). How was it
then that the old field geologists were not able
to see the MMPs? Cameron and Emerson
(1959) did not find MMP as satisfactory expla-
nation for the innumerable reversals, nor did
Cameron (1969, 1970) find signs of MMP in
the Transition and Critical Zones, the favoured
stratigraphic interval for MMP. Cameron and
Desborough (1969) did not find any breaks in
the px-pl compositional trends at ore intervals.
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Neither did Ferguson (1969) find evidence for
MMP in the Bushveld intrusion; besides, he
had the early brilliant insight of the mock re-
versals which appear if cumulus phase compo-
sitions are not singled out from intercumulus
compositions (op. cit.). Ferguson and Botha
(1963) ascribed cumulate autoliths to internal
processes (e.g., slumping), not to MMP.

The present situation at Bushveld is perplex-
ing. There are UA advocates (ultramafic mag-
ma followed by an anorthositic magma), P
people (for intermittent primitive magma puls-
es) and traditionalists (no MMPs). The various
UA models invoke entry of an anorthositic or
pl-saturated magma at the Merensky level, not
a hotter, opx-saturated magma as postulated by
some others (e.g., Hatton, 1989 and references
therein); the P model denies new anorthositic
magmas and support MMPs of primitive liq-
uids in the upper Critical Zone (Eales et al.,
1986, 1990 and references therein). The tradi-
tionalists cannot see any signs of the MMPs at
postulated levels (Mitchell, 1990; Scoon &
Teigler, 1994), and conclude that the Lower
and Critical Zones formed from a single mag-
ma (McCarthy et al., 1984), with no evidence
in favour of a new anorthositic magma pulse
(op. cit.). Oxygen isotope studies have not fur-
nished evidence of MMP, but rather indicate
that cryptic and modal layering is produced by
processes internal to the magma chamber
(Schiffries & Rye, 1989).

In the Skaergaard intrusion the cumulates
crystallized from a single, homogeneous par-
ent magma (Hoover, 1989). There are no signs
of a new magma pulse being in any way in-
volved with the formation of the newly found
PGE-Au-enriched sequence (Bird et al., 1991).

Acceptance of MMP requires some funda-
mental difficulties to be overcome. First, even
in the well exposed and thoroughly studied in-
trusions (e.g., Muskox, Stillwater) the cumulus
sequences are undisturbed, without definite
manifestations of repeated magma influxes
having broken through cumulates into the
magma chamber (Jackson, 1961).

The other difficulty is that, provided that the
base of the magma chamber was at or below
the liquidus temperature (Jackson, 1961), the
arrival of a new pulse would have caused mas-
sive, rapid crystallization (see Fig. 30, the
curve with the positive slope). The common
notion that the intersection of the adiabatic
gradient and the liquidus gradient favours
crystallization at the bottom of the magma
chamber (see e.g., Jackson, 1961) implies that
the uppermost part of the magma was a super-
heated liquid. Observations on mafic lavas
show that they always contain phenocrysts,
i.e., they are not superheated (Marsh & Maxey,
1985). Applied to intrusions, this would mean
– remembering the relation between the liquid-
us and adiabatic gradients – that they should
crystallize with the low temperature cotectic
assemblages at the bottom and the first liquid-
us phase on top. This has never happened.
However, taking supercooling (which may be
hundreds of degrees in salic systems; see Lof-
gren, 1974a) into account, it follows (Fig. 30)
that only the degree of supercooling increases
downwards. Due to heat loss through the roof,
the other part of the maximum degree of super-
cooling is located at the top of the magma
chamber. The temperature is nearest that of the
true liquidus is below the roof zone. Naturally,
this scenario is worse still as regards the MMP
models. Be that as it may, apart from tempo-
rary chill linings, most of the crystallization
and other phase separation took place in the
cool roof area.

In the mafic-salic mixing zone local and
temporal superheating and supercooling are
both possible, as discussed later.

As the MMP are mostly inferred from, and
placed at, the reversals in layered sequences, it
is only proper to point out what the old schol-
ars noted: That the compositions of magmatic
minerals depend on the amount of postcumulus
growth (Ferguson, 1969; Cameron, 1970).
More recently Barnes (1986) and Wadsworth
(1986) warned against this fallacy; Barnes (op.
cit.) called it trapped liquid (shift) effect,
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while Wadsworth (op. cit., p. 594) formulated
its practical consequences mercilessly: “Any
attempt to interpret cryptic variations in terms
of original cumulus mineral compositions are
[sic] doomed to failure.” The conclusions
drawn by Barnes and co-workers (1990) cast
serious doubt on the rationale of analysing cu-
mulus minerals. In the case of Merensky Reef,
Cawthorn (1995a, b; 1996) showed that when
the trapped liquid shift effect is adjusted, the
compositional reversal vanishes – and with it
the need to appeal to MMP.

The fourth idea, promoted mainly by Elliott
and co-workers (1982) and Boudreau and co-
workers (Boudreau 1988, 1993; Boudreau &
McCallum, 1986; Boudreau et al., 1986;
Boudreau, 1988, 1993), concerns the evolution
of the intercumulus liquid. Fluids, the reason-
ing goes, separated in the intercumulus space,
ascend through the permeable cumulate pile
and interact with the magma. Cl-rich fluids are
thought to be important in transporting and
concentrating the PGE (Boudreau et al., 1986;
cf. Karpinskii, 1926). The preferred sites of

gaseous intra-intrusive “fumaroles” are the
potholes at about the level of Merensky Reef,
but no conclusive evidence for their existence
has ever been found (Cawthorn, 1995b).

I will deal with the Cl question in more de-
tail when discussing the petrology of the
Keivitsa intrusion. Summarizing the observa-
tions made at the Akanvaara, Koitelainen and
Keivitsa intrusions, I can now state that even
at modest pressures Cl does not degas but is
fixed in cumulus and postcumulus minerals
(apatite, amphibole, biotite-phlogopite). In
fact, the basaltic and intermediate magmas are,
and remain, strongly undersaturated in Cl and
act as a sponge for the element. The occur-
rence of boron-rich intercumulus material, ap-
parently of primary origin, in Akanvaara and
Koitelainen intrusions (see, e.g., Fig. 8) im-
plies that, even at very low pressure, degassing
of a water-rich fluid was not possible (see
Chorlton & Martin, 1978). Moreover, addition
of boron can easily split the fractionated resid-
ual liquid or intercumulus liquid into two sta-
bly immiscible liquids (see Levin, 1970)

Melting of country rocks

granitic constituents of the roof. At the time of
dry melting there was no melting in the floor
rocks, because they were progressively insu-
lated from the heat transferred from magma by
the growing cumulus pile and intercumulus
melt. The monotonous gabbroic cumulates of
the Main Zone accumulated during the interval
between the two melting episodes, with only
slight signs of contamination.

In country rocks that were water-saturated at
the time of the intrusion, the heating resulted
in fluid overpressure, with P(fl) far exceeding
P(lit). The build-up and sustenance of fluid
overpressure, up to 3.5–4 kb (Williams & Mc-
Birney, 1979; Litvinovskii et al., 1990), was
limited only by the tensile strength of the wall
rocks (Smith, 1969) and their permeability to
vapour transfer (Litvinovskii et al., 1990).

Glassy, acid rocks are ideal for melting, as
their melting needs only heating to the melting
point (but no heat of melting for the glassy
part!). In fact, their heating first induces crys-
tallization, and, as a result, vast amounts of la-
tent heat of crystallization are released. It
would be still better if these rocks were pre-
heated, as at Sudbury (Naldrett et al., 1986).
Most of the material of the Sudbury grano-
phyres ( micropegmatite”) derived from felsic
glassy rocks (Stevenson & Colgrove, 1968; see
also Faggart et al., 1985).

In the normal case of crystalline roof and
floor rocks, melting occurred both early and to
late in the crystallization history, correspond-
ing to the early fluid-overpressure melting of
the floor and water-saturated melting of the
roof rocks, and late-stage dry melting of the
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It is easy to imagine that water-saturated po-
rous or fractured rocks that got trapped below
the intrusion provided ideal conditions for the
build-up of fluid pressures and, hence, early
melting (see Fig. 30, the left hand curve). I as-
cribe the large-scale early melting of the floor
rocks below the Koitelainen intrusion to fluid-
overpressure melting of fractured, water-satu-
rated, low-melting point granitoids. The effect
was augmented by the rough architecture of
the original base contact, providing a large
contact surface favourable to melting and re-
tention of pressurized fluid pockets. These flu-
id-enriched melt pockets were the autoclave-
founts of the quartz monzonite diapirs (see ge-
ological map, Appendix 3).

The rough base contact of the Kemi intru-
sion (see Alapieti et al., 1989) may have re-
sulted from hydraulic-exploside excavation of
the floor rocks at the site of thick chromite ac-
cumulation (pinpointed by the proposed feed-
er, Mutanen, 1989b, Fig. 2; Elo, 1979), fol-
lowed by their fluid-overpressurized melting
and subsequent deportation by floating as loos-
ened footwall blocks and anatectic melt
through the main magma up to the roof. This
created an ideal basin for early chromite accu-
mulation, while the acid emulsion accumulat-
ing at the roof was an ideal habitat for chr-
omite breeding (see Irvine, 1975a, b; cf. Alapi-
eti et al., 1989). There is no need to invoke a
primitive, new Cr-rich magma pulse at Kemi,
as the composition of chromite (op. cit., Table
2) indicates crystallization from a magma with
< 10% MgO (see Maurel & Maurel, 1984); if
salic contamination was involved the MgO in
magma was << 10% (op. cit.). The configura-
tion of the base contact of the Konttijärvi in-
trusion, as depicted by Iljina (1994, Fig. 44)
Could represent a Still of the break-up of the
floor.

Apart from this kind of fluid-overpressu-
rized anatexis, the melting of country rocks
was fractional and took place in two stages
separated by a wide temperature interval (Pre-
snall, 1969).

Fig. 30. Melting of country rocks above and below a layered
intrusion. I – first melting, II – second melting. See text.

The first stage involved the breakdown of
hydrous minerals (e.g., Wyllie & Tuttle, 1961;
Patchett, 1980) and produced only a modest
amount of liquid (see Vielzeuf & Holloway,
1988). An interesting property of the P-T melt-
ing curves (Fig. 30), when applied to layered
intrusions, is that as the decrease in tempera-
ture away from the intrusion contacts roughly
parallels the decrease in liquidus temperature
during wet melting of the floor and dry melting
of the roof rocks, thick zones of melt were pro-
duced almost instantaneously in the floor dur-
ing the early melting phase, and likewise in the
roof during the late, dry-melting phase (Mu-
tanen, 1992). This has important corollaries as
regards magma contamination. From the left-
hand curve in Fig. 30 one can be deduce that
the first breakdown of OH-minerals produced
very little melt at the roof. Moreover, as the
melting curve and rock temperature curve have
opposite signs of slope, there was no instanta-
neous roof melting of greater thicknesses.
However, as I will demonstrate later in the
Keivitsa case (Fig. 49), mechanical disintegra-
tion of hydrated pelitic rocks played an impor-
tant role at the early stage at Koitelainen, too.
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The first high-aluminous schists in the roof
to melt were boron-rich layers (see Mutanen,
1989b, p. 44). The addition of boron lowers
the eutectic of the water-saturated granite
composition by 125°C (Chorlton & Martin,
1978). Thus, depending on the vertical distri-
bution of the lowest-melting point sediment
compositions, incipient roof melting may have
occurred simultaneously at many levels and
the melt fraction at those levels may have been
very large (Holtz & Johannes, 1991). Even be-
fore the experimental study of Chorlton and
Martin (1978) the fluxing action of boron was
noted in the field (e.g., Ashworth, 1976).

By its very nature, boron is concentrated in
residual liquid; indeed, high boron concentra-
tions have been noted in the granophyre of the
Dillsburg sill (Hotz, 1953). The occurrence
and effects of boron in mafic magmas deserve
more studies (I have not found any). High bo-
ron concentrations (up to 1000 ppm) have been
reported from the Varena Ti-Fe deposit (Kazi-
mieras, 1996). Tourmaline, apparently as a
primary constituent, abounds in many parts of
the Koivusaarenneva Ti-Fe-V deposit, western
Finland (my own observations, 1972).

I must remind my readers here that the melt-
ing in the roof advanced upwards, after the
complete solidification of the mafic (but still
hot) intrusion (Kadik, 1970). The melted, bo-
ron-rich layers high above the granophyre and
also the Cr-enriched upper margin of the grano-
phyre of the Koitelainen intrusion actually
represent this belated melting.

Sandstones and shales generally contain ex-
cess silica and alumina in relation to a eutectic
granite melt. The discussion that follows deals
mainly with pelitic rocks, these being the most
common metasediments associated with lay-
ered intrusions.

The refractory residue material after frac-
tional melting is impoverished in silica and en-
riched in Al, Mg and Fe (Bowen, 1928; Wyllie
& Tuttle, 1961; Smith, 1969); also, mg#, Cr,
Ni, Co and V increase in the residue (Vielzeuf
& Holloway, 1988; Evans, 1964). Thus the

contamination of magma by residue phases
may give rise to reversals that mimic the effect
of new, primitive magma pulses. Moreover,
the ferric-ferrous ratio increases in the residue
(Vielzeuf & Holloway, 1988), which, when
brought to mafic magma, would promote the
crystallization of chromite and magnetite. The
effect of melting and contamination by pelitic
material adds Si, Al, Cr and increases the fer-
ric-ferrous ratio of the magma, all of which are
good for the crystallization of chromite (Ir-
vine, 1977b).

The refractory phases were dense minerals,
and eventually they got through the grano-
phyre melt to the mafic main magma. Even
plagioclase settled through granophyre magma
(Roobol, 1974). Participation of refractory
phases in the magma contamination is inevita-
ble, and although solitary grains are doomed,
by reaction, to annihilation, the results are ob-
vious (Bowen, 1928). Pelites, containing typi-
cal refractory minerals of the fractional melt-
ing (sillimanite, mullite, cordierite, spinel, co-
rundum, staurolite), have been found pre-
served as big xenoliths in most layered intru-
sions (e.g., Hall & Nel, 1926; van Zyl, 1950;
Worst, 1960; Cameron & Desborough, 1969;
Willemse & Viljoen, 1970; Kozlov, 1973; Mo-
lyneux, 1974; Hor et al., 1975; Myers, 1975
Page, 1977, 1979; Buchanan & Rouse, 1984;
see also Sharkov & Sidorenko, 1980, Fig. 40).

In the Lukkulaisvaara intrusion rocks rich in
staurolite and corundum are associated with
crustal metals (Pb, Mo, Re, Ag, Sn) and PGE
(see Barkov et al., 1996a); these I interpret as
representing an aluminous refractory contami-
nant. Similarly, the peculiar Fe-rich, alumi-
nous layer at an important reversal boundary in
the Penikat intrusion (see Halkoaho et al.,
1990) I interpret as representing a cumulate of
undigested detritus of xenolithic pelitic materi-
al from the original roof. This conjecture is
supported by the coincident P-Zr anomaly (see
Halkoaho, 1994).

Although the occurrence of aluminous re-
fractory xenolith material is sometimes accred-
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ited to assimilated aluminous material, as at
Fiskenaesset (Herd, 1973; Windley et al.,
1973), it is surprising how little attention geol-
ogists have paid to the “fate of argillaceous
material” (Willemse & Viljoen, 1970) since
Bowen (1928) showed the possibility and con-
sequences of aluminous contamination.

The granophyre of the Koitelainen intrusion
represents about 70% melting of the schists,
and the undigested residue consisted mainly of
alumina. As the excess alumina is not found in
the granophyre, it must have been carried
down to the main magma. At Koitelainen this
excess phase was garnet, which had already
been formed as a high-temperature contact
metamorphic mineral. The garnet is a “forbid-
den” (high-T) mixture of almandine and gros-
sular (40–47 mol% grossular, anal. by Tuomo
Alapieti). Interestingly, such garnets occur in
the intercumulus of the Stillwater intrusion
(grossular-pyrope, Jackson, 1961) and in pla-
gioclase crystals in the Porttivaara intrusion,
Koillismaa group (Mäkelä, 1975). The garnet
seems to be a stable, high-T mineral in high-
Ca, high-Al environments (Nemec, 1967; Firs-
ova, 1980). At Koitelainen, in one granophyre
outcrop garnet still occurs as resorbed cores of
plagioclase crystals (Fig. 33; Mutanen, 1989b,
p. 44).

Generally, when a component is added to a
melt, the composition of the melt shifts into
the field of the phase with the highest concen-
tration of the added component. Thus, addition
of alumina shifted the melt composition into
the primary field of plagioclase. In fact, the
plagioclase-to-garnet reaction is widely known
from eruptive rocks (e.g., Edwards, 1936; Oli-
ver, 1956; Davis, 1968; Gelman, 1980; Popov
et al., 1981). A refractory garnet would explain
many trace-element (REE, Zr) and Sm-Nd iso-
tope anomalies in the cumulate successions
(e.g., the REE-Zr anomaly at the J-M reef of
Stillwater; Lambert et al., 1985).

Evidently, the garnet (and possibly other
aluminous phases) that passed to the main ma-
fic magma reacted similarly with melt to form

plagioclase. The excess alumina from melted
pelites thus incorporated in the mafic magma
would shift its composition into the plagiocla-
se phase field and give rise to anorthositic cu-
mulates (Mutanen, 1989b, 1992). The contri-
bution of alumina from pelites to anorthosites
has been inferred or indicated elsewhere (see
e.g., Hall & Nel, 1926; De Waard, 1968; Phil-
potts, 1968; Schwellnus, 1970; Willemse &
Viljoen, 1970; Herd, 1973).

The addition of alumina provides a feasible
solution to the anorthosite problem of the Still-
water intrusion. Compared with the noncumu-
late rocks (internal microgabbros and other
non-cumulate rocks) reputed to represent the
composition of fractionating magma (Page,
1977), the evolution of cumulate composition
swerves towards Na-Al enrichment and, thus,
the proportion of plagioclase cumulates in-
creases (op. cit.). One of the biggest problems
at Stillwater is the source of the plagioclase of
the thick anorthosite layers, which have no
mafic counterlayers (McCallum et al., 1980;
see Lofgren, 1974b; Mutanen, 1974; McBirney
& Noyes, 1979). The magma mixing model ad-
vanced by Irvine (1975d) does not apply to the
Stillwater intrusion because of the exorbitant
amounts of magma volumes needed (McCal-
lum et al., 1980).

The sulphide liquid remaining after the sul-
phide-rich crustal rocks had melted was also
an insoluble residual phase in the anatectic sal-
ic melt (see Barker, 1975). In the Keivitsa in-
trusion the false ore sulphides approach the
sulphide composition of the pelitic wall rocks.
If the mafic main magma was sulphide-under-
saturated, the exotic sulphide liquid droplets
would have re-dissolved if their trajectories
brought them into the undersaturated main
magma.

In siliceous sediments quartz may remain as
a residual phase after partial melting of the
rocks. In the granophyres of the Koitelainen
intrusion occasional big quartz grains clearly
represent the siliceous residue. In the southeast
of the intrusion quartz amygdales occur in par-
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tially melted (“granophyrized”) acid lavas. In
the Sudbury granophyre xenocrystic quartz
grains occur in a position similar to that of the
Koitelainen granophyre (Stevenson & Col-
grove, 1968).

As well as melt-depleted pelitic hornfelses,
refractory mafic and ultramafic xenoliths
(komatiites, pre-Koitelainen gabbros, basalts,
basaltic tuffs) are common. Naturally, they
sank into the magma in their appropriate strati-
graphic order and, thus, their relative position
in the igneous sequence define their strati-
graphic order in the melted supracrustal se-
quence. In principle at least, it is possible to
map the refractory roof rocks that have existed
above the present erosion surface.

As xenoliths were loosened during the melt-
ing of the roof, their concentration at certain
levels (see Cameron & Desborough, 1969)
designates the episodes of roof melting. In the
Koitelainen intrusion xenoliths are concentrat-
ed at the base of the MZ and of the magnetite
gabbro unit, but some komatiitic xenoliths
have been intersected by DDHs between UC
and magnetite gabbro. Large basaltic xenoliths
occur in the south and northeast of the intru-
sion (see the geological map, Appendix 3). At
times of roof melting the sinking xenoliths
augmented the effects of contamination by
stirring the salic roof melt, and pierced the sal-
ic/mafic melt boundary (DePaolo, 1985;
Campbell & Turner, 1987). Sinking further
down into the main magma, the xenoliths butt-
ed acid contaminant melt beneath and dragged
it in tow.

Granophyre caps are generally thought to
represent crustal rocks melted by underlying
intrusions (e.g., Daly, 1914; Irvine, 1970a, b;
Stevenson & Colgrove, 1968; Wager &
Brown, 1968; Narldrett et al., 1972; Kuo &
Crocket, 1979; McBirney, 1975; McBirney &
Noyes, 1979).

Contrary to a perception common among
non-specialists, it is not the heat of the magma
but the latent heat of crystallization which
causes the surrounding rocks to melt – with as-

tonishing capability: granophyres may com-
prise up to one quarter or one third of the
thickness of the whole intrusion (Vakar, 1967).
Kadik (1970) calculated that a crystallizing
magma layer 10 km thick (about the thickness
of the Bushveld layered series) can melt up to
1.6 km of roof.

At Koitelainen the granophyre cap is regard-
ed as representing the buoyant lumped pool of
anatectic floor and roof melts, after removal
(sinking) of residual phases.

The composition of the quartz monzonites
bodies piercing the LZ cumulates (analyses
5–11, Table 3) is similar to that of the
granofelses and quartz monzonite bodies near
the base contact of the Bushveld intrusion (see
Willemse & Viljoen, 1970). The composition
of the anatectic melt was initially close to the
minimum melting (granitic) composition of
silicic crustal rocks. This, of course, was prone
to superheating (McBirney, 1980; Sigurdsson
& Sparks, 1981; Campbell & Turner, 1987),
but, as in convection (to be discussed soon),
feedback regimentation (according to the Le
Châtelier principle) fought against superheat-
ing.

Smith (1969) and Presnall (1979) noticed
that the compositions of granophyres, or even
those of their salic part, do not correspond to
the granitic ternary minimum, but lie closer to
the feldspar join in the system Ab-Or-Q. I still
adhere to my earlier proposition (Mutanen,
1989b, 1992) that the granophyre melt checked
its superheating by digesting a portion of the
residue phases from partially melted and me-
chanically disintegrated pelitic rocks and by
giving silica to the orthopyroxene. This oc-
curred in the only region where massive crys-
tallization of a magnesian, silica-rich orthopy-
roxene was possible – in the mingling-mixing
zone between the granophyre melt and the
main magma.

In the crystallization of orthopyroxene the
silica (from the ample salic stock) combined
with the Mg (from the equally ample mafic
magma). In terms of the ternary Ab-Or-Q sys-
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tem both the reaction of residue phases (to pla-
gioclase) and the crystallization of orthopyrox-
ene drove the liquid composition from the ter-
nary minimum towards the Ab-Or base. This
also implies a simple solution to the syenite
problem, namely, that there are igneous rocks
whose composition hangs precariously on the
high-T ridge in the larger ternary system, kal-
silite-nepheline-silica (see Nolan, 1966;
Morse, 1969a; MacKenzie, 1972). Thus, the
association of syenites and trachytes with
eruptive rocks of basaltic compositions (Daly,
1914; Glazunov, 1979; Morse, 1969b) be-
comes understandable. MacKenzie (1972) an-
ticipated that “a mafic phase” must control sy-
enitic rock composition.

As Na could enter plagioclase, the salic
composition path gradually veered, after the
entry of cumulus plagioclase, towards the or-
thoclase corner (see Morse, 1969b). In the po-
tassic (K

2
O 7–11%) syenitic granophyres of

the Sierra Ancha (Smith & Silver, 1975) this
evolution led the melt to its natural composi-
tional destiny.

Whether the granophyre melt checked super-
heating by reacting with residual phases or by
exchanging components with the underlying
mafic magma, the compositions of the salic
and mafic melts approached the solvus of truly
immiscible silicate liquids from opposite sides
(see Roedder, 1951; McBirney, 1975). At this
stage, contamination was by residual phases
only. Thus, while olivine cumulates (associ-
ated with selective contamination by H

2
O, K

2
O

and Cl) and pyroxene cumulates (associated
with regimentation of the superheating of the
salic melt) characterize the early contamina-
tion episode(s), cumulates enriched in, or com-
posed alamost entirely of residual phases of
melting (anorthosites, chromitites) prevail in
the upper part of the Koitelainen and Akan-
vaara intrusions.

Convection

turn to local differences in either the composi-
tion, temperature or density (mass per unit vol-
ume) of suspension. An early array of ther-
mally driven convection was formed above
the feeder (the “stove action” by Morse,
1969a; 1985). This stove action caused strong
melting above the feeder (Morse, 1988). As I
see it, this dome of salic melt above the sink-
ing centre (the sinking produces the funnel-
shaped form typical of layered intrusions, as at
Kiglapait, Great Dyke, Muskox and Skaer-
gaard) was displaced sidewards by the weight
of the roof and further upwards along the in-
clined beds. The end result would be exactly
like that in the Muskox intrusion (see Irvine,
1975a, Fig. 2), where the granophyre is either
thin or lacking in the centre, thickens side-
wards and seems to be escaping from the intru-
sion in the flanges. Evidently, a simple kind of
convection like this operated in the Keivitsa
intrusion.

Convection is by far the most effective
mechanism for transferring the latent heat of
crystallization to the roof (Jackson, 1961) and
essential for its melting (Kadik, 1970; Irvine,
1970b). Convection also maintained the mix-
ing of the mafic and salic melt, and convective
flow was the “public transport system” for cu-
mulus crystals. The mafic main magma kept
the overlying salic melt in vigorous convection
(Sigurdsson & Sparks, 1981). This resulted in
thorough homogenization of the roof melt lay-
er and increased its agressiveness by transfer-
ring latent heat from the crystallizing mafic
magma to the still unmelted roof. Moreover,
convection was both the cause and effect of
crystallization in the upper part of the magma
chamber.

Basically convection is not a thermal but a
mechanical (hydrodynamic) phenomenon.
Vertical convection in intrusions is caused by
density differences in magma, and these in
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There is isotopic evidence for early, vigor-
ous single-phase (thermally driven) convection
homogenizing the magma volume very effec-
tively (Stewart & DePaolo, 1989).

The most common type of convection in in-
trusions, however, was two – phase convec-
tion (Morse, 1969a, 1985, 1986, 1988), which
often developed into a concentrated current,
the density flow. In principle the two phases
may consist of crystals and liquid, two immis-
cible liquids, etc.

In reality many density flows were complex
multiphase suspension-emulsion systems con-
sisting of crystals and mingled liquid emul-
sions. The case depicted lower left in Fig. 20,
for instance, probably represents a suspension-
emulsion that consisted of cumulus crystals,
sulphide liquid and a salic silicate liquid min-
gled with mafic silicate liquid. Thus, the sys-
tem was actually a quadri-phase system of two
mingled silicate liquids, an immiscible sul-
phide liquid and crystals.

The concept of density flows in magmas
may be dismissed as pure speculation, as we
do not know the actual suspension particle
densities (amounts of crystalline mass per unit
volume of melt). What we do know is that
magmas carried suspended crystals before to
settling (Rice & Eales, 1995), and, depending
on the density of cumulus phases, even small
amounts of suspended crystals had a signifi-
cant effect on the magma density (op. cit.). In
fact, density flows are inevitable in crystalliz-
ing mafic magma chambers (Hess, 1960).

There is evidence from both cumulates and
experiments that the suspension densities were
so high and crystal settling so massive that
even light-weight xenoliths were buried
against their will in cumulates (acid gneiss xe-
noliths in the Skaergaard intrusion, Wager &
Brown, 1968; quartz xenoliths in Duke Island
ultramafic cumulates, Irvine, 1978a; experi-
ments by Irvine, 1979). I have already de-
scribed several cases from Koitelainen where
pockets of salic granophyre melt were trapped
in chromitites, anorthosites or even, once, in

massive sulphide. In fact, the salic intercumu-
lus of orthopyroxene cumulates and the po-
tassic intercumulus of the chromitite layers of
Akanvaara and Koitelainen intrusions repre-
sent lightweight carrier liquids of the density
flows, buried along with heavy cumulus crys-
tals.

Almost all cotectic crystal assemblages are
heavier than melt (Morse, 1979a). The density
flow originates and develops as a labile densi-
ty inversion at the site of crystallization. When
the supporting liquid loses its tenacity, density
flows surge downwards (or upwards) as sus-
pension plumes (Hess, 1960; Morse, 1969a;
Brandeis & Jaupart, 1986).

The simplistic vision of crystals settling
through magma has impeded realistic under-
standing and utilization of the original cumu-
lus concepts (see Morse, 1985). It is important
to realize that the settling velocities of individ-
ual cumulus crystals are far smaller than the
velocities of density flows (Hess, 1960). It was
early noticed that the crystals of various cumu-
lus phases are not hydraulic equivivalents, and
thus, instead of having been settled gravita-
tionally through the magma, must have depos-
ited from density flows (Jackson, 1961).

Wager and Brown (1968) proposed that cu-
mulus crystals settled from a decelerating den-
sity flow. I think, however, that in many cases
settling is aided by the fact that crystallization
of cumulus minerals produces a lighter residu-
al liquid (see McBirney & Noyes, 1979). This
holds good especially in contaminated envi-
ronments, where the density contrast between
mafic cumulus silicates (say, olivine) and the
residual liquid is great (see Irvine, 1975c).

Thus, paradoxically, in density flows the
density of the carrier liquid is lower than that
of the mafic magma. The flow moves only be-
cause of the mass of the suspended crystals.
An extreme case of this phenomenon is the
suspension of chromite in a salic liquid, a topic
I will return to later. When the density flow
sweeps along the bottom of the magma reser-
voir, heavy crystals are easily settled and so
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separated from the carrier liquid. The latter,
relieved of its load, ascends to the roof. I sug-
gest that this is the dominant mechanismn for
the formation of ultramafic monocumulates;
fittingly, though paradoxically, the proportion
of “granitic” trapped liquid is greatest in these
cumulates.

It has been proposed that convection is con-
tinuous (Irvine, 1979). Usually, however, it is
conceived as an intermittent (Brandeis &
Jaupart, 1986; Francis, 1994), even periodic,
process (Hess, 1960; Wager & Brown, 1968;
Naslund, 1984). Jackson (1961) depicted the
process as a convective overturn of the mag-
ma chamber. Several feasible models have
been presented to explain intermittent or peri-
odic self-damping convection (Jackson, 1961;
Morse, 1979a; Brandeis & Jaupart, 1986).
Koyaguchi and co-workers (1990) showed em-
pirically that a suspension may experience
spontaneous, periodic overturns even at very
low suspension densities.

In the Koitelainen intrusion I envisioned the
following self-regulating feedback mechanism
(somewhat modified from Mutanen, 1992):
With fractionation, concentrations of Fe and
fluxes (H

2
O, K

2
O, P

2
O

5
, Cl, F, B, Ti, V) in-

creased in the residual liquid. This resulted in
a decrease in viscosity, whereas the fall in
temperature (which tends to increase viscosity)
along the cotectic px-pl plateau was negligible
(Yoder & Tilley, 1962). The lowering of vis-
cosity boosted convection, which increased
heat loss through the roof and mingling-mix-
ing between the buoyant roof melt and the con-
vecting mafic magma. The mixing augmented
crystallization. The thickening of suspension
launched the density flow down to the floor,
along with increased crystal settling from the
hybridized, lower density carrier melt. The
density flow forced an upward ebb of the dis-
placed liquid (Morse, 1988). The density flow
itself, rid of some of the load that had settled
as cumulates, was buoyed back to the roof, and
so on. The dampening began when the min-
gling at the salic-mafic magma contact and the

separation of silica-poor crystals (relative to
the breeding liquid) increased the silica con-
tent of the hybrid liquid and the proportion of
suspended crystals, both of which increased
the viscosity of the magma suspension. This
led to the displacement of the path of the den-
sity flow downwards to a more mafic (and less
viscous) magma with a smaller amount of sus-
pended crystals (towards the Sargasso Sea of
the toroid core; see below). The dampening
was restrained by the inertia of the toroidal
flow system; thus, there probably never was a
simple, one-stage overturn of the innards of
the magma chamber.

There are indications, that the density flow
sweeping along the floor was channelled into
concentrated, even turbulent, streams, result-
ing in magmatic erosion and formation of
funnels (e.g., Jackson, 1961; McBirney &
Noyes, 1979; Morse, 1979a; Page, 1979;
Myers, 1985; Ireland, 1986). Schmidt (1952)
explained the potholes of Merensky Reef,
Bushveld, by turbulent magma currents. The
magmatically eroded mesa topography of Mer-
ensky Reef (Viljoen et al., 1986a, b) and the
sub-UC surface of the Koitelainen intrusion
both bear strong evidence of differential mag-
ma current erosion.

Observations from the Akanvaara and
Koitelainen intrusions, e.g., the almost ubiqui-
tous occurrence of igneous lamination and the
presence in MZ gabbros of souvenirs from the
contaminated roof melt of the intrusion (lover-
ingite, salic intercumulus compositions, sodic
cores in cumulus plagioclase crystals and the
very coexistence of the hydraulically disparate
cumulus silicates) indicate that convection, al-
though continuous, was punctuated by acceler-
ated bursts of convection. The most remarka-
ble revolutions coincide with episodes of melt-
ing and accompanied density surges.

Crescumulate growth (see e.g., the UC out-
crop map, Appendix 2) can be fed by a super-
cooled convecting liquid (Irvine, 1979), even
by a turbulent melt (Mutanen, 1974); thus,
crescumulate growth does not necessarily im-
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ply that the magma was stagnant. It only im-
plies constitutional supercooling (supersatura-
tion; e.g., op. cit.; Lofgren, 1974a), possibly
with prior superheating associated with magma
mixing which destroyed all potential crystal
nuclei.

With a suitable magma chamber geometry
the exciting possibility of toroidal accelera-
tion and ensuing erosion (Morse, 1988)
emerges. The Keivitsa intrusion looks like a
good example of a toroidal convection system.

The general autonomous iron-enrichment
fractionation trend of the rest magma suggests

that the main magma reservoir of the
Koitelainen and similar intrusions was not
much involved in, nor affected by, two-phase
convection and associated contamination. This
was the region between the basal part (with the
highest degree of supercooling) and the con-
taminated top, where crystallization was real-
ized. It was also the hottest (relative to true
liquidus) part of the chamber. This calm region
inside the convection toroid(s) is what I call
the Sargasso Sea of the crystallizing layered
intrusions.

Contamination

Contamination is often used, and the process
even understood, synonymously with assimila-
tion. In fact, wholesale mixing of magmas so
that the contaminant becomes “similar” to the
magma hardly ever occurs, and any models us-
ing such a presumption are “inappropriate”, as
pointed out by Francis (1994) and formulated
in the same vein by others. Particularly in the
case of selective contamination (selective dif-
fusion; see Watson, 1982), but also in the case
of contaminant-magma mixing with subse-
quent separation of crystals and the hybrid
magma, contamination is not apparent in the
cumulus assemblages or their compositions.
This is because there are no high temperature
“salic” cumulus minerals and because the sus-
pended crystals have been separated from the
carrier liquid.

Thus, in the case of contamination by, say,
sedimentary alumina, chromium, sulphur and
iron, or by exotic olivine detritus (Keivitsa),
the contaminants are camouflaged in magmatic
attire. Early or unexpected, Doppelgänger-like
iron enrichment in the layered series might be
a sign of contamination by a sedimentary ma-
terial with a relatively high FeO/MgO ratio
(see Barker, 1975; Tyson & Chang, 1978;
Raedeke & McCallum, 1984; Buchanan &
Rouse, 1984; Allard, 1986). The occurrence of

inverted pigeonite in the Merensky Unit (Cam-
eron, 1982) is almost incomprehensible if
viewed as a product of normal fractionation.
The effect of Fe contamination depends on the
fractionation stage of the magma in relation to
the Fe/Mg ratio of the contaminant (Evans,
1964); thus, in a late fractionation stage the ad-
dition of sedimentary iron may induce a re-
versal.

The added contaminants shift the field
boundaries of the established primary phases,
and so their effect is only catalytic. Particular-
ly in lavas, in the absence of discernable, re-
vealing minerals the contamination is shown
only by the trace element and isotope charac-
teristics (e.g., Thompson et al., 1982). In intru-
sions, though, contaminants were trapped in
cumulates, and there the mineralogical evi-
dence of contamination is visible practically
everywhere to the vigilant eye.

Except for natural wear the stock of cata-
lysts is inexhaustible in principle. In intru-
sions, natural wear includes the contaminant
melt lost in melt inclusions and in trapped in-
tercumulus liquid. Also, catalysts lose their ef-
fectiveness if the magma is deprived of feed
(e.g., of the Mg needed in the catalytic produc-
tion of olivine; see later). Eventually, magmat-
ic catalysts may turn into an inactive form, as,
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for example, when K
2
O is bound to a salic melt

phase immiscible with the late-stage Fe-rich
liquid (Roedder, 1951).

Cumulates often reflect the oxidation state
of the contaminant. Thus, sedimentary contam-
ination may be seen in the increased ferric-fer-
rous ratio of the cumulates (e.g., Cameron &
Desborough, 1969) or in their oxygen isotope
composition (e.g., Schiffries & Rye, 1989). An
increased Fe3+/Fe2+ of the contaminant may in-
duce crystallization of Doppelgänger magnet-
ite and (or) ilmenite. The Keivitsa intrusion
provides good examples of the effects of re-
duced carbonaceous contaminants.

Igneous bodies with a large surface-to-vol-
ume ratio, such as dykes or sheet-like layered
intrusions are more susceptible to contamina-
tion than isometric intrusions (Thompson et
al., 1982), but only if their solidification lasts
long enough for melting and contamination to
take effect.

The crustal geochemical signature imitates
that of the purported metasomatized mantle
enriched in crustal-like elements. During their
residence in the mantle their unstable isotopes
produce radiogenic isotope signatures not un-
like those of the crustal rocks. There seems to
be an ever increasing tendency to ascribe the
geochemical freaks so common in layered in-
trusions to the geochemical characteristics of
some peculiar regions of the mantle (e.g.,
Hamilton, 1977; Lambert et al, 1985; 1989;
Amelin & Semenov, 1996). Even then, the
crustal components are plain in the mineralogy
and petrography of the cumulates, as readers
will soon be able to read.

Contamination of intrusions by wall rock
materials was first reported over 80 years ago
(Daly, 1914). It is usually referred to as “local
contamination” (e.g., Morse, 1969a), implying
that the contamination had no larger, intrusion-
wide effects.

Irvine (1970a; 1975a, c), however, presented
a hypothesis of how the effects of salic con-
tamination would shift the primary phase
fields of liquidus minerals so that the evolution

of magma would veer from the predictable co-
tectic route to the salic contamination path(s)
of cumulus assemblages. The hypothesis pro-
vided feasible explanations for many observed
successions of cumulate assemblages, for the
genesis of super-cotectic ore cumulates
(chromitites, magnetitites) and for sulphide
liquid separation. Characteristic of the silicate
path is crystallization of the most siliceous cu-
mulus mineral, orthopyroxene, before plagio-
clase. This is the normal case in KOI-type in-
trusions of the Shield, in Finland, Russian
Karelia and the Kola Peninsula (see, e.g., Lav-
rov et al., 1976; Lavrov, 1979; Sharkov, 1980).

Irvine soon questioned his own hypothesis
(see Irvine, 1977a, b). It is interesting to note
that when rejecting the hypothesis he apparent-
ly did not remember the salic droplets found in
chromite crystals (Irvine, 1975a), which con-
stitute very strong evidence for salic contami-
nation.

Petrographic signs of salic contamination
observed at Koitelainen, and finally, the dis-
covery of the UC layer in 1977 led to re-inter-
pretation and rehabilitation of the salic con-
tamination hypothesis. The points of the hy-
pothesis Irvine (1977a) thought were vulnera-
ble turn out to be its strengths when it is real-
ized that contamination was effective only
temporally and locally, i.e., during strong con-
vection, in a vertically resctricted mingling-
mixing zone between the mafic magma and the
buoyant salic melt. However local, the prod-
ucts of contamination were spread far and
wide by density currents.

The weaknesses of the original hypothesis,
according to Irvine (1977a), were, first, the
prohibitively high mixing ratio of salic to ma-
fic liquid needed to accomplish the salic con-
tamination cumulus path, from olivine via or-
thopyroxene to the plagioclase-pyroxene co-
tectic (Irvine, 1975a), and second, the iron en-
richment trend the magmas should not show if
contaminated. In the following I present a so-
lution to these problems.

The essence of the argumentation is as fol-
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lows: In thick intrusions, contamination is epi-
sodic because of the episodic nature of the
fractional melting (Fig. 30) and because of cy-
clic, self-damping convection (e.g., Jackson,
1961, and discussion above). Contamination is
effective only during strong convection and,
even then, in a vertically restricted mingling-
mixing zone between the buoyant, viscous sal-
ic roof melt and the underlying mafic magma.
This floating of the roof melt (e.g., Stevenson
& Colgrove, 1968; Irvine, 1970b) and the ki-
netic difficulty of mixing the contrasting mag-
mas (e.g., Gibson & Walker, 1964; Blake et
al., 1965; Yoder, 1971; McBirney, 1980; Fur-
man & Spera, 1985) generally guaranteed the
isolation of the melts and the autonomous evo-
lution of the mafic melt towards iron-enrich-
ment. In fact, as will be shown later, the effect
of contamination was to increase the Fe(tot)/
Mg ratio in the mafic residual melt.

Vigorous convection in the granophyre melt
(e.g., Sigurdsson & Sparks, 1981) and across
the interface between the melts helped the con-
trasting magmas to mix. Another important
factor which lowered the viscosity contrast and
eased diffusion between the melts was the
greater solubility of water in the acid melt
when the melts were at equal temperatures (see
Kadik, 1970).

Due to its convective homogenization, the
granophyre melt, with all its large mass, regu-
lated the mg# of the crystallizing mafic cumu-
lus phases. Therefore, even before the stable
SLI was reached the granophyre melt was de
facto in equilibrium with the hybrid magma in
the mingling-mixing zone, and the same
phases with the same compositions separated
from both magmas. Thus, the cores of original
plagioclase crystals of granophyre were highly
calcic, as inferred from the abundance of
secondary epidote there.

If the melts are really (stably) miscible, the
mixing zone may evolve from an emulsion to a
homogeneous hybrid melt. However, the very
crystallization processes evoked by salic con-
tamination tend to restore the salic character of

the contaminant melt; only its silica content
will be lowered. In the Koitelainen intrusion
magma mixing strongly augmented crystalliza-
tion (see Irvine, 1975a), and the mingling-mix-
ing zone was the preferred site for crystalliza-
tion of cumulus minerals.

Without considering contamination, many
scholars favour the cooler roof part as the en-
vironment of cumulus crystallization (Samp-
son, 1932; Cameron & Desborough, 1969;
Umeji, 1975; Morse, 1979a; Naslund, 1984).
Morse (1979a) thought, however, that crystal-
lization took place largely in the downdraft
and on the bottom, when the liquidus gradient
(of the liquid of the density flow carrier melt)
intersected the pressure gradient (= adiabatic
gradient).

As shown earlier, silica was consumed to
form orthopyroxene, and, as a result, the grano-
phyre melt composition crept away from the
ternary minimum towards the Ab-Or join in
the system Ab-Or-Q.

In general, phases crystallized (separated) in
the mixing zone were not stable, either compo-
sitionally or as phases, when brought into the
hot mafic magma. If not protected by over-
growth zones or reaction armour, they adjusted
their composition, and reacted with or dis-
solved in the mafic melt (e.g., Vogt, 1924;
Sampson, 1932; Jackson, 1961; Cameron &
Desborough, 1969; McBirney & Noyes, 1979).

Phases which were unstable in the main
magma often survived in the density flow
thanks to a familiar escort magma. Thus sul-
phide concentrations in the LZ are always ac-
companied by acid intercumulus material (Fig.
20).

The intercumulus oikocrystic plagioclase in
ultramafic cumulates is more sodic than the
cumulus plagioclase in the overlying cumu-
lates. Ghosts of growth zones are occasionally
seen in plagioclase oikocrysts, suggesting that
the plagioclase crystallized in an alkali-con-
taminated hybrid melt and was then carried in
a density flow charged with salic contaminant
melt. Apart from rare euhedral ghosts, the pla-
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gioclase failed to adapt to the hotter environ-
ment and dissolved. After mafic cumulus sili-
cates, the sodic plagioclase crystallized from
the salic intercumulus melt as oikocrysts
around sparse cores. The mafic oikocrysts
(e.g., those in mottled anorthosite) could be
explained in a similar way: the original pyrox-
ene was too rich in Fe to survive in the main
magma, and most of the pyroxene crystallized
at postcumulus stage.

The following is a reiteration and summary
of the contamination mechanisms.

The magma was contaminated by selective
diffusion (of H

2
O, K, Na, Cl), outright mixing

of the anatectic acid melt and mafic magma,
and by digestion of (or reaction with) residual
phases after partial melting of country rocks.
The cumulus phases crystallized in the hybrid
mixing zone between the main magma and the
buoyant anatectic acid roof melt (Mutanen,
1989b, 1992). The plagioclase crystals, with
sodic to potassic cores, patchy zoning and re-
sorption, are not unlike those found in mixed
lavas (see e.g. Fenner, 1926; Kuo & Kirk-
patrick, 1982; Tsuchiyama, 1985, and many
others). The melt inclusions in olivine (Figs
19, 20) and chromite (Figs 8 and 20) are like-
wise samples from the contaminated melt: the
environment of – and requirement for – their
crystallization. Acid and hybrid melt was
dragged along in strong, crystal-laden down-
drafts and buried in rapidly depositing cumu-
lates (see Irvine, 1978a). The chromitites and
pyroxenites are striking examples of strong
density flows. The potassic intercumulus of
the chromitites represents a hybrid melt en-
riched in K

2
O by selective diffusion from acid

melt; the “granitic” intercumulus of the or-
thopyroxene cumulates represents the raw acid
melt (for analyses, see Table 5). The unholy
cohabitation of olivine and quartz in some
feldspathic olivine pyroxenites (which I have
found also in Merensky Reef and the Keivitsa
intrusion) indicates that the density flow was
compositionally heterogeneous, carrying an in-
congruous mixture of crystals and contaminant

melt (see also Sakuyama, 1981). Evidently the
incongruous phases in a cumulate were formed
in different parts of the chamber (see e.g.,
Gamble, 1979; Jackson, 1961).

The first stage and mechanism of the entry
of contaminants into magma was selective dif-
fusion of components between the country
rocks and magma, and between the salic and
mafic magmas in emulsion (Watson, 1982).
The most important peculiarity as regards con-
tamination is that the mafic melt is enriched in
K, but Na diffuses, even against the concentra-
tion gradient, into the salic melt (op. cit.). The
exchange can be seen as a means for the mag-
mas to strive for thermal-compositional equi-
librium. The effects of selective contamination
are seen at the contacts of the intrusions. Thus,
the mafic contact rocks are often enriched in
potassium (e.g., Page, 1979; Konnikov et al.,
1981; Huhtelin et al., 1989; my own observa-
tions in the Ylivieska intrusion, 1965–1968).

Even before Watson’s experiments, selec-
tive contamination had been observed and de-
scribed as such in field studies (Barker, 1975;
Compston et al., 1968; Morse, 1969a; Pank-
hurst, 1969; Willemse & Viljoen, 1970). The
selective transfer of H

2
O into mafic magma

has been documented in many intrusions (e.g.,
Morse, 1969a).

I ascribe the sodic enrichment in granitoids
(“albitites”) underlying the Kemi, Penikat and
Koillismaa intrusions (respectively: Veltheim,
1962; Kujanpää, 1964; Ohenoja, 1968) and the
sodic composition of the Keivitsa granophyre,
to the selective transfer of Na, as demonstrated
by Watson (op. cit.).

In general, the selective transfer of compo-
nents obeys the order of solubility of accessory
minerals in mafic/salic magma pairs (see Ring-
wood, 1955) or between immiscible silic-
ate liquids (e.g., Rutherford & Hess, 1974;
Watson, 1976; see also MacDonald et al.,
1987). Selective contamination may have im-
portant consequences for isotope ratios (see
e.g., Pankhurst, 1969; Tegtmeyer & Farmer,
1990; Stewart & DePaolo, 1992). The REE are
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Fig. 31. Schematic presentation of the crystallization of olivine and trapping of melt inclusions in heterogeneous contaminated roof
melt emulsion. Crosses – salic melt, grey matrix – basaltic melt.

enriched in the mafic melt (Rutherford & Hess,
1974; Watson, 1976) but the results of experi-
mental studies to establish whether LREE are
enriched in mafic or salic melt contradict ob-
servations made in nature (compare Gorbachev
et al., 1994a and Vogel & Willband, 1978).

The early accumulation of thick olivine cu-
mulates at the base of the Koitelainen intru-
sion, and also the recurrence of olivine in the
peridotite – mixed rock, is ascribed to the ef-
fect of added alkalies, mainly K

2
O (see Kushi-

ro, 1973, 1974b). The addition of alkalies,
which evidently took place by selective diffu-
sion (Watson, 1982), shifted the melt composi-
tion into the olivine phase field. Thus, whole-
sale mixing is not necessary to drive the melt
composition into the olivine phase field, as
proposed by Irvine (1975a), and this alone re-
moves the difficulty of the execution of the
salic contamination cumulus path (Irvine,
1977a).

Melt inclusions, ubiquitous in cumulus oli-
vine, are samples of the hybrid environment in
which the olivines grew. The potassic-calcic
inclusions and the sodic-silicic inclusions are
the two end members of a trapped melt emul-
sion (for analyses of the inclusions, see Ta-
ble 5). A schematic picture of the situation is
shown in Fig. 31. The potassic melt is ubiqui-
tous in chromite in the Koitelainen intrusion;
the sodic inclusion analysed by Alapieti (1982;
Alapieti et al., 1989) in chromite represent the
sodic end member melt.

The Stillwater J-M reef contains abundant
postcumulus biotite (Todd et al., 1982). Bow
and co-workers (1981) suggested that the
olivine reversal was due to a higher water
concentration.

Besides phase reversals the alkalic addition
may produce Mg/Fe compositional reversals in
mafic cumulus minerals by increasing the fer-
ric-ferrous ratio of the melt, the alkalic – fer-
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ric iron effect (Paul & Douglas, 1965; see
also: Carmichael & Nicholls, 1967; Thomp-
son, 1975; Pavlov & Dymkin, 1979; Luhr &
Carmichael, 1980, Sack et al., 1980; Thornber
et al., 1980). This is demonstrated by the case
described by Maury & Bizouard (1974,
p. 279), in which a pelitic xenolith in olivine
basalt was surrounded by a hybrid melt. The
hybrid glass and the basalt both contain oli-
vine, but the olivine in the hybrid melt is more
magnesian than that in the virgin basalt.

In an analogous manner the highly magne-
sian olivines in the Slieve Gullion intrusion
were suspected to being xenocrysts (Gamble,
1979). The other details of that case (op. cit.)
are revealing for the contamination idea advo-
cated here: Rb and K concentrations are high-
est in the very same sample that has the high-
Fo olivine; the Rb/Sr ratio is also extremely
high (0.33) compared with that (generally <
0.027) in other high-magnesian cumuluates of
the Slieve Gullion intrusion, and the Sr is very
low (op. cit.): At the same time, the Cr and Ni
values are higher than in any other samples.
All this persuades me to think about the pres-
ence of trapped granitic material in the cumu-
late. Eales (1980) has described a similar

anomaly (high K, P, Ti, Y, Zr, and anomalous
low Sr) from an ultramafic cumulate in the
Karroo complex, for which I propose the same
solution as for the Slieve Gullion case.

The alkalic – ferric iron effect may be the
cause of the unrealistically low apparent KD
values of the Fe-Mg exchange distribution co-
efficients (liq/ol) obtained in some experi-
ments (see e.g., Irvine, 1976, Fig. 61B), i.e.,
the mg# in liquid was increased due to alkali
enrichment.

I ascribe the compositional reversals in the
upper MZ, from pigeonite to orthopyroxene, to
the alkalic – ferric iron effect in association
with reinvigorated convections. Contamination
is evident at the PGE-Au anomalous reef
above the lowermost reversal.

Contamination is likely to change the D val-
ues of elements. Polymerization of melt struc-
tures increases the xl/liq distribution coeffi-
cients of transition metals (see e.g., Duke,
1976; Irvine & Kushiro, 1976; Irving, 1978;
Campbell & al., 1979). Thus, as salic addition
is prone to increase the D

Ni
ol/liq value, contami-

nation would produce Ni reversals coincident
with phase reversals.

From all this it follows that salic contamina-
tion, possibly enhanced by a higher mg# de-
rived from sediments (see Roeder & Emslie,
1970; Irvine, 1975a; Thompson, 1975: Morse,
1979b; Luhr & Carmichael, 1980), may be an
important contributor to the compositional re-
versals commonly (if not always) present in
layered intrusions. It is significant for the gen-
esis of stratiform chromitites that such revers-
als are always associated with them (e.g.,
Bichan, 1969; Cameron, 1970; Jackson, 1970;
Hamlyn & Keays, 1979). As shown by Cam-
eron (1970) at Bushveld (see also Morse,
1979a), these reversals are not artificial (e.g.,
due to post-cumulus equilibration), but reflect
real cumulus conditions.

I regard the evidence from inclusions as al-
most conclusive. Several other lines of evi-
dence support the importance of contamination
from wall rocks in layered intrusions. I have

Table 5. Electron microprobe analyses of olivine melt in-
clusions, wt%. Lower Zone dunite, Koitelainen. Analyst
Bo Johanson.
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already mentioned many of the macroscopic
phenomena, such as xenoliths and trapped melt
pockets. The most reliaable, unambiguous evi-
dence comes from isotopic and trace element
studies of layered intrusions in general, and
Koitelainen and Keivitsa in particular (Huhma
et al., 1996, b; Hanski et al., 1996), when com-
bined with mineralogical and petrographical
indicators.

Isotopic and trace-element studies of conti-
nental lavas usually show the presence of high
amounts of crustal contaminant component(s)
(e.g., Betton, 1979; Carlson et al., 1981; Pal-
acz & Tait, 1985; Sun et al., 1989; Condie &
Crow, 1990).

Even without isotope data, contamination in
intrusions is revealed in the trace element geo-
chemistry (e.g., Y, REE) of the intrusions
(e.g., Hoatson et al., 1992). Isotopic (Sr, Nd,
Os, Pb, S) studies of layered intrusions support
either bulk contamination or, more commonly,
selective contamination mechanisms (Al-Rawi
& Carmichael, 1967; Barker & Long, 1969;
Davies et al., 1970; Pankhurst, 1969; Moor-
bath & Welke, 1969). The proportion of radio-
genic crustal matter seems to depend on the
amount of trapped liquid (see Davies et al.,
1970), in conformity with the petrography of
the Koitelainen cumulates and the high Rb/Sr
ratios of ultramafic cumulates in general (e.g.,
Hamilton, 1977; see also Lambert et al., 1985).

Nd isotope studies of the Shield show nega-
tive εNd(T) values for cumulates (Huhma et
al., 1990; Amelin & Semenov, 1996; Mitro-
fanov et al., 1991). The ε-values in Burakovka
intrusion show a clear negative trend upwards,
as in the Kiglapait intrusion (DePaolo, 1985).

Note that all negative ε-values are from
rocks compatible with the contamination cu-
mulus path of Irvine (1975a); rocks with cu-
mulus olivine and plagioclase, of the normal
path, show higher, even positive, values (see
Amelin & Semenov, 1996; Lambert et al.,
1989). Note also that the lower microgabbros
of Burakovka have posive (up to + 2.9) ε-val-
ues (op. cit.).

In general Nd, O, Pb, Sr and multi-isotope
(Re-Os, Pb, Rb-Sr, O) studies show clear crus-
tal signatures (Lambert et al., 1989; Schiffries
& Rye, 1989; Harmer et al., 1995; Bichan,
1969), sometimes with a very high calculated
portion of crustal isotopes (Dickin, 1981;
Wooden, 1991; Chaumba & Wilson, 1997. In
some cases the crustal contributions have been
very high (e.g., Muskox, see Stewart & DePao-
lo, 1989). In Sudbury the amounts of crustally
derived REE are so high that they make the
mantle component, if there is any, practically
invisible (see Faggart et al., 1985).

Even in intrusions where contamination is
not particularly suspected, crustal contribu-
tions are revealed by isotopic studies, as in the
Skaergaard intrusion (Leeman & Dasch,
1978).

As at Koitelainen, the geochemical signs of
crustal contamination are more clearly visible
in ultramafic than in mafic rocks (Francis,
1994). In a similar way, the chromitites of
Stillwater have very high initial ε-values
(Lambert et al., 1989); the contamination is
also visible in the presence of radiogenic Os
(Martin, 1989; Schiffries & Rye, 1989. The ε-
values in the Stillwater intrusion, as in thick
intrusions (e.g., Burakovka) in general are
very variable (Tegtmeyer & Farmer, 1990). As
a whole, the crustal signature is straightfor-
ward (McCallum et al., 1980; Schiffries &
Rye, 1989; but cf Lambert et al., 1989)

The reversals are levels of “perestroika” of
the isotope systems as well. Typical of Meren-
sky Reef are rapid vertical changes across the
Reef and lateral inhomogeneity of the initial
Sr(i) values (Hamilton, 1977; Kruger & Marsh,
1982; Eales et al., 1993;

The ancient Sm-Nd model ages, T(DM), of
the layered intrusions of the Fennoscandian
Shield can be interpreted as a signature of an
old crust (Iljina, 1994; Balashov & Torokhov,
1995; Balashov, 1996; Amelin & Semenov,
1996).

Apart from the geochemical and petrograph-
ic evidence for contamination already present-
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ed and commented on from Koitelainen, the
most assuring evidence comes from intercu-
mulus mineral phases, daughter minerals of the
melt inclusions and Doppelgänger cumulus
phases. The daughter minerals usually presage
the Doppelgänger phases. It often happens
though that the true, “living” phase never actu-
ally materializes.

The common granitic and primary hydrous
minerals and disequilibrium assemblages (oli-
vine plus quartz) are most easily detected most
frequently reported (e.g., Vermaak & Hen-
driks, 1976), but very rarely marvelled at. The
list of accessory minerals found in intercumu-
lus of ultramafic rocks compares with granitic
pegmatites: apatite and monazite (Boudreau et
al., 1986), chlorapatite, minerals of REE, Th
and Sc-Y (Volborth et al., 1986), zircon and
REE-rich titanite (Lambert & Simmons, 1983,
1988) in the Stillwater J-M reef, tourmaline
and zircon in Merensky Reef (Vermaak &
Hendriks, 1976), and baddeleyite and zircono-
lite in the Rhum intrusion (Williams, 1978).

The mineralogical marvels of Koitelainen,
Akanvaara and Keivitsa to be discussed here
have been described in earlier papers, too (Tar-
kian & Mutanen, 1987; Mutanen, 1989b). Chl-
orapatite, common to all three intrusions, will
be treated later in Keivitsa section of this
book. Now I shall look only at some aspects of
loveringite.

Loveringite (see analyses, Table 2) is a col-
lection of lithophile elements (Zr, Hf, REE, U,
Th) and, in addition to optional Cr (Tarkian &
Mutanen, 1987), is enriched in the transition
metals (Ti, Fe, V) which in crystal fractiona-
tion are enriched in the tails. Loveringite, how-
ever, occurs as a cumulus mineral, mostly in
orthopyroxene cumulates enriched in salic in-
tercumulus, but also in gabbroic cumulates
(Tarkian & Mutanen, 1987). This means that
the “incompatibles” (Y, REE, Zr, Hf, U, Th)
contained in the mineral behave like “compati-
bles” at the entry of the high-T loveringite.
Crystallization of such minerals (apatite, zir-
con, baddeleyite) from magmas would strongly

affect the crystal fractionation and trace-ele-
ment fractionation models based upon it.

As crichtonite-group minerals seem to be
stable under mantle conditions (Arculus &
Powell, 1986), this type of phase may be a key
to understanding the generation of low-Ti,
low-REE (and low-LREE) basalts (Coish &
Chursh, 1979; Weaver & Tarney, 1981;
Thompson, 1982; Walker, 1984; W.E. Cam-
eron, 1985; Arculus & Powell, 1986; Green &
Pearson, 1986; Jolly, 1986; Duncan, 1987;

Loveringite reacts with the Fe and Mn of the
intercumulus liquid to produce Mn-rich ilmen-
ite (Lindsley et al., 1974; see Tarkian & Mu-
tanen, 1987). REE-enriched ilmenite (op. cit.),
Zr-enriched ilmenite (with up to 1400 ppm Zr
in the Akanvaara intrusion) and Mn-rich il-
menites with exsolved chromite and baddeley-
ite (Mekhonoshin & Paradina, 1986; Naslund,
1987) may be relics of perished loveringite
(see Tarkian & Mutanen).

Considering the slow diffusion of elements
in magmas in general and in the salic intercu-
mulus liquid in particular, it is highly unlikely
that the combination and concentrations of
compounds (Zr, REE) needed for the lovering-
ite crystals, which are sometimes embraced by
zircon (Fig. 19c), could form by diffusion in
the sticky liquid in the narrow intercumulus
passages.

The solubility of Ti-rich oxide minerals in
silicate liquids is lowered by salic contamina-
tion (Green & Pearson, 1986). Oxides of Ti (il-
menite, loveringite) in Koitelainen and other
intrusions are associated with cumulates con-
taminated by a salic melt (Tarkian & Mutanen,
1987). Loveringite seems to be a regular min-
eral in dry, low-Ti intrusions (op. cit. and ref-
erences therein; Alapieti, 1982; Alapieti &
Lahtinen, 1986; Huhtelin et al., 1989; Barkov
et al., 1994b; Barkov et al., 1996b). Although
the necessary elements seem to be available
(Zr in zircon, REE in monazite), loveringite
has not been found in the Keivitsa intrusion.
This may be due to either a high H

2
O concen-

tration in the Keivitsa intercumulus, which
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may render loveringite unstable, or the re-
duced state of the Keivitsa magma, which low-
ers the stability of Ti phases (Green and Pear-
son, 1986).

The parent magmas of the Ti-poor siliceous
type intrusions (Bushveld, Stillwater, KOI-
type intrusions of the 2440–2490 Ma group in
the Shield) were strongly undersaturated in S
(e.g., Liebenberg, 1970). Transient sulphide
separation was possible only in an environ-
ment contaminated with salic material and
preservation only when the sulphide droplets
had a familiar, salic melt-escort. The sulphides
being low in Ni, it is possible that sedimentary
sulphur contributed to the Doppelgänger sul-
phide masses. In general, the exotic sulphur or
sulphides associated with salic contamination
are seen as important, even sine qua non, fac-
tors in the formation of magmatic Fe-Ni-Cu
sulphide deposits (Lebedev, 1962a; Barker,
1975; Irvine, 1975a; Mutanen, 1975; Peredery
& Naldrett, 1975; Tyson & Chang, 1978; Sasa-
ki & Smith, 1979; Takahashi & Sasaki, 1983;
Naldrett et al., 1986; Mutanen, 1996).

Accompanying elements (As, C, Lieben-
berg, 1970; As, C, Au, Se, Te, Mutanen, 1996)
and even PGE (Mutanen, manuscript, 1981;
Schiffries & Rye, 1989) may be, at least partly,

of crustal origin. The high-aluminous schists
in the Koitelainen area, with 4–14.3 ppb Pt,
3.6–8.6 ppb Pd and 0.18–0.45 ppb Ir (Mu-
tanen, 1993, unpublished), must be seriously
regarded as a potential source of PGE).

Sulphur isotope data provide good evidence
for the exotic sulphur (e.g., Grinenko, 1967;
Mainwaring & Naldrett, 1977; Ripley, 1978;
Buchanan & Rouse, 1984).

It is of interest to note that sulphides seem to
be associated with wholesale salic contamina-
tion, but chromite with selective potassium
contamination. I consider that the early chrom-
itites were formed at the mixing of K

2
O-con-

tamined magma (with olivine on liquidus) and
the mafic main magma. This could have hap-
pened because the mixing of magmas with oli-
vine, with a steep slope of the liquidus surface,
and those magmas on the px-pl cotectic pla-
teau (Yoder & Tilley, 1962) brings the melt
composition into an apparently “empty”, that
is, superheated, space above the silicate prima-
ry phase volumes. As both alumina and alka-
lies lower the solubility of chromite, a phase
space of chromite may be hidden in this “emp-
ty” regime. But the story of Upper Chromitites
is different.

Genesis of the Upper Chromitite

“How, then?” I persisted.

“You will not apply my precept, “ he said, shaking his head. “How often have I
said to you that when you have eliminated the impossible, whatever remains,
however improbable, must be the truth? We know that he did not come through
the door, the window, or the chimney. We also know that he could not have been
concealed in the room, as there is no concealment possible. Whence, then, did
he come?”

“He came through the hole in the roof!” I cried.

“Of course he did. He must have done so. If you will have the kindness to hold
the lamp for me, we shall now extend our researches to the room above – the
secret room in which the treasure was found.”

– Sir Arthur Conan Doyle, The Sign of Four.
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.. “there is no concealment possible”

To the extent discernable through folding
and metamorphism, the chromite deposit of
Fiskenaesset is very similar to the UC layer
(see Ghisler, 1976). The chromitites there are
also situated in the upper part of the intrusion,
where fractional crystallization had evidently
emptied the old liquid of Cr. Trying to find a
place of concealment in the room, Ghisler (op.
cit.) suggests that the magma was rich in water
which caused the Cr to became enriched in the
residual liquid. It is known (Yoder, 965), how-
ever, that in basaltic systems water enlarges
the diopside liquidus field at the expense of
plagioclase. Thus early pyroxene would de-
plete the magma of Cr even more than in a dry
magma. A high water content in magmas
would also mean higher oxygen pressure,
which promotes the crystallization of spinel, a
further depleter of Cr. Moreover, the high Al
ascribed to the Fiskenaesset magma (Ghisler,
1976) would have decreased the solubility of
Cr (Schreiber & Haskin, 1976; Irvine, 1977b).
Finally, if the oxygen pressure was high as
stated (Windley & Smith, 1974), it would have
augmented chromite crystallization (Roeder &
Hill, 1974; Maurel & Maurel, 1982b). In gen-
eral, even at high temperatures (1200 °C) the
solubility of Cr in basaltic magmas is very low
(380–300 ppm, depending on oxygen pressure;
Shiraki, 1966; Hill & Roeder, 1974; Maurel &
Maurel, 1982b)

At Koitelainen the uppermost Main Zone
gabbro immediately below the UC succession
contains < 20 ppm Cr. Calculation similar to
that conducted in the Akanvaara case gives the
residual liquid a Cr content of < 4 ppm, appro-
priate for late mafic liquids (see e.g. Wager &
Mitchell, 1951). Probably no chromite would
nucleate from a magma that lean but if, by
magic, all its Cr were collected to the UC, a
melt layer about 40 km thick would have been
needed; however, only some 300 m were left.

Of course we could still speculate that Cr,
somehow, became enriched in residual liquid.
This means, first, that the D

Cr
px/liq was original-

ly < 1 and decreased continuously (because Cr

decreases in the Main Zone pyroxene-plagi-
oclase cumulates). If the amount of Cr needed
for the UC really was collected from the resid-
ual liquid, then the D

Cr
px/liq in this Cr-enriched

liquid should have been < 0.01. This is highly
unlikely. The D

Cr
 for clinopyroxene at the low-

T end of the px-pl cotectic (corresponding to
the UC event) probably exceeded 30 (see
Duke, 1976) and for opx, 10 (Irving, 1978;
Maure & Maurel, 1982b). Even for olivine the
D value in terrestrial (relatively aluminous)
basalts, is > 1 (Schreiber & Haskin, 1976;
Maurel & Maurel, 1982b). There was no con-
cealment possible for Cr.

“.. he did not come through the door,
the window, or the chimney.”

The UC layer is the mother of all reversals.
Naturally, the magic words “new magma
pulse” have been uttered by visitors to
Koitelainen; to no avail, though. Neither in the
UC nor below or above it has anyone ever seen
anything geological, mineralogical or geo-
chemical suggesting that the chromium needed
was introduced by a new, primitive magma
pulse. The composition of chromite (low Mg,
high Fe, V, Ti), as well as the potassic compo-
sition of the melt inclusions and of the intercu-
mulus, indicate that the chromite crystallized
in an environment poor in Mg (see Maurel &
Maurel, 1984) and rich in K. The chromium
did not come through the door.

Might it then be possible that the intrusion
acted as a kind of passageway for basaltic
magmas, erupted elsewhere, which conveyed
the Cr found in the UC? Evidence for this kind
of magmatic airing is lacking in the Koitelai-
nen intrusion; in fact there are very few basalts
of the appropriate age in the surrounding areas.
The chromium did not come through the win-
dow either.

“..we shall now extend our researches to
the room above..”

The granophyre was formed by partial melt-
ing of the surrounding rocks, mainly the high-
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aluminous schists of the roof. The excess alu-
mina ultimately went to anorthosites. From the
thickness of the granophyre (ca 300 m) we can
deduce that the the melted schist layer was
about 400 m thick. The high Cr of these schists
has been known for decades (Sahama, 1945).
According to new analyses, the aluminous
schists from around Koitelainen contain, on
average, 370 ppm Cr (and up to 1200 ppm). In
general, the Archaean and Palaeoproterozoic
pelites are rich in Cr and Ni (see e.g., Danchin,
1967; Condie et al., 1970; Arutyunov, 1971;
Collerson et al., 1976; Nagaitsev & Galibin,
1977; Naqvi, 1978; Fryer et al., 1979; Gibbs et
al., 1986; Wronkiewicz & Condie, 1990), com-
pared with Phanerozoic pelites and recent
clays (Fröhlich, 1960; Shiraki, 1966; Lisitsyn,
1984).

At one time it was thought that the high Cr
and Ni in old pelites derived from ultramafic
source rocks (e.g., Danchin, 1967; Condie et
al., 1970), but later it became apparent that at
least part of Cr and Ni came from more felsic
rocks (McLennan, 1983; Gibbs et al., 1986).
The pelites of the ancient greenstone belts are
commonly interpreted as products of normal or
halmyrolytic weathering of felsic volcanic
rocks (Viljoen & Viljoen, 1969, 1971; Golo-
venok, 1977; Fryer et al., 1979; Venkov et al.,
1978). As to the Koitelainen area I have postu-
lated that the high Cr of the high-aluminous
schists in Central Lapland derived from felsic
volcanites (Mutanen, 1976). The Cr in felsic
volcanites in old greenstone belts is often high
(see Jolly, 1975, Condie, 1976; Bridgewater et
al., 1978; Kojonen, 1981), sometimes incredi-
bly so (see Boyle, 1976, 1979).

Similar high-aluminous schists with high Cr,
as shown by analyses or indicated by mineral-
ogy, regularly occur near layered intrusions
containing chromitite layers: Fiskenaesset
(Worst, 1960; Windley et al., 1973; Friend,
1976; Ghisler, 1976; Bridgewater & al., 1978),
Sittampundi (Janardhanan & Leake, 1975),
Stillwater (Page, 1977), Saranovskoe (Ivanov,
1977), Campo Formoso (Hedlund et al., 1974),

Soutpansberg (van Zyl, 1950; Hor et al.,
1975), Imandra (see Gilyarova, 1974; Bar-
kanov, 1976) and Bushveld (van Biljon, 1963).

A marked contribution to the intrusions by
aluminous schists is sometimes indicated or
suspected (Hall & Nel, 1926; Willemse & Vil-
joen, 1970; Herd, 1973). I have not noticed the
restriction of chromitite layers solely to old
Precambrian intrusions bothering anyone, but
to my mind it is no coincidence that, with the
dramatic decrease in Cr in pelitic rocks about
2200–2100 Ma ago (Gibbs et al., Wronkiewicz
& Condie, 1987, 1990) to the low Phanerozoic
(and present) level, the chromitite layers also
vanish from layered intrusions. This is not to
say that chromitite could not be made from or-
dinary pelites; the difficulty lies with the unre-
alistic amounts of rock that would have to be
melted. Thus, making a layer of chromitite
(with 20% Cr

2
O

3
) only 0.4 m thick would re-

quire extraction of all the Cr from a schist lay-
er 800 m thick. The peculiar chromite enrich-
ments in the roof part of the Norilsk intrusion
(Ryabov et al., 1982) could represent a misera-
ble attempt to make chromite ore by melting
sediments.

” – the secret room in which the
treasure was found.”

The main mass of the Koitelainen grano-
phyre is very poor in Cr (< 23 ppm), the con-
tent being comparable with that of the Ca-rich
granites (Carr & Turekian, 1962), but in the
upper contact Cr increases up to 1800 ppm
(here Cr resides in magnetite and hornblende).
In the Kannusvaara intrusion, southwest of
Koitelainen (Fig. 32) the Cr is very low in
magnetite gabbro, but increases towards the
top of the granophyre to more than 200 ppm
(the magnetite in the granophyre contains up to
4000 ppm Cr). The increase in Cr in the grano-
phyre has been noted elsewhere, too (see e.g.,
Naldrett & Mason, 1968; Wager & Brown,
1968, p. 196).

Accordingly, the high Cr in the uppermost
granophyre indicates that Cr was supplied to
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Fig. 32. Geochemical profile through the upper part of the
Kannusvaara layered intrusion, Tanhua, Savukoski. Compiled
from two diamond drill holes. Courtesy of Rautaruukki Co.

the first anatectic magma by melting pelites;
on the other hand, the low Cr in the main part
of the granophyre shows that the Cr did not re-
main there. I have suggested (1981, 1989b)
that this unaccounted for Cr sank, incorporated
in an insoluble mineral, through the acid melt
down to the main magma, where it ultimately
formed the UC chromitite.

The amount of Cr liberated from the partial-
ly melted roof (400 m thick, with 370 ppm Cr)
corresponds to one metre of chromitite with
14.4% Cr (21% Cr

2
O

3
). This is surprisingly

close to the Cr content actually found in the
UC layer.

Evidently the Cr phase in acid melt was a
spinel-type mineral. This nucleated easily, and
in acid, viscous magma it formed very small

Fig. 33. Phenocryst-like plagioclase in granophyre, crystallized
by reaction of magma with residual almandine-grossular garnet
(CaO 15.9%, grossular 47 mol%, electron microprobe analysis
by Tuomo Alapieti). Length of plagioclase crystal ca 1 mm.
Northwest part of the Koitelainen intrusion, sample TM-79-18.

crystals that remained in suspension behind the
bigger aluminous residual phases (Fig. 33).
The latter reached the mafic main magma rela-
tively rapidly, reacted with it and formed a mat
of plagioclase, floating on the mafic magma.
Even if the aluminous phases reacted com-
pletely to form plagioclase, the latter was still
able to settle in the granophyre magma (see
Roobol, 1974).

The main part of the granophyre melt (mag-
ma) formed late in the crystallization history
of the intrusion. The anatectic melt was origi-
nally of granitic minimum-melting composi-
tion. Due to heating from below, the salic melt
was probably in a state of vigorous convection,
which helped to transfer heat from the main
magma to the roof. It also promoted the mixing
of the salic melt and the underlying mafic
magma, resulting in compositional modifica-
tion (“syenitization”, see above) of the grano-
phyre melt. Both the heating and the composi-
tional modification lowered the viscosity of
the acid magma and checked its superheating.

As stated above, the small crystals of Cr-
rich spinel lagged far behind the settling alu-
minous phases. Eventually they reached the
bottom of the granophyre magma, only to be
brought to a halt by the floating mat of plagio-
clase.
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“He came through the hole in the roof”

The UC is a discrete, laterally continuous
layer. It has sharp boundaries, and was neither
preceded nor succeeded by disseminated cu-
mulus chromite. At the mid-level size reversal
there is often a thin layer of coarse pegmatoid
gabbro; when thicker, this interlayer consists
entirely of medium-grained non-cumulate gab-
bro, similar to the gabbro immediately above
the UC layer. The combined thickness of the
internal and overlying gabbro in each place is
ca 0.7 m (see Fig. 24).

Deposition of chromite was preceded by
strong magmatic erosion of the underlying un-
consolidated cumulates, locally down to 11 m.
Magmatic erosion continued, albeit somewhat
subdued, after chromite deposition (Mutanen,
1989b). Strong magmatic erosion seems to be
common in chromitites (Cameron & Emerson,
1959; Ferguson & Botha, 1963; Ireland, 1986).

The small grain size of the chromite, the al-
most complete lack of cumulus silicate crys-
tals, the composition of the intercumulus, and
the magmatic erosion associated with the UC
imply that the chromite crystals did not sink
through the magma but settled from density
flows of contaminated magma, loaded with
chromite crystals. At Bushveld, too, Cameron
and Desborough (1969) consider that chro-
mite, at least partly, crystallized in the upper
part of the magma chamber and was settled
from density currents.

The bipartite, often split, structure of the UC
indicates that there were two different, almost
simultaneous, density flow surges. The com-
mon occurrence of melt inclusions and skeletal
chromite crystals indicates that the final
growth of chromite took place rapidly.

The density surges originated from the thick
chromite soup above the hanging anorthosite
mat. Naturally a situation like this involves
density inversion and is highly labile, not un-
like that preceding an avalanche. Eventually
the plagioclase mat was punctured as a result
of convective thinning from below or (and) by
refractory xenoliths foundering from the melt-

ing roof. Immediately, a powerful surge of
dense chromite suspension rushed down the
hole. The phenomenon can be demonstrated
with toy water frames: a layer of heavy black
sand above a mat of air bubbles and subse-
quent events convey a powerful sense of the
scene imagined above.

Chromite had already crystallized before the
onset of the density flow(s); moreover, the car-
rier silicate liquid had a low liquidus tempera-
ture. Thus, there was relatively little release of
latent heat of crystallization. As the surges
were launched from an environment cooler
than the mafic magma, they caused chilling in
the bottom melt. Accordingly, the non-cumu-
late gabbros associated with the UC formed
from mafic magma chilled by density surges.
The thicknesses of the separate gabbro layers
correspond to the combined “coldness content”
of each of the two density surges, and the
thickness of the single (overlying) gabbro cor-
responds to the combined “coldness content”
of two almost simultaneous surges. I think it is
no mere coincidence that similar internal chill
layers occur in intimate association with the
Akanvaara UC layer.

The bipartite structure implies that there
were at least two punctures and downdraft
surges. As the stock of thick chromite suspen-
sion above the mat was emptied rather rapidly,
the likelihood of multiple surges declined, be-
cause the holes in the mat sucked the suspen-
sion very rapidly and so reduced the hanging
load. In this respect, the situation was an up-
side-down, accelerated version of the rise of
salt diapirs.

The density surges lashed against the floor
and spred laterally. The density inversion was
eventually dissolved, and almost all the exotic
Cr was effectively collected in the UC layer. A
small amount of Cr spinel remained in suspen-
sion in the granophyre magma. I would at-
tribute the Cr rise at the base of the magnetite
gabbro (at Koitelainen and Akanvaara) to this
kind of exotic addition. Like the UC layer, the
deposition of magnetite gabbro was also pre-
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Genesis of pegmatoids

What have these magma-diagenetic bodies
to do with contamination, the main theme of
this book? According to the genetic model de-
lineated in this section, pegmatoids provide
samples of pore liquid, high in normative
clinopyroxene, from the Sargasso Sea that was
little affected by density flow-transmitted con-
taminants. As I will explain soon, cumulates of
that stage, with a high overall content of nor-
mative pyroxenes, yield a large total volume
decrease and are, hence, propitious to magma-
diagenetic pegmatoid formation.

A well known fact, which can also be de-
duced from Fig. 30, is that while the total vol-
ume of vapour-saturated magmas (the sum of
volumes of crystals, liquid and vapour) in-
creases from the moment of vapour phase sepa-
ration (see, e.g., Burnham, 1967), dry magmas
will contract during crystallization.

The volume decrease (contraction in the fol-
lowing) is the sum of thermal contraction (of
liquid, crystals and rocks), contraction due to
crystallization, to inversion (polymorphic
transformation), to crystallographic ordering
and to adiabatic contraction (of liquid and va-
pour phases). To the genesis of pegmatoids the
most important are the combined volume de-
crease of crystallization and inversions.

The contraction of crystallization depends
on the degree of ordering of the melt just be-
fore crystallization (Shipulin, 1971) and on the
melt composition. Of utmost importance to the
genesis of pegmatoids is that melts rich in nor-
mative olivine and pyroxenes show the great-
est amount of contraction, as can be seen from
the following list.

Liquid/crystal contraction for diopside (liq/
xl) has been calculated as 10.8%, measured –
15.1–18.0% (Yoder, 1952), glass/xl – 12.9%,
melt/xl – 14.9% (both by Dane, 1941); for pla-
gioclase (liq/low-pl) – 4.5% (Barth, 1969); for
bytownite (glass/xl) – 3.7%, and bytownite
(liq/xl) – 4.2% (Dane, 1941).

The following percentages of contraction
have been estimated for liquids and respective
rocks: olivinite – 16%, pyroxenite – 13%, gab-
bro – 8% (Orlov, 1963), diabase (glass/xl, at
20°C) – 6.5% (Dane, 1941), diabase (liq/xl,
melting at 1250°C) – 8.6% (Dane, 1941), dia-
base (liq/xl, melting at 1200°C) – 8.6–9.9%
(Skinner, 1966), Skaergaard magma – 10.6%
(Osipov, 1982), Thingmuli basalt – 10.6%
(Lange & Carmichael, 1990), anorthosite and
norite – 8.9–9.7% (Martinogle, 1974), diorite –
7%, granite – 10% (both by Orlov, 1963),
granite – 8.4% (Osipov, 1970), dry granite
(crystallization 800 -> 600°C) – 8.2% (Lange
& Carmichael, 1990).

Thermal contraction of crystals and rocks
has been determined as: albite (600 -> 0°C, 1
kb) – 1.5% (Burnham & Davis, 1971), plagio-
clase, An

67
 (1050 -> 200°C) – 1.5% (Barth,

1969), calcic labradorite (1200 -> 0°C) – 2%
(Stewart et al., 1966), anorthosite (1000 ->
0°C) – 1.8%, leuconorite (1000 -> 20°C) –
1.9%, ferrogabbro (1000 -> 20°C) – 2.7% (all
by Martinogle, 1974), basalt (1200 -> 800°C)
– 2.7% (Murase & McBirney, 1973).

Contraction percentages for inversions have
been determined as follows: high-pl/low-pl –
very small but detectable (Barth, 1969; Stew-
art et al., 1966), α/ß quartz – 2.5–3% (Yu-

ceded by accumulation of plagioclasic cumu-
lates.

The above account is what remained after I
had eliminated the impossible.

Alice laughed. “There’s no use trying, “ she said: one ca’n’t believe in impossi-
ble things.” ”
I daresay you haven’t had much practice,” said the Queen.

– Lewis Carroll, Through the Looking-glass
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supov, 1972) and 5.36% (Ermakov, 1972; the
latter figure includes inversion and thermal
contraction 600 -> 300°C; Ermakov, 1972).
The reversible Ó/ß quartz inversion, being in-
stantaneous, is very important in all quartz-
bearing rocks (for corollaries, see Dolgov,
1963).

Deduced from mineral densities for py-
roxenes of similar mg# figures, the pig/opx in-
version involves ca 6% volume decrease. In
mafic layered intrusions where the inversion
often occurred in supersolvus temperatures
(see Wager & Brown, 1968, p. 47), this inver-
sion had important consequences to the me-
chanical failure behaviour of the consolidating
cumulus pile. In the Koitelainen intrusion peg-
matoid bodies are common in, or immediately
beneath, the pigeonite gabbro unit. These are
the rocks where it is reasonable to expect a
large combined contraction of pyroxene crys-
tallization and pig/opx inversion.

Evidently, a major part of contraction was
consumed in the general decrease of the pe-
riphery of the intrusion, mostly in the sagging
of the layered sequences (see Orlov, 1963;
Dolgov, 1963; Osipov, 1967, 1982; Feigin,
1971; Mikhailov et al., 1966; Arnason et al.,
1997). The sagging of the central part of the
intrusion, where the layered sequence is thick-
est is, after all, a characteristic feature of lay-
ered intrusions. A smaller but important part of
the contraction, however, resulted in openings
– isometric voids, tubes and cracks – in the
consolidating cumulus pile. In the following,
all kinds of dilatational spaces formed in the
cumulate mush are called voids. The voids
were filled, in pace with the dilatation, with
anything that flowed, most often silicate resid-
ual liquid (Bowen, 1920; Mead, 1925), in
some cases even crystal-liquid suspension
(Hibbard & Watters, 1985). The high-density
fluid (liquid or melt in the following) crystal-
lized to coarse-grained pegmatoid rocks (Fig.
34).

As pegmatoids occur both in noncumulate
rocks (lavas, dykes) and cumulates, all kinds

of interstitial, residual liquids are termed pore
liquids in the following.

The proportion of contraction that resulted
in voids depended, among other factors, on the
depth, geometry of the intrusion, composition
and consistency of the pore liquid, and the tim-
ing of maximum contraction in the consolida-
tion history. In general, voids make less than
1 vol% of the consolidated rock mass. In the
Kilauea Iki lava lake the amount of late coarse
segregations is less than 1% of the thickness of
the lava crust (Richter & Moore, 1966); the
case described by Abovyan (1962) gives a fig-
ure of 0.3 vol%.

The early segregations in lavas formed at
about 1065–1050°C, ca 100–50°C below the
eruption temperature, but silicate liquid was
still present at 970°C (Peck et al., 1966; Rich-
ter & Moore, 1966). Residual sulphide liquid,
rich in Cu, remains to a much lower tempera-
ture (e.g., Likhachev & Kukoev, 1973).

Pegmatoids are found in intrusions, dykes
and lavas. Generally they have been interpret-
ed as representing segregations of late frac-
tionated, “familiar” liquids (e.g., Bowen,
1920; Shannon, 1924; Lacroix, 1928; Osborne,
1928; Wagner, 1929; Walker, 1930, 1940,
1950; Zavaritskii et al., 1937; Emmons, 1940;
Yagi, 1953; Lapham, 1968; Willemse, 1969b;
Bunch & Keil, 1971; Makarov, 1972; Batiza,
1978, Butcher, 1985). They are stated or in-
ferred to fill voids formed due to contraction
of the solidifying magma (e.g., Hibbard &
Watters, 1985). The filling process has been
described in various terms: auto-intrusion, fil-
ter pressing, secretion and lateral secretion.

Grain sizes of up to 60 cm have been report-
ed from mafic pegmatoids (Karpov, 1959).
The term pegmatoid, however, does not neces-
sarily denote a coarse grain size. Excepting
coarse “pegmatoid” layers (e.g., Merensky
Reef), the best criteria of true, late magmatic
pegmatoids are that their composition is relat-
ed to that of the residual liquid, their contacts
are generally sharp, and that there are no retro-
grade alteration aureoles.
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Discordant, pipe-like bodies of dunite, hor-
tonolite dunite (Wagner, 1929) and other ultra-
mafic rocks of Bushveld (e.g., Cameron &
Desborough, 1964; Vermaak, 1976) loom as
the most cited paragons of pegmatoids as-
cribed to metasomatic processes (Bowen &
Tuttle, 1949). Less radical models invoke re-
placement and recrystallization (Zavaritskii,
1937; Karpov, 1959; Cameron, 1961; Lebedev,
1962b; Chelishchev, 1963; Shcheka, 1969;
Makarov, 1972). Partial melting, combined
with recrystallization, has been suggested for
some pegmatoids of the Norilsk intrusion (Zolo-
tukhin et al., 1975; Vasilev & Zolotukhin,
1975). Pegmatoids surrounded by alteration
aureoles have evidently been formed by later
fluids and associated recrystallization. Some
“mafic pegmatoids” are actually desilicated
granite pegmatites (e.g., Gordon, 1921; Gu-
rulev & Sambuev, 1968; Matrosov, 1979).

One of the most authoritative, or most cited,
of the hydrothermal models is that presented
by Bowen & Tuttle (1949) for the genesis of
the hortonolite dunite pipes of the Bushveld
Complex. Actually, hortonolite dunites form
the cores of composite, concentic pipe struc-
tures and comprise a tiny fraction of the over-
all volume of the pipes. The pipes are discrete,
discordant bodies, which pierce through vari-
ous cumulates of the Bushveld Complex, deli-
cately leaving palimpsestic remains of chromi-
tite layers in their former positions (Wagner,
1929; Cameron & Desborough, 1964), as if
these had been “transparent” to the penetrating
fluid (or magma). In the Basal Zone, too, lay-
ers of harzburgite can be traced through sul-
phide-rich pegmatoid pipes which cut the py-
roxenitic cumulates of the Complex (Vermaak,
1976).

Bowen and Tuttle (op. cit.) interpreted the
genesis of the dunite pipes by the action of
high-T hydrous fluid which removed silica
from pyroxenites along the route, thereby turn-
ing them into dunites, the present cores of the
pipes. Many features of these pipes, as, for ex-
ample, the source and destiny of fluids (Cam-

eron & Desborough, 1963), the 30% volume
loss required by the model (Cameron & Des-
borough, 1964; the volume loss was 12% ac-
cording to Schiffries, 1982), the apparent dry-
ness of the fluid (lack of metasomatic aure-
oles), and the presence of dunite pipes among
gabbros (Söhnge, 1964) remain unaccounted
for by the Bowen-Tuttle hypothesis. The sub-
model applied to the Driekop pipe by Schif-
fries (1982), which invokes a chloride fluid as
the mover of material, leaves many problems
unaccounted for or untreated, some of the fore-
most being the fate of the residual alumina of
the noritic wall rocks, and the occurrence of
both unaltered blocks of wall rocks and con-
centrically zoned, inward-grown pegmatoid
bodies amongst the pipe rocks.

All the features of these pipes and other ul-
tramafic pegmatoids can be explained by mag-
matic diagenetic processes operating in a
closed system. Whether a small amount of va-
pour (fluid) separated late in the process of the
pegmatoid crystallization is immaterial to the
validity of the genetic model I will propose lat-
er in this section. In a concise form the model
is as follows: True mafic/ultramafic pegma-
toids were formed from adjacent pore liquid
that filled contraction voids opened in a still
partially molten crystal mush. The first stage
pegmatoids, typically with more or less indis-
tinct contacts, crystallized from pockets of a
relatively early pore liquid, and represent pore
melts separated from crystals (xl/liq separa-
tion). Later pegmatoids, with sharp contacts,
represent a more evolved liquid that was sepa-
rated from crystals or from crystals and other
liquids by xl/liq or liq/liq (“chromatographic”)
separation processes.

Before introducing the model, however, I
must furnish the ground by presenting some
general features of mafic pegmatoids, as well
as some details which I consider crucial for the
understanding of the pegmatoids in general
and the “pipe mystery” in particular.

Although pegmatoids occur at all levels of
intrusions, a greater number (if not volume) of
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between pipe and vein pegmatoids (see Figs
28, 34). The first voids opened in a plastic re-
gime. The voids, striving towards minimum
surface energy, assumed roundish cross sec-
tions (Figs 28, 34). With the change over to the
elastic regime the tension release was jerky;
thus, rapid build-up of stress may lead to rup-
ture even in a plastic crystal mush, as envi-
sioned already by Bowen (1920). Magmas be-
gin to behave as non-Newtonian liquids at rel-
atively low suspension densities, and, with
only 30% of suspended crystals show signifi-
cant strength; with 40% of crystals they be-
have essentially as solid matter (Philpotts &
Carroll, 1996). The corresponding early peg-
matoid fillings have more gradual contacts
than the late-stage, dyke-like pegmatoids. Lat-
er crevices tended to join the earlier voids,
elastic “knot points”, usually seamlessly (Fig.
34; Andreeva, 1959; Osipov, 1967; Kozlov,
1973).

The crevices opened perpendicularly to the
maximum tension (the vertical stress being
smaller in the upper crust). The crack propa-
gated downwards, thereby creating new ten-
sions of its own, and ultimately ended even be-
neath the niveau of the (original) tension (see
e.g., Lachenbruch, 1962). Typically, as at
Koitelainen, the pipes are downward-tapering
“carrots” (see also, e.g., Wagner, 1929; Kar-
pov, 1959).

The diameters of the pipes may be up to 1.5
km (Willemse, 1969b); the diameter of the up-
per part of the famous Mooihoek pipe is 250
m, but its (still more famous) hortonolite dun-
ite core is only 15–20 m across (Wagner,
1929). The massive sulphide veins, an integral
part of the pegmatoid system of the Monche-
gorsk intrusion, have an average thickness of

Fig. 34. Ultramafic pegmatoids in Ylivieska mafic layered intrusion, central Finland. Upper left – ultramafic pegmatoids (pyroxene,
primary hornblende) filling prototectonic contraction cracks. The roundish pocket formed early in a plastic crystal mush. (cf. Fig.
1.24 in Rose, 1996). Dyke-like pegmatoids filled cracks that formed later, in an elastic regime. Note the light-coloured aureoles,
depleted of the pegmatoid material. Note also that the prototectonic crack that failed to open (top) has no aureole; upper right –
a rectangular network of filled/failed contraction cracks; lower photo – prototectonic extensional fault, filled with pyroxenitic
intercumulus liquid. Note contractional warping and sagging of layers around the pegmatoid, and compare with Figs 2 and 3 in
Schiffries, 1982. (Next page).

them are concentrated in the upper parts of the
intrusions and sills, where they usually have
small dimensions (Walker, 1953; Andreeva,
1959; Eales, 1959; Baragar, 1967). The peg-
matoid stockwork shown in Fig. 34 is located
near the upper contact of the Ylivieska layered
intrusion. The “vesicle cylinders” in lava flows
(see e.g., Rose, 1996) are quite similar to the
pipes shown in Fig. 34. The vesicle cylinders
have aureoles similar to the melt-depleted au-
reoles seen in 34. Based on my own observa-
tions during a visit to Isle Royale, Lake Supe-
rior in 1996, I interpret the “vesicle cylinders”
as contraction pipes filled by magmatic pore
liquid.

True pegmatoid bodies are always “blind”,
with no feeder veins to or from the outside of
the intrusion. Generally there are no apparent
structural features to account for their location
(e.g., Hoffman, 1931), but sometimes they are
found concentrated in linear zones, suggesting
some kind of prototectonic control; indeed, the
pegmatoids in Fig. 34 fill prototectonic crev-
ices. In the Bushveld Complex the pipes are
sometimes seen to parallel the local fracturing
(Schwellnus, 1935; Lombaard, 1956). Some-
times pegmatoids are concentrated within lo-
calities of pre-existing elastic contrasts, as in
the vicinity of big xenoliths (Walker & Polder-
vaart, 1949), and in cumulate units with high
initial porosities. The pegmatoids themselves
often served elastically contrasted loci for later
deformations and associated alterations (e.g.,
Ferguson & McCarthy, 1970; Makarov, 1972,
Yusupov, 1972), which sometimes tend to con-
found original features with secondary effects.

The elastic inhomogenities in the consoli-
dating cumulus pile around the first pegmatoid
melt pockets also account for the relationship
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27 cm, vertical span up to 400 m and a length
of up to 1.4 km (Karpov, 1959; Polferov, 1966;
Kholmov & Sholokhnev, 1974; Orlov &
Sokolova, 1982). The pipes and veins are typi-
cally oriented perpendicularly to the igneous
layering.

The pegmatoids have no chilled contacts.
Protoclastic deformation of minerals (bending,
breaking) is commonly noted (e.g., Osborne.
1928; Baragar, 1962). In the Ylivieska intru-
sion sulphides (originally as a sulphide liquid)
fill the interstices of broken orthopyroxene
crystals. The bent lamellae of ilmenite in the
coarse magnetite grains in the Lakijänkä pipes,
Koitelainen, also point to magma movement
inside pegmatoid chambers.

The filling of the pegmatoid pipes and veins
was passive, the pore liquid seeping laterally
into the voids. The process is explicitly seen in
the outcrops of the Ylivieska intrusion (Fig.
34). In general, the composition of the pegma-
toids reflects the composition of the adjacent
fractionated pore liquid (see, e.g., Heckroodt,
1959; Liebenberg, 1970; Peck et al., 1966;
Willemse, 1969b).

Thus, the dunite pipes do not break the
chromitite layers in the Mooihoek pipe be-
cause magma was not flowing vertically.
The chromitite, solidified to adcumulate
hardground (see Wager & Brown, 1968;
Sparks et al., 1985), did not contract at all, at
least not with the pace of the retreating pipe
walls. The chromitite layer remained in place
as a shelf, dividing the pipe void. At contrac-
tion, differential shear occurred at the contacts
between the chromitite “hardground” layer and
mushy silicate cumulates. The contact-parallel
faults so common in Bushveld (Lea, 1996),
Koitelainen and Akanvaara, may be expres-
sions of the late-magmatic volume adjustments
between the unyielding chromitite hardground
and the more pliant silicate mush.

Now this model of mine implies that when
pore liquid was sucked from the surrounding
cumulates, there should be sagging of layers
around the pipes, and the dip of the sag should

increase towards the pipe (= void), in the di-
rection of increased liquid withdrawal. De-
tailed studies of the pegmatoid aureoles are al-
most lacking. However, the only case which I
know of, the Driekop pipe, is surrounded by an
aureole of sagging layers 300 m wide (see Figs
2, 3 in Schiffries, 1982). It is either an excel-
lent partial proof of the model or an accidental
fulfillment of my hopes.

The Bushveld chromitites are generally rich
in PGE, but the best PGE assays in the pipe are
from the level of the chromitite layers (Wag-
ner, 1929). In the framework of the model pre-
sented here, the projecting chromitite shelf
may have halted PGM particles that settled in
the pipe liquid. The problem of the hortonolite
rock composition is discussed later in this sec-
tion.

Both lateral and vertical zoning is common
in pegmatoids. The lateral zoning (e.g., in the
zoned pipes of Bushveld; Wagner, 1929; see
also Andreeva, 1959) and the occurrence of
prismatic crystals that grew inwards from the
walls suggest fractional crystallization into
free core liquid (Mutanen, 1974; see, e.g., Fig. 5
in Schiffries, 1982). The build-up volatiles
during fractionation ultimately led to the Crys-
tallization of primary phlogopite and a brown,
high-T hornblende (Cameron & Desborough,
1964; Schiffries, 1982).

The contraction continued in the crystalliz-
ing pegmatoid space, amounting ca 10–15
vol% of pyroxene-rich liquids (see above and
Schiffries, 1982).

At the opening of the void the liquid (if not
vapour-saturated) became superheated (again,
see Fig. 30, right-hand curve; Dolgov, 1963),
minus adiabatic cooling. The acicular habit of
pegmatoid pyroxenes (see once more Fig. 5 in
Schiffries, 1982) corroborates this reasoning
(see e.g., Lofgren, 1974b), suggesting crystal-
lization from supercooled liquid which had ex-
perienced prior superheating.

Crystal fractionation and gravitative accu-
mulation of crystals continued in the hot,
metal-rich liquid. As the viscosity of the liquid
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was low and the size of cumulus crystals large,
settling by Stokes’ law could easily have taken
place in the pegmatoid magma. In the
Koitelainen intrusion the pegmatoid melt rep-
resents fractionated pore liquid from below the
magnetite-in phase boundary, just as in the
magnetite pipes of the Bushveld Complex
(Willemse, 1969a). Evidently, at the time of
void filling the pore liquid was just about
reaching the magnetite phase boundary. Thus,
in the magnetite pipes of Koitelainen the root
parts are packed with cumulus oxides, while
quartz and, finally, granitic droplets appear
and increase in amount upwards. This upward
enrichment of lightweight silica and salic melt
droplets was probably due to their floating in
the pipe magma.

Most of the time the evolution of the pipe
melts of Koitelainen followed the cotectic
boundary between clinopyroxene, magnetite
and a silica phase (tridymite?), later joined by
intercumulus plagioclase, zircon and apatite.

Lateral seepage of pore liquid resulted in
negative primary aureoles of components with-
drawn into pegmatoid voids. If two or more
liquid phases were present, that (those) with
the lowest viscosity (-ies) seeped faster and
from a farther distance. The least viscous of
the high-density fluids known is the sulphide
liquid (with a viscosity of 1/3000 of that of the
basaltic melts; Olshanskii, 1948). A negative
aureole of S about 80 m wide occurs around a
sulphide pyroxenite pegmatoid in the Ylivies-
ka intrusion (Mutanen, unpublished), an indi-
cation of the sulphide liquid seepage. The low-
est sulphur concentrations in the wall rocks oc-
cur immediately beyond the contact of the sul-
phide-rich pegmatoid. Wagner (1929) already
noticed that S and Pt decrease in the Merensky
Reef near sulphide-bearing pegmatoids. Sul-
phide pegmatoids similar to those of the
Ylivieska intrusion are the Vlakfontein pipe in
Bushveld (Vermaak, 1976), the pegmatoids
hosting the Carr Boyd Ni deposits (Purvis et
al., 1972), those described by Shcheka (1969),
and the Monchegorsk pipes (e.g., Kozlov,

Fig. 35. FeO-SiO
2
 diagram, showing compositions and the

evolution of residual liquids in basalts (Kuno, 1965) and peg-
matoid compositions of Ylivieska and Koitelainen layered in-
trusions. 1 – Koitelainen gabbro and pegmatoids; 2 – Ylivieska
gabbros and pegmatoids; 3 – tholeiites and their magma (melt)
evolution; 4 – high-alumina basalts and their magma (melt)
evolution; 5 – calc-alkalic evolution; 6 – Skaergaard melt evo-
lution; 7 – salic segregations in Ylivieska pegmatoids; 8 – grano-
phyre pockets in Koitelainen pegmatoids.

1973). Part of a negative sulphur aureole, simi-
lar to that of Ylivieska, is seen in Fig. 12 in
Vermaak’s (1976) paper.

At the time of withdrawal of the pore liquid
into the voids it was separated from cumulus
crystals. Accordingly, approaching the pegma-
toid the cumulus silicates should show increas-
ingly higher An% and mg# values. This indeed
happens in the aureole of the Ylivieska sul-
phide pegmatoid, where An% of plagioclase
increases rapidly towards the pegmatoid, in the
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inner part of the negative S aureole. Mafic
mineral compositions have not yet been stud-
ied. But it is gladdening to see that a promi-
nent positive An% aureole surrounds the Drie-
kop pipe (see Fig. 8, Schiffries, 1982).

A late sulphide liquid can travel along thin
contractional passageways with considerable
ease (see Kholmov & Sholokhnev, 1974;
Rundkvist & Sokolova, 1978; Orlov & Sokolo-
va, 1982. Neither was there any problems with
the movement of silicate liquid in the pore
space, driven by the pressure gradient (the
suck of the void). The pore liquid formed an
interconnected passageway-network when the
liquid percentage was as low as 10% or even
less (Lewis, 1964, 1973).

Thus, pegmatoids were formed by an effec-
tive process of crystal/liquid separation (or by
liquation, the original term for the process).
The reader, however, probably already noticed
a serious inconsistency in this scenario: as the
Koitelainen magma at time of void opening,
and till the end, was saturated with plagio-
clase, this should occur as a cumulus phase in
pegmatoid melt, but is does not. The same
problem is well known from lavas, where the
segregations are impoverished in Si, Al or both
(Aoki, 1967; Wright & Okamura, 1977). In
some cases the late segregations are either en-
riched or impoverished in Si (Aoki, 1967).
Compositions of segregations and host lavas
are depicted in Fig. 35, together with ultrama-
fic pegmatoids and their host rocks from the
Ylivieska and Koitelainen intrusions.

Fenner (1937) saw the bimodal composition-
al distribution of the lava segregations and
proposed that they represent immiscible sili-
cate liquids. He might have had it about right.
At that time, however, experimental petrology
did not give the slightest possibility for immis-
cible silicate liquids to occur in nature (see
Roedder, 1951, p. 282). Or the possibility was
as far as, well, the Moon. Indeed, in 1970
Roedder and Weiblen (1970, 1971) found sili-
cate liquid immiscibility (SLI) in lunar basalts;
later, De (1974) described it in Deccan basalts.

Furthermore, McBirney and Nakamura (1974)
showed that mafic intrusive magmas evolve to-
ward SLI and probably attained it in the late
fractionation stage of the Skaergaard intrusion,
at about 1000°C (op. cit.).

Projected on Roedder’s (1951) diagram the
pyroxenitic rocks and the salic pockets of the
Koitelainen and Ylivieska pegmatoids plot on
the opposite ends of the SLI field (not shown
here). Thus, spontaneous splitting of the pore
liquid into immiscible acid (granitic) and ma-
fic (pyroxenitic) liquids would provide a feasi-
ble solution to the plagioclase problem. Al-
though plagioclase was (and must have been)
stable with both liquids, its amount in the py-
roxenitic liquid was small, hence the low Al in
segregations (e.g., Aoki, 1967). Anyway, pla-
gioclase should have had continued as a prima-
ry phase in both liquids. It does so in the acid
pockets (Fig. 29 c) but is only an intercumulus
phase in the mafic magma. As the normative
plagioclase of the pore liquid in this late stage
of fractionation was probably low (as reported
earlier, cumulus plagioclase of the lowermost
pigeonite gabbro unit had rim compositions of
47% An), the lack of cumulus plagioclase in
pegmatoids may be simply due to the failure of
nucleation of the acid plagioclase (see Wager,
1959).

The ultramafic liquid is less polymerized
and far more fluid than its salic immiscible
pair. Thus, at the opening of voids, the ultra-
mafic liquid preferentially filled the voids (see
Wiebe, 1979), while only a minuscule fraction
of the sticky, salic liquid got that far. The gra-
nitic pods in the upper part of the Koitelainen
pipes (Fig. 28, Fig. 29b, c) may represent salic
liquid that separated either in the intercumulus
space or in the pegmatoid chamber due to con-
tinuous separation with falling temperature
(and broadening SLI volume) of a small frac-
tion of immiscible, and increasingly salic liq-
uid. The granophyre rock from the upper part
of the pipe of Koitelainen (Fig. 29c) contains
74.92% SiO

2
.

In general, the timing of the SLI depends on
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how the fractionation proceeded towards Fe-
enrichment and the intersection of the stable
immiscibility volume by the liquidus. At the
moment of SLI the MgO of the pyroxenitic liq-
uid should be very low, below ca 3% (Roedder
& Weiblen, 1970, 1972). In lunar basalts SLI
occurred at 90–98 PCS (per cent solidified;
Roedder & Weiblen, 1970, 1972), in Deccan
basalts the PCS was 80 at the SLI stage (De,
1974).

So far, the SLI origin of the Koitelainen
pegmatoids seems doing well. However, the
diagram in Fig. 35 does not show a suspicious
feature of the pegmatoids: their MgO is rather
high, varying between 12.4–14.2%. Normally
this would mean that the immiscibility volume
was out of reach, well below the liquidus.
There are several realistic possibilities to over-
come that difficulty. First, the pressure release
at the opening of voids may have lowered the
liquidus temperature of the pore liquid more
than the top temperature of the SLI volume;
second, the pore liquid may have experienced
supercooling to the metastable (“submerged”)
SLI volume (Wyllie, 1960; Seward, 1970) ly-
ing beneath the basalt plateau. Then, Ti and P,
which were enriched in the residual liquid,
may have bloated the SLI volume (Ryerson &
Hess, 1978; Freestone, 1978). The combined
effect of these and other fluxes (which natural-
ly are progressively concentrated in the frac-
tionating pore liquid) might have been enough
for the stable SLI to occur. The presence of
tourmaline in pegmatoids reminds of the pow-
erful effect of boron. Generally unanalysed
and mineralogically mostly “invisible”, boron
reduces viscosity, lowers solidus temperatures
(Chorlton & Martin, 1978) and may suppress
crystal nucleation (Wones, 1980); moreover,
as discussed before, boron enlarges the SLI
volume. All these effects, combined (or even
alone, like the boron effect) may have helped
to bring the pore liquid into either the metasta-
ble (submerged) SLI volume or into the stable
SLI volume.

But even without the above contrivances the

SLI, stable or metastable, was a real possibili-
ty. In lunar rocks mafic liquids in SLI relation-
ship with acid liquids are sometimes high in
MgO (6.32% MgO, Roedder & Weiblen, 1972;
7–9% MgO, Dungan et al., 1975). The maxi-
mum MgO reported from an immiscible ultra-
mafic liquid (glass) is 15.5% (Roedder & Wei-
blen, 1972). In fact, when compared with the
most magnesian immiscible lunar liquids the
hortonolite dunites of the Bushveld pipes are
not much different (compare: anal. 56, p. 257
by Roedder and Weiblen, 1972 and analyses of
Table 1 by Viljoen & Scoon, 1985). It seems
quite possible that the hortonolite dunites rep-
resent late fractionated Fe-rich liquids of the
pipe melt. A final notice serves this point: oli-
vine was a late-crystallizing mineral in the cu-
mulates surrounding the hortonolite dunite
pipes (Heckroodt, 1959).

The distribution of trace elements between
immiscible liquids was different from that of
crystal fractionation. As predicted by Ring-
wood (1955), Zr and P are enriched in the ma-
fic liquid, but Y and REE, too (e.g., Roedder &
Weiblen, 1970; Rutherford and Hess, 1974;
Hess & Rutherford, 1974; Ryerson & Hess,
1978). No wonder, thus, that apatite and robust
zircons occur (Fig. 29d) just in the ultramafic
rocks. The philosophy of dating pegmatoid zir-
con was based on the model that the pegma-
toids, although apparently discordant, are coe-
val with the pore liquid.

Very steep concentration gradients develop
in liquid ahead of growing crystals (Anderson,
1967; Kushiro, 1974a, b; Lofgren, 1974b;
Donaldson, 1975; Lofgren & Donaldson, 1975;
see also: Rosenbusch, 1887; Hills, 1936); as a
result, true SLI may occur in the diffusion gra-
dient (e.g., Anderson & Gottfried, 1971). The
compositional gradients translate into steep
viscosity gradients. Hydrodynamically the dif-
ferent liquid portions behaved like immiscible
liquids in pore spaces. Thus, efficient liquid/
liquid separation in the Koitelainen intrusion
was possible in pore liquid even without the
SLI.
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Fig. 36. View north of Keivitsa hill towards the Keivitsansarvi Cu-Ni-PGE-Au deposit.
The distant blue hill is Koitelainen. Photo by TM.

Fig. 37. An aapa mire east of Satovaara. Typical central Lapland terrain. Photo by TM.

The Keivitsa – Satovaara complex (KSC) is
situated 34 km north of Sodankylä, in the area of
map sheets 3414 and 3732, just south of the
Koitelainen intrusion (Fig. 38). Exploration has
been concentrated in the western part of the com-
plex, the Keivitsa intrusion. Of several prospects,

the main target of recent work has been the
Keivitsansarvi Cu-Ni-PGE-Au deposit.

Since the 1960s several mapping and explo-
ration programmes have been conducted in the
area. However, the massive and disseminated
sulphides encountered were always very low in

THE KEIVITSA – SATOVAARA COMPLEX

Location and exploration history
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Ni, of the type called “false ore” during the
last exploration phase by GSF.

The present exploration was prompted by
glacial erratics of sulphide-disseminated ultra-
mafic rocks I found on the bank of the Luiro
river (1973) and in Satovaara (1983), southeast
of Keivitsa. These erratics contained petrologi-
cal signs of and legitimate clues to the pres-
ence of viable Ni-Cu sulphides among intru-
sive rocks of the area. The first diamond drill
holes (spring 1984) in Keivitsa intersected
several metres of sulphides at the basal contact
of the intrusion, but they proved to be false
ores – and paltry at that.

A large area around Keivitsa and Satovaara
was covered by systematic ground geophysical
(magnetic, gravity, electromagnetic) surveys
and pedogeochemical line sampling of basal
till in 1984 – 1987. Percussion soil sampling at
a good electric conductor yielded massive sul-
phides with 1% Ni, 2% Cu and 0.33% Co. This
and other geochemical and geophysical indica-
tions were investigated by diamond core drill-
ing in 1987. All the good electric conductors
proved to be false ore sulphides. A peculiar
PGE-Cr-V deposit in quartz-carbonate rocks
(“chondritic” PGE mineralization; Mutanen,
1989b) was found, as a Pd anomaly, by percus-
sion sampling. Two of the last drill holes of
the programme – the twenty-third and twenty-
fourth holes drilled in Keivitsa – intersected
22–24 m of disseminated sulphides with 0.36%
Ni, 0.46% Cu and 1 – 1.4 ppm PGE+Au. Small
trenches made in the vicinity indicated the
continuity of the deposit between and beyond
the discovery holes. (The trenches were visited
in August 1989 by participants at the pre-sym-
posium field trip of the 5th International Plati-
num Symposium.).

Subsequent drilling programmes in Keivitsa
in 1990 and 1992–1995 delineated a large,
low-grade Cu-Ni-PGE-Au deposit, the Keivit-
sansarvi deposit. The two discovery holes had
probed a part of the deposit which was later
known as the Upper Ore. Most of the drilling
metres were used to the Keivitsansarvi deposit.
More trenches and shallow pits were also dug
in the ore subcrop area. Some more holes were
drilled in the PGE-Cr-V deposit and other tar-
gets in the Keivitsa area.

In Satovaara a disseminated Ni-Cu-PGE-Au
deposit, similar to the Upper Ore of Keivitsan-
sarvi, was intersected in 1991. The results
from the widely-spaced holes drilled in 1995
by GSF RONF were not encouraging.

The Keivitsansarvi deposit has features
which make it difficult to discover by routine
sampling and surveys. First, the percentage of
sulphides is too low, and their grains are not
sufficiently interconnected to give a percepti-
ble response to the electromagnetic inductive
method used in the routine regional surveys,
before the discovery. Second, the subcrop
failed to show up in pedogeochemical sam-
pling. Detailed post festum till sampling of
trench walls revealed that above the ore sub-
crop the secondary (glaciogenic) dispersion
aureole is very thin, that it lies at the till-bed-
rock contact and that it is not traceable down-
stream. Also, the stony basal till is impenetra-
ble to percussion sampling. Even with hind-
sight, only one sample on the distal side of the
subcrop shows anomalous Cu, Ni, Pd and Au.
And finally, the Keivitsansarvi deposit, locat-
ed as it is several hundreds of metres above the
basal contact of the intrusion, has an unpre-
dictable stratigraphic position.

The KSC is situated in the northeastern part
of a faulted brachysynclinal structure on the
southern limb of the Koitelainen brachyanti-
cline (Fig 38, Appendix 4). The Keivitsa intru-

sion (in the west) and the Satovaara intrusion
(in the east) probably represent blocks of a sin-
gle intrusion, separated by a zone of north-
easterly faults (Satojärvi fault zone). The

General geology
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Fig. 38. The location of the Koitelainen intrusion and Keivitsa-Satovaara complex.

Satovaara block has been displaced down-
wards, perhaps 2–3 km, in relation to Keivitsa.

With the exception of the short description
that follows I will not deal with the Satovaara
here. The ultramafic cumulates in Satovaara
have a higher MgO content (higher olivine/py-
roxene ratio) and the proportion of gabbros is

smaller than in the Keivitsa intrusion. Unlike
Keivitsa, the Satovaara intrusion is concordant
and intruded higher in the stratigraphy, well
above the black schists. The hornfels aureole is
considerably thinner than that around the
Keivitsa intrusion. The thick basal olivine-rich
cumulates are overlain, successively, by py-
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Fig. 39. Pre-Keivitsa rocks. Left – layered metapelite, Allemaoja creek, northeast of Satovaara; right – komatiitic agglomerate,
Annikanselkä ridge, south of Keivitsa. Photos by TM.

very poor in sulphides and exhibit cm-scale
graded bedding (Fig. 39). The pelites and car-
bonaceous metasediments below the Keivitsa
intrusion typically contain titanite and porphy-
roblasts of ilmenite, very rarely porphyroblasts
of magnetite. These pelites are Ti-rich (TiO

2

1.2–1.5%).
Upwards, beginning with the appearance of

thin bands of chert and fine bands rich in sul-
phide and graphite, the general content of sul-
phides and graphite increases. There are thick
carbonaceous beds – black schists – very rich
in graphite. One drill hole intersection assayed
32% graphitic carbon across 14 m. The upper-
most pelites are rich in sulphides (see anal. 21
in Table 7) but poor in graphite. These are also
poorer in Ti (TiO

2
 ca 0.8%, anal. 21, Table 7).

Komatiitic volcanic rocks (flows, agglomer-
ates, pillow lavas, tuffs; Fig. 39, 40b, c) occur
above the black schists intercalated with sul-
phide-rich high-Mg pelites.

Provisionally I correlate the pelitic and car-
bonaceous rocks and associated bimodal vol-
canism with the post-Jatulian Ludian forma-
tions, which include the famous shungites,
high-carbonaceous beds (Sokolov, 1980;
Karhu, 1993; Karhu and Holland, 1996). The
Ludian has been bracketed between 2113 Ma
and 2062 Ma by Karhu and Holland (1996).
The 2114±52 Ma age (Rb-Sr age; Kolosjoki
volcanics in the Pechenga area) put by
Balashov (1996) to Ludian is very imprecise

roxenite (10 m) and gabbro (100 m). On top
are quartz gabbros and sodic granophyres,
whose thickness ranges from a few metres to
tens of metres. Near the top of the ultramafic
zone (ca 100 m below the gabbro) is a discon-
tinuous layer of disseminated Fe-Ni-Cu sul-
phides, with PGE and Au. In relation to the
thick main mass of the Keivitsansarvi deposit,
which is considered to represent the proximal
(delta front) facies of a stationary downdraft of
a convective toroid, the Satovaara sulphide
reef represents the distal facies. The strati-
graphic position of the Satovaara sulphide reef
is comparable to the Upper Ore of the Keivit-
sansarvi deposit.

The shortest horizontal distance from the
southern (upper) contact of the Koitelainen
granophyre to the base of the Keivitsa intru-
sion is ca 800 m. Assuming that the top of the
granophyre is parallel to the base of the Keivit-
sa intrusion, the true distance between the in-
trusions is 500–600 m. Immediately above the
Koitelainen intrusion are (in ascending order)
metasedimentary hornfelses, micaceous arkoses,
calcareous rocks, low-Ti basaltic volcanics
(now plagioclase-hornblende-chlorite rocks,
possibly flows and tuffs), arkosic quartzites
and a thick sequence of pelites. The pelites,
with MgO from 3.0 to 4.5% and elevated Cr
and Ni, are comparable to early Archaean
high-Mg pelites (see e.g., Sheraton, 1980).

The lower pelites (anal. 20, Table 7) are
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Fig. 40. Acid volcanic rocks, Keivitsa area. a – magnetite keratophyre and hornblende keratophyre from near the Puilettilampi
hydrothermal breccia stock. Percussion drill sample RP87/42243 070. Bar = 1 cm. Diascanner photo by Reijo Lampela; b – quartz
porphyry from Matarakoski (Pb age on zircon: 2048 Ma). Crossed nicols. Bar = 5 mm. Photo by Erkki Halme; c – acid volcanic
dropstone in hornfelsed pelitic sediment in floor rocks of the Keivitsa intrusion. The history of events is plainly visible: small curved
faults formed in the bottom clay at the impact of the stone; tephra deposited later was draped smoothly over the stone; still later,
oxygen imported by the pumiceous dropstone diffused, causing formation of magnetite dust in the reduced bottom sediments (dark
halo around the dropstone). Width of thin section 2.5 cm. DDH308/77.95 m, Keivitsa. Diascanner photo by Reijo Lampela.

but considering the geological context may be
not far off the mark. The Ludian corresponds
to the sediments of the upper Transvaal se-
quence in South Africa (2250–2050 Ma, Wal-
raven et al., 1990).

The occurrence of high values of PGE-U-V
in Ludian carbonaceous rocks (Akhmedov &
Golubev, 1995) is of interest, as the metals
may have been contaminants in the Keivitsa
magma; also, V-PGE-enriched sediments may
have some relationship with the REE-enriched
Cr-V-PGE deposit.

The Ludian is underlain by Jatulian forma-
tions, which probably contained evaporite de-
posits (Shatskii & Zaitsevskaya, 1994). The
high sulphur isotope δ34S values of the Keivit-
sa sulphides (Hanski et al., 1996) may ulti-
mately be derived from the brines of the now
vanished Jatulian evaporites (See: Shatskii &
Zaitsevskaya, 1994). The same circulating
brines may have been responsible for the ele-
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vated Cl in metasediments and serpentinite,
with common occurrence of scapolite porphy-
roblasts in eruptive and metasedimentary
rocks.

The increase in sulphides and graphite in
pelites coincides with the appearance of acid
volcanic dropstones (Fig. 40c). Evidently,
from then on acid volcanism contributed mate-
rial to the pelitic sediments.

Emplaced in the lower part of this succes-
sion are two thick differentiated komatiitic
sills composed of thick olivine cumulates
(+chromite) overlain by pyroxene cumulates
and gabbro. At the top of the upper sill is a
thin seam of granophyre, with dendritic horn-
blende (the “spider rock” of Jorma Isomaa).
The peridotitic main part of the lowermost sill
contains augite oikocrysts enclosing olivine
crystals. These “spotted komatiites”, which I
formerly considered lavas, hug the roof con-
tact of the Koitelainen intrusion round its
western half. The komatiitic peridotites of the
sills are lower in MgO than the dunitic to peri-
dotitic komatiites which occur as xenoliths in
the Keivitsa intrusion.

About 20 m below the base of the Keivitsa
intrusion a 10 m-thick peridotite sill has been
intersected by two diamond drill holes. Xeno-
liths of similar rocks occur in the deeper parts
of the intrusion.

Evidently, there was a long time break in the
supracrustal succession between the Koitelai-
nen and Keivitsa intrusions. I tentatively con-
sider the lower sediments and komatiitic sills
older than the Koitelainen intrusion (2435
Ma); from the arkosic quartzites upwards the
rocks are younger than Koitelainen but some-
what older than Keivitsa (2057 Ma).

Recumbent folds in hornfelsed pelite have
been intersected by diamond drill holes at
Keivitsa. The thermometamorphism postdates
the folding. There is other evidence of pre-
Keivitsa folding. The folds may have been
formed by slumping of unconsolidated sedi-
ments due to crustal instability that was associ-
ated with volcanism and in anticipation of the

Keivitsa event; also, like the tight folds below
the basal contact of the Palisades Sill (Walker,
1969), they may have been formed in connec-
tion with, and by, the emplacement of the
Keivitsa magma.

Several bodies of peculiar albite-rich brec-
cias occur in a wide area west and northwest of
the intrusion. The Puilettilampi hydrothermal
breccia pipe west of Keivitsa (see Appendix 4)
contains abundant carbonate, magnetite and
pyrite. In the same area there are stocks of to-
nalite(-trondhjemite) which often have wide
albitized aureoles and albitite contact breccias.
The tonalites and breccias are massive, non-fo-
liated rocks which have undergone regional
metamorphism. The stocks and breccia bodies
cut through high-aluminous schists, presuma-
bly of pre-Koitelainen age, but not the Keivitsa
intrusion and the pelites immediately below
the intrusion. Closely associated with the Pui-
lettilampi hydrothermal pipe are porphyritic
keratophyres (Fig. 40a) and gabbros. I inter-
pret the breccia bodies and tonalite stocks as
coeval with – and related to – the pre-Keivitsa
acid volcanism. They may represent roots of
volcanoes and volcanic hydrothermal vents.

Younger dyke rocks will be described and
discussed later.

The grade of regional metamorphism
reached the amphibolite facies, and embraced
the rocks of the KSC and dyke rocks. Meta-
morphism obliterated almost all the magmatic
minerals of small igneous bodies as well as the
original hornfels minerals around the KSC and
the komatiitic sills. Thermometamorphic min-
erals are locally preserved inside the Keivitsa
intrusion. Large portions of the ultramafic
rocks in Keivitsansarvi have undergone sur-
prisingly little jointing and are mineralogically
fresh. There are also unaltered parts in the gab-
bro cumulates, but the granophyres and upper-
most gabbros are wholly altered.

During the subsequent folding the intrusions
and their hardened hornfels aureoles behaved
as competent blocks, and the deformation in-
side the intrusions was largely elastic. Fold
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structures are large and the bedding in general
dips at angles less than 45o. Subhorizontal bed-
ding occurs in the western part of the map area
(see Appendix 4).

The brachysyncline is sliced by northeaster-
ly faults and fault zones. The fault zone sepa-
rating the Keivitsa and Satovaara intrusion
contains numerous blocks of ultramafic rocks
similar to the olivine-pyroxene cumulates of
the intrusions. On a ground magnetic map a
northwesterly fracture system is visible, but no
associated displacements have been detected
in this area.

Preglacial weathered bedrock regoliths are
ubiquitous in Central Lapland, but in the KSC
area glacial erosion has been surprisingly

strong. Kaolinite weathering occurs in the
western part of the map area. Late Tertiary to
early Quaternary grussification (see Mutanen,
1979b) was probably responsible for the
weathering of the “pitted peridotites” (Fig.42)
as well as the allochthonous vermiculite fill-
ings in deep fissures, intersected in drill holes.
Oxidation of sulphides in the subcrop is re-
stricted to the aerated zone and it is generally
slight or totally lacking. In one case pyrrhotite
is completely altered to marcasite and pentlan-
dite to violarite at 68.33 m (DDH depth). The
surface oxidation is evidently postglacial.
Freshly broken rock surfaces oxidate very
rapidly (in a matter of days). The rapid oxida-
tion is due to talnakhite and troilite in ore.

THE KEIVITSA INTRUSION

Age, form and internal structure

The U-Pb/zircon and pyroxene-plagioclase-
whole rock Sm-Nd dating methods both give
an age of about 2050 Ma (Sm-Nd 2052±25 Ma,
U-Pb/zir 2050 Ma; Huhma et al, 1996). Recent
“upgrading” of the zircon gives an age of
2057±5 Ma. The zircons used for dating are
euhedral, zoned crystals in olivine pyroxenite
evidently crystallized from magma. Primary
pyroxenes from olivine pyroxenite and ferro-
gabbro, intercumulus plagioclase from olivine
pyroxenite, and cumulus plagioclase from fer-
rogabbro were used for the Sm-Nd dating (op.
cit.).

Zircon from a diorite dyke cutting ultrama-
fic cumulates, interpreted to represent “back-
intrusions” from the granophyre cap and to be
coeval with the intrusion (Mutanen, 1996) give
an age of 2054±7 Ma (Huhma, 1997).

The intrusion is of the same age as the Phal-
aborwa carbonatite and the Losberg intrusion
in South Africa (2050 Ma, Walraven et al.,

1990) and the Nebo granite, 2054 Ma, the lat-
ter giving the lower bracket for the age of the
Bushveld Complex (Walraven & Hattingh,
1993).

The intrusion is funnel-shaped and dips
soutwest (Appendix 4). The surface area is ca
16 km2, of which ultramafic rocks make up 6.4
km2, pelitic hornfels xenoliths 0.5 km2 and the
big peridotite-serpentinite xenolith 0.5 km2;
the remainder (8.6 km2) are gabbros and grano-
phyres. The separate gabbro bodies south and
southwest of the intrusion may be apophyses
from the main magma chamber.

Chemical analyses of the most common rock
types of the Keivitsa area are presented in Ta-
ble 7.

The contacts of the intrusion are discordant
to the strata of the supracrustal rocks. The ba-
sal contact dips 45–50o south. Near the base
contact, xenolithic rafts and tectonic slices of
pelitic schists are interfingered with ultramafic
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cumulates. The roof was intersected by one
DDH, and there the contact between the grano-
phyre and the pelite hornfels roof is sharp.

The igneous layering in the lower part is
roughly conformable to the base contact, but
upwards the dip of layering becomes more
gentle, being 20–30o in the upper part of the
ultramafic zone (see Appendix 5) and almost
horizontal in the gabbro zone and the grano-
phyre.

The intrusion is formally divided into zones:
The basal marginal chill zone is 0 – 8 m

thick, and consists of microgabbro or contami-
nated quartz gabbros and quartz-rich pyroxen-
ites. The contact rocks are massive but altered
into uralite gabbros. The composition of the
chilled margin (Table 6) was calculated from
the analysed microgabbros least affected by
contamination, added cumulus crystals or
metamorphic alteration. The effect of contami-
nation (S, Cl) is evident in the analytical data;
it is plausible, though, that the composition has
some bearing on the composition of the parent
magma. A DDH core profile through the mar-
ginal microgabbro (Fig. 41) shows that with
the increase in cumulus pyroxene and olivine,
the gabbro rapidly grades into olivine pyroxen-
ite.

The ultramafic zone thins and tapers out to
the west; in the southeast it runs against the
wall rocks. The zone is thickest in the north-
east of the intrusion, where the Keivitsansarvi
deposit is also located. The maximum thick-
ness is not known, but it may be as much as 2
km or more. The zone consists of olivine-
clinopyroxene-(orthopyroxene)-magnetite cu-
mulates (mesocumulates and poikilitic ortho-
cumulates).

Modally the ultramafic cumulates are oliv-
ine websterites and olivine wehrlites, but in
the field (and here) they are called olivine py-
roxenites (for compositions, see anal. 1–9, Ta-
ble 7). The name metaperidotite is used for al-
tered (hydrated) olivine pyroxenite.

Among the olivine pyroxenites there are dis-
continuous layers (?) of pyroxenites and gab-

Table 6. Chemical composition of Keivitsa chilled mar-
gin, recalculated to 100 per cent.

bros and sharply-defined masses (autoliths ?)
of gabbros. Xenoliths of various komatiitic
rocks abound, particularly in the host rocks of
the Keivitsansarvi deposit (Fig. 48). Pelitic xe-
noliths are common near the base contact but
rare in the main part of the zone (see below).
Komatiite xenoliths are all but lacking in these
rocks.

The rocks of the lower part of the zone,
about 500 m thick, are petrographically indis-
tinguishable from the overlying ore sequence.
However, in the Ni/Co plot (Fig. 61) the rocks
form a low-Ni group, separate from the rocks
of the ore sequence. Moreover, the Au and Pd
contents are always low, generally below the
detection limit of 1 ppb.

In the upper ultramafic zone, immediately
overlying the upper ore layer, is a peculiar oli-
vine pyroxenite called “pitted peridotite” (Fig.
42). It is composed of two cumulate domains
with relatively sharp boundaries. The weath-
ered parts (pits), roundish or amoeboid in out-
line, consist of olivine websterite that is rela-
tively rich in orthopyroxene and contains bi-
otite-phlogopite and disseminated sulphides.
The knobs are richer in clinopyroxene and car-
ry neither sulphides nor mica. In a series of
outcrops across the southwest of the intrusion
the size of the pits decreases westwards (up in
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Fig. 41. Profile through the basal chilled contact rock and underlying pelitic metahornfelses, Keivitsa intrusion.
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Table 7. Chemical compositions of rock types of the Keivitsa intrusion. Analyses recalculated to 100 per cent. Analyses
made by XRF; some trace P and Sc by ICP.

stratigraphy) and the contrast between knobs
and pits diminishes.

The gabbro zone consists mainly of pyrox-
ene gabbro, ferrogabbro, with pigeonite and

fayalite (anal. 10, Table 7), magnetite gabbro
(with V-rich magnetite), and their uralitized
equivalents. Graphite gabbro (with euhedral
cumulus graphite, see Mutanen, 1989b) occurs
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Table 7. (Continued)

in the southeastern part of the intrusion.
Graphite is common in the small satellite gab-
bro soutwest of the intrusion.

Visible layering is rare; only indistinct ratio
layering (plagioclase/pyroxene) has been seen
in one outcrop.

High up in the gabbro zone there are discon-
tinuous units of olivine-pyroxene cumulates,
which, compared with those of the ultramafic
zone, are rich in Fe and poor in Mg, Cr and Ni.
In these rocks ilmenite is a cumulus phase.
These rocks often host concentrated sulphides
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Fig. 42. “Pitted peridotite”, a heterogeneous olivine-pyroxene cumulate. The mixed cumulate consists of clinopyroxene-rich
olivine pyroxenite (knobs) and domains richer in orthopyroxene and biotite-phlogopite (pits, formed by grussification weathering).
Both rock types contain intercumulus plagioclase. Photo by TM.

of the false ore type (for ore types, see a later
chapter). Huge rafts of pelitic hornfelses and
minor komatiites occur in the gabbro zone.
Some of the hornfels rafts may actually be
wedges projecting from the walls. Ultramafic
cumulates seem to have been deposited upon
the hornfels rafts, which thus acted as interme-
diate floors. The thickness of the gabbro zone
is not known, but diamond drilling indicates
that it is more than 500 m in the axial part of
the intrusion.

Magnetite gabbro grades rapidly into the
granophyre (anal. 11, Table 7), the uppermost
magmatic unit of the intrusion. It is well dis-
played on the magnetic map due to its magnet-
ite content. A vertical DDH drilled near the
southeastern wall of the intrusion intersected
22 m of the granophyre, but the actual thick-
ness is less. Shallow holes drilled in the south-
ern part of the intrusion indicated that the
granophyre is considerably thicker there.
Small xenoliths of pelitic hornfels occur in the
granophyre. In the overlying hornfelses there
are salic pockets that evidently represent incip-
ient melting. Granophyres are composed of
sodic plagioclase, quartz and light-green sec-
ondary hornblende (dark green against feld-
spar). Magnetite, ilmenite, fluorapatite and

sulphides (mainly pyrrhotite, plus minor chal-
copyrite, cubanite and secondary pyrite) are
abundant; biotite and stilpnomelane occur in
lesser amounts. Accessory and secondary min-
erals are epidote-clinozoisite, carbonate,
scapolite, titanite, rutile and chlorite.

The cores of subhedral plagioclase crystals
are rich in epidote, suggesting that the original
plagioclase was a calcic magmatic feldspar.
The lower, plagioclase-rich part of the grano-
phyre may actually be a flotation cumulate of
plagioclase. Albitized pseudomorphs of inter-
stitial microcline are common; thus, grano-
phyre was originally more potassic; part of the
potassium turned mobile is fixed in secondary
biotite.

Superimposed on other structures are fractal
structures, seen in the size distribution of xe-
noliths (from single olivine grains to huge xe-
noliths), in the concentrations of disseminated
sulphides (from the size of a nail to homogene-
ous masses hundreds of metres across) and in
the sulphide veins (from about 1 m down to 1
mu thick). The latter, called “chicken wire”
structures (Fig. 79), which form largely invisi-
ble circuitries, are important in interpreting the
electric conductivity and electromagnetic be-
haviour of disseminated sulphides.
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The basal microgabbro grades into a pyrox-
ene cumulate and pyroxene-olivine cumulate
rich in intercumulus plagioclase. This transi-
tional zone, with MgO 10.8 – 17.0% and Al

2
O

3

7.4 – 5.0%, is ca 40 m thick. Chlorapatite and
euhedral zircon (with 1920 ppm U in zircon
fraction, 2600–5300 ppm U in electron micro-
probe analysis of the skeletal zircon in Fig.
46f) occur in this rock. Sulphide-mantled
euhedral orthopyroxene (Fig. 77) is common
in the basal ultramafic zone.

The main part of the ultramafic zone con-
sists of olivine-clinopyroxene-orthopyroxene-
magnetite cumulates. Chromite occurs only in
clinopyroxene, as tiny euhedral to subhedral
inclusions.

The H
2
O-rich intercumulus liquid crystal-

lized largely to primary hornblende and bi-
otite. Orthocumulate textures are best dis-
played where the intercumulus consists of sul-
phides and plagioclase. Because of the original
“bastard” nature of the cumulates, and reflect-
ing it, H

2
O was inhomogeneously distributed

in the intercumulus liquid. Thus, the degree of
replacement of clinopyroxene by brown horn-
blende commonly varies in a single clinopy-
roxene grain, the part against plagioclase being
fresh. In general, in samples and in parts of
thin sections that are rich in intercumulus pla-
gioclase clinopyroxene crystals are fresh, not
spattered by inclusions of brown hornblende.

The amount of olivine generally varies in
the range 15 – 25 vol%. Unless encased in sul-
phides, orthopyroxene occurs as anhedral to
oikocrystic grains and contains resorbed oliv-
ine and clinopyroxene inclusions (Fig. 77).
This indicates a reaction relation of olivine
with orthopyroxene and calcic clinopyroxene.
The outlines of orthopyroxene oikocrysts are
sometimes euhedral, suggesting settling of
composite olivine(-clinopyroxene)-orthopy-
roxene cumulus grains (e.g., Jackson, 1961).
Stress-lamellae sometimes occur in olivine.

On the other hand, as in the peridotitic cu-

mulates of Koitelainen intrusion, clinopyrox-
ene commonly occurs as roundish inclusions in
olivine, suggesting that the magma began crys-
tallizing in the clinopyroxene field and turned,
possibly due to added H

2
O, into the olivine

field. On the other hand, clinopyroxene con-
tains olivine inclusions. All this can be trans-
lated into a cumulus path cpx -> ol -> kpx ->
(peritectic reaction of ol, and apparent reaction
of kpx) -> opx. Euhedral plagioclase inclu-
sions are found in orthopyroxene oikocrysts,
suggesting that it was an early cumulus phase.
Of course, before the intervention of contami-
nation, plagioclase and pyroxenes crystallized
together from the original basaltic parent mag-
ma (Table 6).

Along the deepest DDH slight downward
trends can be discerned: the proportion of
clinopyroxene and its replacement by primary
hornblende increase and the amounts of or-
thopyroxene and primary OH minerals de-
crease. Nevertheless, primary biotite-
phlogopite is common in the Main Ore at the
bottom of the westernmost DDH (Appendix 5).

The clinopyroxene/orthopyroxene ratio var-
ies in ultramafic cumulates; false ores are nor-
mally richer in orthopyroxene, whereas in the
Ni-PGE ore type the orthopyroxene content is
very low. Chlorapatite often occurs as big
grains, not unlike cumulus crystals.

Cumulus magnetite occurs as solitary euhe-
dral crystals. The original magnetite was a
mixed Fe-Al-Cr-Ti-Mg spinel, which exsolved
into a complex fractal lattice-lace symplectite
of spinel, ilmenite and magnetite. In spot anal-
yses the Cr

2
O

3
 content varies between 2.45 and

21%, and that of Al
2
O

3
 between 0.75 and

8.35%. The exsolved “pure” spinel contains
(wt%): 15.98 Al

2
O

3
, 6.70 MgO, 34.47 Cr

2
O

3
,

35.01 FeO(tot), 3.21 TiO
2
, 0.49 MnO, 0.64

ZnO, 0.25 V
2
O

3
. The rocks that contain more

primary OH minerals (hornblende, biotite-
phlogopite) also contain more primary magnet-
ite, while those rich in intercumulus plagiocla-

Petrography of ultramafic cumulates
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se are very poor in primary magnetite and chlo-
rapatite. In the deeper parts of the Keivitsan-
sarvi deposit (see Appendix 5) crystals of ho-
mogeneous chromite occur in olivine and
clinopyroxene, and mixed spinels are lacking.
Though distinctly more affected by pelitic con-
taminants, the false ores do not contain prima-
ry magnetite more than the other rocks and ore
types, indicating a reduced nature of the con-
taminants.

Beyond reasonable doubt the fair-sized,
euhedral Chrommagnetites are cumulus crys-
tals. Their amount is so small, commonly 1–2
crystals per one thin section, that there is no
point of counting their volume proportion,
which is certainly << 1%. That low amount
means a very small cotectic ratio, characteris-
tic of a breeding magma that was either highly
polymerized or rather reduced, or both. About

equally strange is the fact (remembering the
supposed reaction relationship between Ca-py-
roxene and chromite; e.g., Irvine, 1967) that
true chromite (the most “primitive” with 35–40%
Cr

2
O

3
, 13.5% Al

2
O

3
 and 5.6% MgO) occurs, of

all minerals, in clinopyroxene, sometimes in
olivine. This feature and other lines of evi-
dence suggest that chromite is a residual
phase, inherited from disintegrated komatiitic
material.

The compositions of olivine, pyroxenes and
unaltered intercumulus plagioclase are pre-
sented in Figs 43 to 45. From the base upwards
pyroxenes and olivine become more magne-
sian (“reverse fractionation”) up to the level of
the Ni-PGE ore; from there upwards data are
lacking, but evidently fractionation followed
the normal trend of decreasing Mg/Fe, as in-
verted pigeonite and fayalitic olivine occur in

Fig. 43. Plot of NiO(wt%) vs Mg/Mg+Fe (at%) for olivines of the Keivitsa intrusion.
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Fig. 44. Compositions of pyroxenes and olivines in various ore types and olivine lherzolite in marginal zone. Fayalitic olivine and
inverted pigeonite occur in the gabbro overlying ultramafic cumulates. Rodingite alteration pulls the clinopyroxene fields towards
the wollastonite apex.
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portions diluted by different amounts of wall
rock contaminant material.

Primary intercumulus minerals are plagio-
clase, biotite-phlogopite, brown hornblende,
dashkesanite, chlorapatite, monazite, graphite,
ilmenite and sulphides (mainly pyrrhotite,
chalcopyrite, pentlandite, cubanite and mack-
inawite). Sulphides and other ore minerals are
described in association with ore types. The
ore minerals identified are listed in Tables 10
and 11.

Intercumulus plagioclase contains anhedral
inclusions of orthoclase.

In the Keivitsa intrusion dashkesanite is
common in ultramafic cumulates; it also oc-
curs in gabbroic interlayers in the upper part of
the ultramafic zone and in pigeonite-fayalite
gabbro. Dashkesanite is associated with bi-
otite-phlogopite, and seems to be a product of
reaction between primary hornblende, primary

Fig. 45. Compositions of intercumulus plagioclase, Keivitsa intrusion.

gabbro not far above the big serpentinite-peri-
dotite xenolith. Olivines of the Ni-PGE ore
type are remarkably high in Ni. Olivines with
similar high Ni contents have been found as
inclusions in chromite (Talkington et al., 1984,
and references therein), but there are no known
magmas of ordinary or extraordinary composi-
tion and of a significant volume which, at
about normal conditions, could produce such
high-Ni olivines. The subject is discussed
later.

Using the T-calibrated distribution of Ni be-
tween olivine and augite Häkli (1971) estimat-
ed model crystallization temperatures of 1150
– 1200°C for the ultramafic rocks of Keivitsa.
A special feature of the ultramafic cumulates
of Keivitsa is that the range of Ni in mafic sili-
cates is large for small differences in model
temperatures (op. cit.). This suggests that oliv-
ine and clinopyroxene crystallized in magma
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Table 8. Compositions of chlorapatite of Akanvaara, Koitelainen and Keivitsa intrusions. Electron microprobe analyses
by Ragnar Törnroos (6) and Bo Johansson (8–9) and Lassi Pakkanen (1–5,7).

biotite-phlogopite and high-density chloride
fluid (Fig, 47). It always contains rods of (ex-
solved?) ilmenite (Fig. 46e). Dashkesanite
analyses are presented in Table 9. Like other
high-Cl hornblendes the Keivitsa dashkesan-
ites are potassian hastingsites, but they are
richer in MgO than are most of the analysed
chloramphiboles (see e.g., Krutov, 1936; Kru-
tov & Vinogradova, 1966; Pavlov, 1968;

Jacobson, 1975; Dick & Robinson, 1979; Shar-
ma, 1981; Kamineni et al., 1982; Vanko, 1986;
Volfinger et al., 1985; Suwa et al., 1987). The
ilmenite rods suggest that the original high-T
dashkesanite was probably richer in Ti than the
present hornblende matrix analysed by micro-
probe. Compared with other chloramphiboles
(e.g., Krutov et al., 1970; Dick & Robinson,
1979; Gulyaeva et al., 1986) the intercumulus



145Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

Table 9. Compositions of dashkesanite and chlorine-bearing hornblende, Koitelainen and Keivitsa-Satovaara. Electron
microprobe analyses by Lassi Pakkanen (1–3) and Bo Johanson (4–6).

es at Koitelainen and Keivitsa show that
the extra, later hydrothermal fluids are incom-
patible with the results of our painstaking
petrographic and electron microprobe work.
The results also show that degassing of Cl
from intercumulus liquid is highly improbable,
or inconsequential. I will discuss this matter
later.

The primary mica is mostly phlogopite,
sometimes biotite. It contains up to 0.66% Cl,
and is rich in TiO

2
 (up to 4.18%) and Na

2
O (up

to 0.82%). The micas richest in Ti are also rich
in V (up to 1.81% V

2
O

3
). Many electron micro-

probe spot analyses show high contents of Br

chlorhornblendes of Koitelainen and Keivitsa
are rather high in Ti (Table 9) and, considering
the exsolved ilmenite, the original mineral was
still richer in Ti. Evidently, the high-T horn-
blende is able to accommodate more Ti than
the lattices of the lower-T skarn amphiboles.
Then, high Ti would indicate high crystalliza-
tion temperatures.

Chloramphiboles have been reported from
the Lukkulaisvaara layered intrusion (Olanga
Group, Fig. 1; Rudashevskii et al., 1991;
Grokhovskaya et al., 1992). There, as in gener-
al, the minerals enriched in Cl are ascribed to
later hydrothermal fluids, but the circumstanc-

chlorine-bearing hornblende, in feldspathic olivine pyroxenite, Koitelainen DDH310/33.60 m.
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Table 10. Ore minerals of the Keivitsa intrusion.
(W)=supergene mineral

(up to 3.67%) and I (up to 0.18%). The biotites
of the Lukkulaisvaara PGE-Cl association con-
tain about the same amounts of Cl (0.28–0.5%;
Grokhovskaya et al., 1992).

Brown primary hornblende has growth ex-
tensions of green to colourless amphibole.
These amphiboles are always low in Cl (≤
0.27%), but occasionally high in Br (up to

2.5%) and I (up to 0.26%). The high Br con-
tents analysed in biotite-phlogopite and amphi-
boles need to be checked.

After chlorapatite was found associated with
the Stillwater J-M reef and in the Koitelainen
intrusion (Volborth et al., 1986) it has been re-
ported from many other PGE deposits and
linked with the hydrothermal process that is
said to have nourished PGE mineralizations
(e.g., Boudreau et al., 1986; Barkov et al.,
1993). Now, however, chlorapatite (and other
Cl-rich minerals) must be discredited as, spe-
cial signals from known or undiscovered PGE
deposits. Without really trying hard, I have
found it in every intrusion in northern Finland
where I have looked for it (Koitelainen, Akan-
vaara, Keivitsa, Ahvenlampi, Koulumaoiva,
Silmäsvaara, Kemi). Thus, it is only a signal of
contaminated magma breeding the cumulus
crystals, or of trapped contaminated liquid rich
in Cl, but interesting as such.

In the Keivitsa intrusion, chlorapatite occurs
from the base of the intrusion to the uppermost
quartz gabbros. In the basal ultramafic zone
chlorapatite occurs together with U-rich zircon
(Fig. 46f). In the ultramafic zone chlorapatite
is ubiquitous, and it occurs there as an early
daughter mineral in salic melt inclusions (Fig.
46a-c) and as robust cumulus crystals, which
crystallized before biotite-phlogopite. Euhe-
dral chlorapatites are found in postcumulus
plagioclase and orthopyroxene; thus, the lat-
ter silicates terminated before chlorapatite. In
the gabbro zone chlorapatite continues up-
wards to quartz gabbros near the granophyre,
where it is associated with potassium feldspar,
quartz and the primary minerals biotite, horn-
blende, magnetite and ilmenite.

Electron microprobe analyses of chlorapa-
tites from Koitelainen and Keivitsa intrusions
are presented in Table 8.

Chlorapatite contains melt inclusions with
euhedral daughter phlogopite, one in a matrix
rich in Ba-Cl phlogopite (Fig. 46a-c). Such Ba-
rich phlogopites have been found in the Cold-
well alkaline complex, Ontario (Shaw & Penc-

(Mg,Cu,Ni,Fe)SO
4
 · 7H

2
O (W)

Copper (W ?)
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Table 11. PGE(-Au) minerals, Keivitsa-Satovaara complex, with ideal formulas.

zak, 1996), where they are interpreted to have
crystallized from a Ba-rich intercumulus liq-
uid. (Shaw & Penczak, 1996). Though appar-
ently not noticed by the authors, the Coldwell
phlogopites are exceptionally rich in Cl (up to
1.92%; see op. cit., Table 1).

Chlorapatite is rimmed by fluorapatite, and
contains inclusions of monazite, galena and
dashkesanite. Monazite occurs at the margins
of chlorapatite grains, particularly in Ni-PGE-
type rocks. Evidently, chlorapatite crystallized
from magma with a high Cl content (see Ta-

borszky, 1972, and Fig. 46). The crystalliza-
tion of fluorapatite after chlorapatite is con-
sistent with the decrease in Cl/F in apatites
in layered intrusions (Nash, 1976, 1984;
Boudreau & McCallum, 1988), in lava series
(Metrich, 1990), even in single apatite crystals
(Fig. 46a-c; Boudreau et al., 1986). Crystalli-
zation of early fluorapatite (in Stillwater, see
Boudreau & McCallum, 1988; and in the
Akanvaara and Koitelainen intrusions, see be-
fore) is associated with severe contamination
by salic crustal rocks. Thus, the early fluorapa-
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Fig. 46. Evidence of contamination in feldspathic olivine pyroxenites, Keivitsa. BE images by Ragnar Törnroos and Bo Johanson
(a–c), SE image (d) by Ragnar Törnroos and BE images by Lassi Pakkanen (e–f). a – a large, crystallized acid melt inclusion in
olivine. False ore-type rock. Glacial erratic, Satovaara, sample TM-83-3; ol – host olivine, Opx – orthopyroxene reaction rim, Bt
– biotite-phlogopite rim, a – albite, H – hornblende, M – magnetite, c – chlorapatite daughter crystal. Diameter of the inclusion ca
0.2 mm; b – close-up of the chlorapatite daughter crystal in Fig. 46a; c – distribution of Cl in area of Fig. 46b (a negative); d – melt
inclusion (0.2 mm) in chlorapatite. a – host chlorapatite, f – La-rich fluorapatite rim, b – Mg-phlogopite crystal (low Cl and Ba),
d – Ba-Cl-rich phlogopite (light-coloured matrix crystals), c – monazite, g – galena, e – chalcopyrite; e – rim of dashkesanite
(medium grey) with ilmenite lamellae (white) around biotite-phlogopite (B) in brown hornblende (H). Sample TM-84-116.3; f –
skeletal zircon crystals (cross-sections upper right and left of the long crystal). The zircon contains 2600–5300 ppm U. DDH307/
92.50 m.

Fig. 47. Dashkesanite (light green) with ilmenite lamellae
(black), between primary hornblende (brownish green) and
biotite-phlogopite (brown); white – Ca-clinopyroxene. Micro-
photograph by Jari Väätäinen. Parallel nicols, width of photo
3 mm.

tite is a Doppelgänger; cumulus fluorapatite
materialized only at a very high PCS level.

The local magma was also rich in REE.
When the concentration of REE grew unbeara-
bly high in front of the growing apatite crystal,
monazite crystallized and was occluded in apa-
tite (see Baumer & al., 1983).

These observations show that the natural, F-
free chlorapatite has, and crystallized with, a
lattice different from that of ordinary apatite.
It is not an end member of any Cl-F apatite se-
ries, but a monoclinic phase (Young et al.,
1968; Hounslow & Chao, 1970). It did not al-
low the trace elements (Ce, Mn, U, Th) – and,
evidently, fluor – so comfortable in ordinary
apatite lattice (Baumer et al., 1983). Deduced
from analyzed F-Cl apatites of Koitelainen, the
fluorapatites can accommodate only up to 38
at% Cl (of the F+Cl sum), while F is practical-
ly lacking in chlorapatite proper (in terms of
at% F+Cl; note, however, that many analysed
chlorapatites are clandestinely hydrated (Ta-
borszky, 1972); therefore, F+Cl do not add up
to 100 at%). Thus, microanalyses (only a small
part of which is presented in Table 8) of ordi-
nary F(-Cl) apatites indicate that REE are in
their proper crystal chemical site, increasing
with increasing at% F, while chlorapatites
have zero values and haphazard peaks for Ce
and La. This is evidently due to tiny mineral
particles of unaccepted compounds that crys-
tallized in front of, and were ultimately includ-
ed in, the growing chlorapatite crystal (see
Baumer et al., 1983). Of the phases of unfit el-
ements, monazite, galena and fluorapatite have

been identified in chlorapatites of the Keivitsa
intrusion (Fig. 46d).

In metamorphic and retrograde processes
primary mafic minerals were hydrated (into
serpentine, amphiboles, talc, chlorite, second-
ary phlogopite) and plagioclase was altered
into chlorite, clinozoisite-epidote, carbonate
and scapolite. Analcime (XRD identification)
is associated with scapolite. Orthopyroxene
was the most susceptible to hydration, fol-
lowed (in order of decreasing susceptibility)
by olivine, plagioclase and clinopyroxene. The
alteration generally proceeded along fractures,
mineral veins and dyke contacts. The advanc-
ing alteration has a thin front of serpentinized
olivine, but with completion of the process oli-
vine was altered into tremolite. The complete-
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ly hydrated olivine pyroxenites (metaperidot-
ites) always contain mineral veins (carbonate,
amphibole, sulphides) and are more fractured
than unaltered rocks. Partial hydration some-
times pervades the rock without connection to
any visible fluid paths; a field name “perva-
sively amphibolized olivine pyroxenite” is ap-
plied to such rocks.

Rodingite alteration is highly characteristic
of the ultramafic cumulates of Keivitsa. Rod-
ingite (talc, hydrogrossular, diopside, carbon-
ate) typically appears as small (1–2 mm) white
spots. There are also coarse, vein-like bodies

of rodingite (former pegmatoid pockets of in-
tercumulus plagioclase ?), with big, zoned hy-
drogrossular crystals. Rodingite alteration oc-
curs in all olivine pyroxenites, but is particu-
larly common (or most visible) in the Ni-PGE
ore type. The effect of rodingitization is seen
in the stretching of Ca pyroxene compositions
toward the diopside apex (Fig. 44). Evidently,
rodingitization at Keivitsa did not involve true
Ca metasomatism, but was essentially an au-
tometasomatic alteration of calcic intercumu-
lus plagioclase.

Emplacement, contact effects and xenoliths

The feeder dyke of the intrusion has not yet
been located for sure. The most likely candi-
date is currently the dyke-like row of mafic
and ultramafic rocks extending 20 km north-
eastwards from the faulted junction of the
Keivitsa and Satovaara intrusions.

The intrusion chamber was filled as a single
cast. No evidence of repetitive entries of mag-
ma has been found in the Keivitsa intrusion.

The Keivitsa magma intruded into the sedi-
mentary pile at about the level where the
amounts of sulphides and graphite increase.
The intrusion is discordant to the surrounding
rocks. Black schists are found both below and
above the intrusion. The base contact of the in-
trusion is slightly discordant to the floor strata.
Both flanks are discordant. The western flank
is composed of interfingered gabbros and
hornfelses; the eastern flank is also interfin-
gered and cuts steeply across the strata.

The intrusion has a broad thermometamor-
phic hornfels aureole. Hornfelses were altered
into metahornfelses in later regional metamor-
phism. The roof hornfelses still retain the orig-
inal decussate textures; hornfelses of xenoliths
are trim, granoblastic rocks. Of the original
hornfels minerals, kyanite is preserved in pe-
litic rocks in both the floor and the roof rocks;
Its presence indicates high fluid pressure in

rapidly heated, wet sediments rather than high
lithostatic pressure (Rutland, 1965; Smith,
1969; Atherton et al., 1975; Masaitis & Yudi-
na, 1976; Litvinovskii et al., 1990). Likewise,
garnet and hornblende near the base of the in-
trusion are probably relics of the contact meta-
morphic facies assemblage.

Wall rocks hydrated to any degree (pelites,
serpentinites) underwent contraction by dehy-
dration (14 vol% in Stillwater; Barker, 1975),
which efficiently increased the surface area of
the xenoliths swallowed by magma and thus
accelerated their melting. Dissociation of
graphite into CO and CO

2
 had the same explo-

sive effect, and comminution of graphitic xe-
noliths continued in magma. The comminution
effect is described by Furlong and Myers
(1985) as “thermal stress”, by Ulff-Møller
(1990) as “influence of the hot magma”. As I
have figured this out, the whole process would
include alternating contraction, expansion and
melting: early hydrous explosion (fluid over-
pressure, the only direction of yield in the roof
being down towards magma), fluid-overpres-
sure melting (see Fig. 30), fluid-saturated
melting (with total volume contraction), dehy-
dration contraction, instantaneous build-up of
tension at α/ß quartz inversion, and continu-
ous thermal expansion in fragments. In the
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Keivitsa intrusion, selective melting of layers
of low-melting-point compositions above the
intrusion resulted in progressive cave-in of the
roof. Dehydration contraction of the floor
rocks ripped gashes, to be filled by sulphide
liquid of the Cu-rich “offset” deposits (e.g.,
Godlevskii, 1968). All these processes resulted
in effective demolition of the envelope of the
intrusion, continuous comminution and, ulti-
mately, melting and mechanical disintegration
of xenolithic material.

The magma swallowed and digested signifi-
cant quantities of country rocks. Pelitic rocks,
now pyroxene-plagioclase hornfels, are found
as large xenoliths and as half-digested (rotten)
xenoliths. Komatiitic rocks occur as solid lay-
ered, banded and massive ultramafic xenoliths
(Fig. 48) or as mechanically disintegrated rot-
ten xenoliths. Composite komatiitic-pelitic xe-
noliths are also present.

Fresh komatiite xenoliths (komatiite horn-
felses) are composed of olivine, chromite,
clinopyroxene and orthopyroxene, the mineral
proportions depending on the original chemis-
try of the rocks (Table 7). The original chro-
mite is sometimes recrystallized into chrom-
magnetite, suggesting that inherited chromites
served as seed crystals of cumulus chrom-
magnetite.

Komatiite xenoliths are often overlain by
contaminated material rich in pyroxene and
sulphides, presumably from the melted sedi-
mentary part of the original composite xeno-
liths. It is often seen that the cumulus mush
has intruded into the cracks of komatiite xeno-
liths. Olivine pyroxenites beneath many xeno-
liths contain abundant primary brown horn-
blende, which often has euhedral cores; euhe-
dral hornblende crystals occur inside orthopy-
roxene oikocrysts.

The komatiite xenoliths contain fine-grained
disseminated sulphides corresponding in bulk
composition to the interstitial sulphides in the
surrounding cumulate matrix. The xenoliths in
barren olivine pyroxenites do not contain sul-
phides. Thus, it seems that sulphides infiltrated

(as liquid) into the xenoliths from the sur-
rounding magma.

On account of graphite dissociation and ac-
companying disintegration of xenoliths high-
carbonaceous xenoliths are rare, but small
graphitic xenoliths (ca 5–10 cm across), how-
ever, do occur – telltale signs of incorporated
graphite-rich black schist material. Graphite-
rich pelitic hornfels xenoliths are associated
with false ore sulphides ca 2 km west of the
Keivitsansarvi deposit (see map, Appendix 4).

Graphite is found in many intrusions and in
many forms, often in clots suggesting half-di-
gested xenoliths. Graphite is closely associated
with PGE in Merensky Reef and Stillwater J-
M reef PGE deposits, the Platreef deposit in
the Bushveld Complex (Buchanan & Rouse,
1984) and it occurs in ultramafic pegmatoids
below the Stillwater J-M reef (Volborth &
Housley, 1984). Sedimentary origin of graph-
ite is often indicated by field relationships and
by the carbon isotope composition (Lieben-
berg, 1970; Buchanan & Rouse, 1984; Touys-
inthiphoexay et al., 1984; Fletcher, 1988). A
primary igneous origin is sometimes suggested
(e.g., Kornprobst et al., 1987). In the Keivitsa
intrusion, graphite crystallized as beautiful
euhedral cumulus crystals (Mutanen, 1989b)
from a magma that had digested carbonaceous
sediments.

Gaseous or solid carbonaceous contaminants
will be dissolved in magma as carbon, or de-
gassed, until equilibrium between C, CO and
CO

2
 is attained (Grinenko, 1967). This de-

pends on the magma composition and, above
all, on total pressure. At a P(tot) of only 400
bar (ca 1.5 km depth) graphite is stable in ba-
saltic magmas without metallic iron, i.e., at ox-
ygen pressures above the IW buffer line
(Goodrich & Bird, 1985). The association of
carbon and chlorine is established already in
magmas (Hoefs, 1965); thus, their close asso-
ciation in Stillwater (Volborth et al., 1986)
may well be a feature that reflects the compo-
sition of pore liquid (see also Slobodskoi,
1981).
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Fig. 48. Xenoliths in Keivitsa intrusion. Photo (a) and
diascanner photos by Reijo Lampela. a – dunite xenolith
in olivine pyroxenite. DDH822/289.70 m. Core diameter
4.5 cm; b – xenolith of banded dunite in sulphide-dissem-
inated olivine pyroxenite. The xenolith is devoid of sul-
phides. DDH360/262.00 m. Bar = 1 cm; c – finely-layered
komatiite xenolith (granoblastic tremolite-chlorite-mag-
netite rock), magnetite veins. Xenoliths of this type are
typical of the moussé layer. Bar = 1 cm; d – fine-grained
granoblastic dunite in olivine pyroxenite. DDH332/39.75
m. Bar = 1 cm.

For all of the so called volatile components
(S, C, H

2
O, Cl) the same principle applies as

for carbon: with increasing P(tot) the equilibri-
um in a system crystal – silicate liquid – gas
will shift away from the gas toward liquid so-
lution and crystal; thus, an increase of P(tot)
will check degassing and the volatiles “be-

have”: they are increasingly bound to dense
liquid and crystalline phases, such as sulphide
liquid and the high-T Mss, graphite, magmatic
hornblende, dashkesanite and graphite. At
pressures prevailing in intrusions there is no
need for degassing (cf., e.g., Boudreau & Mc-
Callum, 1984); as seen in Table 9, even in the
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Fig. 49. Schematic presentation of the mechanical decomposi-
tion of dehydrating serpentinite roof rocks and xenoliths in
Keivitsa magma (see text).

absence of H
2
O, Cl will form the “dry” amphi-

bole, dashkesanite.
Undoubtedly, the small pelitic xenoliths

were readily melted. At the partial melting of
bigger xenoliths alkalies and silica were lost to
the main magma, leaving a residue enriched in
pyroxene and sulphides. Sulphide liquid re-
mained a residual phase after total melting of
pelites; false ore sulphides closely correspond
to this residual sulphide phase.

The Keivitsa magma was clearly not able to
melt the komatiitic xenoliths. However, the
10–15% dehydration-contraction of the origi-
nal komatiitic rocks (composed mainly of ser-
pentine, tremolite and chlorite) resulted in me-
chanical disintegration of both roof and xeno-
liths (Fig. 49). When the roof was rapidly ex-
posed to magma, dehydration began with the
initial separation of a high-pressure fluid. This
“fluid explosion” shattered the rock and pre-
pared the ground for further comminution.
Most of the fluid components (H

2
O, Cl) were

subsequently dissolved in magma. Melting of
sedimentary interlayers promoted the demoli-
tion of komatiitic roof rocks and xenoliths.

Komatiitic xenoliths are characteristic of the
Keivitsa intrusion (Fig. 48). Even more signif-
icantly, as regards the ore petrology, the xeno-
liths are most abundant within the Keivitsan-
sarvi deposit. On the other hand, rotten pelitic
xenoliths are always associated with false ore
sulphides (see later). The komatiite xenoliths
are of all sizes, from single olivine grains to
the huge serpentinite-peridotite xenolith in the
middle of the intrusion (see Appendix 4, for
compositions, see anal. 15–17, Table 7). This
mother xenolith has a low-density serpentinite
core and a rim of peridotite. Its position on top
of the ultramafic cumulate pile could be ex-
plained as follows: The smaller ultramafic
fragments were dehydrated early and began to
sink in magma after detachment. Dehydration
of the innards of the big xenolith, however,
was slow and, thus, sinking was delayed until
the xenolith reached critical overall density;
also, at the moment of sinking, the density of

the magma decreased when plagioclase entered
(and olivine finished) as a cumulus phase.

Near the top of the Main Ore is a layer of
concentrated komatiite xenoliths, called the
moussé layer. It is usually 4 – 10 m thick, and
in diamond drill holes can be traced for 300 m
from north to south. Typical of the moussé lay-
er are big, thin-layered xenoliths of komatiitic
tuff.

The komatiite xenoliths exchanged compo-
nents with the surrounding magma, and soli-
tary olivine xenocrysts reacted with, and ad-
justed their composition to, the melt. In this re-
equilibration the thermometamorphic komatiit-
ic olivine became richer in Fe. But still more
important was that it lost Ni to magma (see
Fig. 43). This Ni addition markedly increased
the Ni content of the sulphides of the Keivit-
sansarvi deposit.

A peculiar quartz-carbonate rock occurs at
the base of the biggest serpentinite-peridotite
xenolith (anal. 18–19, Table 7). Variable, but
generally high, PGE, Cr and V concentrations
are characteristic of the deposit; also, REE are
sometimes very high (up to 1132 ppm Ce and
643 ppm La).

Besides quartz there are euhedral, zoned car-
bonate crystals, albite, magnetite, chromite, il-
menite and rutile in varying amounts. The
rocks are massive or banded and hornfels-like.
The colour ranges from white and grey to dark
grey and black, depending on the abundance of
Fe-Ti-Cr oxides. Structures reminiscent of
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load-cast occur between ligh-coloured and
dark, oxide-rich layers (Fig. 58). The weath-
ered parts are cavernous due to dissolved car-

bonate. Associated with the quartz-carbonate
rocks are carbonate rocks and albite-talc (±
vermiculite) rocks.

Contamination and crystal fractionation

As at Akanvaara and Koitelainen, the
Keivitsa magma received contaminants from
various rocks and by various mechanisms. The
contaminants from komatiites, black schists
and pelites swayed the crystallization path and
all but obliterated the geochemical colour of
the parent magma. Contamination is seen in
the occurrence of reduced carbon (graphite)
and a high content of volatiles (H

2
O, Cl) and of

certain trace elements (PGE-Au, S, Se, Te, Se,
Ni, Co, V, REE, U). Isotope data (Sm-Nd, S
isotopes, Sm-Nd, Re-Os; see Huhma et al.,
1995b; Hanski et al., 1996) also indicate heavy
contamination by surrounding crustal rocks.

The principal contamination mechanisms
were, first, selective diffusion of H

2
O, Cl, K, P

and REE from wall rocks, xenoliths, and salic
anatectic melt; second, bulk assimilation of
salic neo-melts; and, third, incorporation of
residue phases of partially melted or mechani-
cally disintegrated rocks (sulphide liquid from
pelites, sulphide liquid and insoluble graphite
from black schists, olivine and chromite from
komatiites).

Most affected by contamination was the up-
permost part of the magma chamber. Moreo-
ver, as discussed before, it was also the princi-
pal nursery of cumulus crystals, which were
promptly transported downwards by density
flows and deposited upon earlier cumulates.
Contaminated liquid was dragged along in the
density flow and eventually trapped between
settled crystals. Study of the gabbro zone cu-
mulates and comparison with intercumulus
material of the ultramafic zone suggest that the
main mafic magma was not stirred and homog-
enized (the Sargasso Sea phenomenon).

The ultimate reason for selective contamina-
tion was that the mafic magma was undersatu-

rated in components (H
2
O, Cl, K, P, REE)

transferred from country rocks and neo-melts.
As regards quantity, petrological implications
and petrographic visibility, H

2
O was undoubt-

edly the principal contaminant. The main ef-
fect of added H

2
O and K (possibly augmented

by Cl) was expansion of the olivine liquidus
field. The H

2
O that entered the roof of the

magma chamber was not dispensed in the main
magma, but was carried down, along with cu-
mulus crystals, by density flow suspension and
stored in the cumulus deposits that were rapid-
ly piling up. Ultimately, at the prevailing total
pressure, H

2
O was fixed in high-T postcumu-

lus OH minerals (hornblende, biotite-
phlogopite). No degassing of H

2
O from inter-

cumulus space has been noted (or needed). The
main magma body remained poor in H

2
O and,

as far up as can be seen, hornblende did not
crystallize from magma.

As a case example of selective contamina-
tion I shall describe the behaviour of Cl, which
has been studied rather little in magmas and
their environs. The selective transfer of Cl
from the serpentinite xenoliths and from
pelites can be followed in several diamond
drill holes (see Figs 51 to 53). The transfer
(“transvaporization”) of Cl into magma as op-
posite to degassing was associated with selec-
tive diffusion of H

2
O and K. In fact, it seems

that the diffusion of Cl and K was coupled.
The serpentinite has a very high Cl content;
the change from Cl-rich to Cl-depleted serpen-
tinite is sharp. In pelites the Cl is enriched in
argillic beds (Fig. 53); the Cl depletion goes
smoothly towards magma. Note that Cl enrich-
ment in the underlying magma is accompanied
by enrichment of K

2
O. Note also (Fig. 52) that

the granophyre magma evidently had a low ca-
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Fig. 50. H
2
O vs Cl in Keivitsa ultramafic cumulates.

pacity to dissolve (or to keep) Cl. Besides the
Cl fixed in minerals in wall rocks, an impor-
tant source of Cl was presumably the brines in
pores and cracks of the wall rocks. The source
of the brines may have been the Jatulian evap-
orites (Shatskii & Zaitsevskaya, 1994) under-
lying the Ludian formations. Sea water and
(or) brines are a source favoured by many for
the Cl-enriched assemblages (e.g., Prichard &
Cann, 1982; Vanko, 1986; Michael, 1988; Sy-
monds et al., 1988, 1990; Michael & Schilling,
1989). The “evaporitic” elements (e.g., Li and
perhaps Na in spilites, Cl in metasedimentary

and igneous rocks) are among the few vestiges
of the ancient evaporites that once existed (see
Serdyuchenko, 1975, and references therein;
Ramsay & Davidson, 1970; Appleyard, 1974).

The magma had a considerable capacity to
dissolve Cl (see Carroll & Webster, 1994).
Mantle magmas, being very poor in Cl (50–60
ppm Cl; e.g., Byers et al., 1984, 1986; or 10–
40 ppm; Michael & Schilling, 1989), are un-
dersaturated in Cl and, thus, acted as a sponge
for Cl. Evidently, the Cl of Cl-rich magmas
came from sediments. The Cl content in lavas
can be very high, up to 1–1.62 wt% (e.g.,
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Fig. 51. Depletion of chlorine in the big serpentinite xenolith
near the magma contact. Keivitsa, DDH334 and 335. The thin-
ner Cl-depleted zone in DDH334 is against a magma apophyse,
the broader Cl-depleted zone in DDH335 against the main
magma chamber. Note the dramatic high in Cl (and K) in the
underlying intrusion rocks.

(e.g., Kadik et al., 1971). Selective contamina-
tion, as depicted above, is certainly a feasible
process. At Keivitsa the Cl was hitched to
magmatic and high-T postmagmatic minerals
(chlorapatite, dashkesanite, biotite-phlogop-
ite); thus, at the pressure conditions of layered
intrusions Cl is not necessarily enriched pro-
portionally to the amount of crystal fractiona-
tion as generally purported (Metrich, 1990).
Also, as Cl can build high-T phases of its own,
the question of Cl/F distribution between low-
density fluid and silicate liquid (e.g., Boudreau
et al., 1986) is not relevant at all, if we had the
alternative equilibrium of a solid phase and sil-
icate liquid. In the Koitelainen, Akanvaara and
Keivitsa intrusions, at least, there is no evi-
dence of degassing of Cl, the idea suggested
and elaborated by Boudreau and co-workers
(Boudreau et al., 1986; Boudreau & McCal-
lum, 1988, 1988; Boudreau, 1988). Further-
more, as the solubility of PGE in fluid, in a
fluid/silicate liquid system, is too low to be of
any consequence in the genesis of PGE depos-
its (Gorbachev, 1989), and lacking any posi-
tive evidence from Keivitsa, I will not discuss
further the idea of the transfer and deposition
of PGE by fluids exsolved from intercumulus
liquid (Boudreau, 1993).

Neither is there evidence for magmatic de-
gassing of Cl from the intrusion. Only ca 50%
of Cl was degassed from subaerial lavas (Ko-
valenko et al., 1992). Metrich (1990) estimates
that degassing [evidently of “free” Cl dis-
solved in melt] occurs only at pressures below
4 MPA (40 bar).

The Cl content of ultramafic cumulates of
Keivitsa varies but is generally high, common-
ly 1000–1500 ppm but occasionally up to, and
more than, 3000 ppm. As the Cl content does
not correlate with the total OH content (i.e.,
degree of metamorphic hydration; Fig. 50) of
the rock, Cl was not introduced later by the the
metamorphic fluid. There is local but no gen-
eral correlation between Cl and S contents. Re-
markably, an upward inflection in the Cl pro-
file occurs at the upper ore layer (Fig. 54). A

Johnston, 1980; Metrich, 1990; Kovalenko et
al., 1992; Naumov et al., 1996). In general, in-
crease of Mg, Fe and Ca increases the solubili-
ty of Cl (Delbov et al., 1986). The highest sol-
ubilities, though, are attained in alkalic inter-
mediate rocks (Kovalenko et al., 1992; Nau-
mov et al., 1996), probably due to the right
chemistry (coupling of Cl and K in melt struc-
ture ?) and relatively lower magma tempera-
tures which increase the solubility of gases
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Fig. 52. Gradual downward depletion of Cl in pelitic metahornfelses, roof rocks of the Keivitsa intrusion. Note the low Cl and high
S in the granophyre, and the lack of S depletion in roof rocks. Data from DDH728.
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Fig. 53. Plots of Na
2
O and K

2
O vs Cl in pelitic metahornfelses overlying the Keivitsa intrusion. Data from DDH728.

similar marked increase in Cl occurs at the lev-
el of the Ni-PGE type ore in DDH 333 (not
shown).

The contaminated magma immediately be-
low the roof obviously had a very high Cl con-
tent (see Fig. 51). It is possible that the high
Cl, either alone or, particularly, in combina-
tion with other contaminants, expanded the ap-
atite liquidus field to the extent that chlorapa-
tite crystallized from magma. Thus, the big
chlorapatite crystals in ultramafic rocks would
be true cumulus crystals, extended by postcu-
mulus growth. Daughter crystals of chlorapa-
tite in melt inclusions in olivine (Fig. 46a) in-
dicate that chlorapatite crystallized early from
this hybrid melt.

In conclusion I reiterate: all the evidence
from KOI-type and KEI-type intrusions shows,

unambiguously, that chlorapatites crystallized
directly from magmas, either as true cumulus
crystals (see e.g. Mutanen, 1989b, Fig. 24, Fig.
46a-c, in this book) or high-T postcumulus
phases from the Cl-enriched pore liquids. Flu-
orapatite was a later, separate phase, which de-
posited on chlorapatite. Thus, chlorapatite did
not attain its composition by re-equilibration
with the intercumulus liquid as postulated by
Cawthorn (1994), nor did it crystallize from a
low-density fluid degassed from intercumulus
spaces below, as suggested by Boudreau
(1988, 1993; Boudreau et al., 1986; Boudreau
& McCallum, 1986, 1988).

The studies of Watson (1982) show that in
salic/mafic emulsion K is transferred from the
anatectic salic melt to the mafic magma; con-
trariwise, Na is enriched in the acid melt. This
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is what actually seems to have happened at
Keivitsa. The granophyre is rich in Na and the
Na/K is very high, whereas the melt inclusions
and the intercumulus are rich in K. Like H

2
O

and Cl, the K was compatible by association:
included in the contaminated mafic melt, it
was retained in the intercumulus melt and
eventually formed (by reaction with orthopy-
roxene) postcumulus biotite-phlogopite.

Comparison of REE distribution in the gran-
ophyre and sedimentary rocks (Figs 86 and 87)
shows that the granophyre is depleted of the
LREE in relation to sediments, which suggests
that LREE were enriched in the contaminated
melt, possibly transferred as Cl complexes.
Concentrated carriers of REE are fluorapatite
and monazite (Fig. 46). Chlorapatite contains
concentrated particles of REE phases. It was
noted at an early stage that the host rocks of
the Ni-PGE ore type are rich in La and Ce
(Fig. 73). The general high REE content re-
flects the high REE in contaminated magma.

As I shall discuss later, the Ni-PGE type re-
flects the geochemical characteristics of the
komatiitic dunite and the associated quartz
rock in many ways. High contents of REE (Ce
up to 1130 ppm, La up to 640 ppm) in quartz
rock suggest that it may have been an impor-
tant source of REE contamination.

The granophyre and most of the cumulates
seem to have preserved the negative Eu(CN)
anomaly inherited from sediments (Fig. 87).
Only some late gabbros with cumulus plagio-
clase have a flat or positive Eu.

The relatively low REE and the drooping
LREE end of the regular and low-Cr false ores
(Fig. 87) reflect the salic melt depleted in REE
by selective diffusion to the mafic magma, and
the high proportion of orthopyroxene (see
Schnetzler & Philpotts, 1970).

Strong convection caused local mixing of
the anatectic acid melt and the mafic liquid, re-
sulting in the formation of a hybrid melt. The
apparent simultaneous crystallization of oli-
vine and orthopyroxene can be understood if or-
thopyroxene crystallized in a hybrid melt rich-

Fig. 54. Profile through the upper ore layer, Keivitsa (DDH336),
showing a gradual increase in Cl and the sudden jump in the Ir/
Os ratio in the middle of the ore layer.

er in silica, and the two nursing environments
were only incompletely mixed. The pitted peri-
dotite (Fig. 42), with two domains of cumulus
assemblages, would then represent this kind of
heterogeneous cumulate (see Jackson, 1961).
The low-Cr type of olivine pyroxenite, the host
of some false ore sulphides, also indicates bulk
mixing of salic and mafic magmas. The wide
spread of the intercumulus plagioclase compo-
sitions (Fig. 45) implies a heterogeneous inter-
cumulus liquid with variable amounts of salic
contaminant melt. The hybrid melt is pre-
served as inclusions in olivine (Fig. 46).

Melting and assimilation of pelitic schists
promoted the separation of sulphide liquid by
the double effect of added sulphur and sili-
ceous liquid. Understandably, assimilation of
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ordinary pelites, as such, did not contribute any-
thing of value to the ores; quite the contrary, it
diluted the magma with Ni-poor material.
However, the relatively high Au in sulphides,
when compared with other Ni-Cu(-PGE) de-
posits (Fig. 76), may be explained by the addi-
tion of Au from assimilated rocks. In fact, in
the southern part of the intrusion, several sul-
phide-bearing hornfels intersections have high
Au values (270 ppb/0.7 m, 1510 ppb/1.4 m,
15–88 ppb/9.3 m). Thus, it may not be mere
coincidence that false ore sulphides in this
same area are noted for their relatively high
Au and high Au/Pd.

Olivine xenocrysts from disintegrated
komatiites were residue phases (see above).
Insoluble as they were, they were not chemi-
cally inert, but reacted and exchanged compo-
nents with the magma they arrived in. The
dunite-serpentinite, with 0.2 – 0.4% Ni, is the
rock richest in Ni in the complex, the Keivit-
sansarvi deposit included. On the other hand,
the Ni content of the parent magma was only
ca 100 ppm (Table 6) and, so, with the frac-
tionation of olivine and pyroxenes, Ni was
doomed to decline in the residual liquid. With
no evidence of added primitive magma, the
only possibility that remains is that a great part
of the Ni in the Keivitsansarvi deposit was
supplied by Ni-rich komatiite debris.

The melting of pelites left a residue of sul-
phide liquid, most of it not soluble in the hy-
brid magma, which was charged with cumulus
crystals. Mixing and equilibration with the
main magma and komatiitic olivine xenocrysts
produced a beautiful mixing line between pe-
litic sulphides and komatiitic dunites (see Figs
62 and 65). The main magma was undersatu-
rated in sulphide and acquired little of the add-
ed sulphur. It evidently reached terminal sul-
phide saturation only at the level of the upper-
most ferrogabbros.

Note (Fig. 52) that depletion of S did not oc-
cur in the roof (if anything, there is an in-
crease in S towards the magma). Thus, magma
did not acquire S by selective diffusion or by

trickling of anatectic sulphide melt down to
magma (cf. Thompson & Naldrett, 1984).

Partial melting of black schists left a residue
of graphite. Under the total pressure conditions
of the intrusion, part of the graphite oxidized
to CO

2
 and part dissolved in melt as carbon

(see Mathez & Delaney, 1981). That graphite
can crystallize from magmas in layered intru-
sions has been realized since the early 1980s
(e.g., Elliott et al., 1981; Ulmer, 1983).

At Keivitsa, graphite crystallized locally
from carbon-saturated magma as euhedral
crystals, and the local residual liquid remained
saturated with graphite (Mutanen, 1989b). In-
tercumulus graphite is particularly common in
the Ni-PGE ore type.

Assimilation of carbonaceous sediments
caused reduction of magma. The low ferric/
ferrous ratio is reflected in the suppression of
magnetite crystallization, in the relatively low
Mg/Fe of the equilibrated komatiitic olivine
and in the early appearance of primary pigeo-
nitic pyroxene and fayalitic olivine.

The presence of intercumulus graphite indi-
cates that the graphite buffer had not been con-
sumed but had survived to subsolidus tempera-
tures. The sulphide paragenesis, with troilite,
talnakhite and very rare secondary magnetite,
reflects reducing subsolidus conditions.

Graphite and graphite-rich xenoliths, having
a density lower that that of the magma, were
able to float and stack at the roof. The trajecto-
ries of any crystalline phases, whether cumu-
lus or residual, would have crossed this reduc-
ing float layer. The graphite gabbro may have
crystallized from this kind of carbon-saturated,
graphite-enriched melt. The absence of prima-
ry magnetite and the presence of inverted pi-
geonite in this rock are testimonies of the low
oxidation state of Fe. In olivine pyroxenite im-
mediately below the graphite gabbro, graphite
occurs as roundish, radial-textured aggregates.

As in the contaminated KOI-type intrusions,
olivine and plagioclase did not crystallize to-
gether cotectically. In the late stage of the evo-
lution of the gabbroic main magma plagiocla-
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se, pyroxenes and a fayalitic olivine crystal-
lized together.

Naturally, the Al/Ti ratio, sometimes used to
characterize the parent magma, is of no use in
Keivitsa, where it varies in a complex way. In
cumulates the ratio depends on Al/Ti of the
parent magma, of the partially melted contami-
nants (with different Al/Ti ratios in low-Ti and
high-Ti pelites), of disintegrated komatiitic
material and on the amount of cumulus plagi-
oclase. Cumulus plagioclase occurs as honest
cumulus crystals in gabbroic interlayers in the
ultramafic zone and in gabbros, and as euhe-
dral inclusions in orthopyroxene in some “pit-
ted peridotites”. The most subtle form of cu-
mulus plagioclase is the partially redissolved
cumulus plagioclase camouflaged as an inter-
cumulus mineral. In general, Al/Ti in crustal
intrusions is an undecipherable figure that is a
result of mixing of myriad contaminants and
fractionated crystals, with highly variable Al/Ti
(plagioclase, ilmenite, loveringite, chromite),
with the magma, beginning from the mantle
source.

The fractional crystallization soon began to
deviate from the path predestined by the com-
position of the parent magma as a result of the
contaminants acquired. The contaminants
(H

2
O, alkalies) leading to an increase in the ol-

ivine liquidus field, had effects similar to those
at Koitelainen except that no olivine monocu-
mulates were formed but that olivine and
clinopyroxene (+Cr-magnetite) crystallized to-
gether in roughly fixed proportions.

Nowhere in the ultramafic zone are there
discernible geochemical trends. At times, and
in places, the increased role of acid contami-
nant melt is reflected in an increase in V, de-

crease in Cr and the change in the sulphide liq-
uid toward sedimentary composition (low Ni/
Co, Ni(100S), Se/S, Te/S, etc; see below).

In the upper part of the ultramafic zone in
general, in the Cu-Ni-PGE-Au deposit in par-
ticular and above all in the host rocks of the
Ni-PGE ore type, the residual olivine from dis-
integrated komatiitic dunites significantly con-
tributed to the olivine content of the rocks.

The contamination by carbonaceous sedi-
mentary material caused a general reduction of
the magma (see above). During accumulation
of the ultramafic zone the effect of carbon as-
similation in decreasing the ferric-ferrous ratio
of melt (and, thus, of crystallizing silicates)
was countered by the alkalic-ferric iron effect
(Paul & Douglas, 1965) associated with selec-
tive transfer of K and general assimilation of
salic material.

Apart from general reduction, the main mag-
ma was only marginally affected by contami-
nants and thus evolved autonomously. Cumu-
lus plagioclase appeared soon after the disap-
pearance of magnesian olivine, to be joined
later by pigeonite, and locally by graphite, fay-
alitic olivine and magnetite. Remarkably, the P
content of the residual liquid remained very
low, and so terminal apatite saturation failed
by a wide margin in Keivitsa intrusion (the last
ferrogabbros contain only 0.1% P

2
O

5
). It is

possible that the crystallization of chlorapatite
continuously skimmed P

2
O

5
 from the main

magma. Chlorapatite occurs in gabbro inter-
layers in the upper part of the ultramafic zone
and in the uppermost gabbros in the western
part of the intrusion. In the uppermost quartz
gabbros of the Satovaara block fluorapatite
(1.4 vol%) crystallized as a cumulus mineral.

Several kinds of dykes cut the Keivitsa in-
trusion. The earliest generation of the veins are
gabbroic veins, often porphyritic with micro-

Dyke rocks and mineral veins

gabbro matrix (Fig. 55, top), with sharp con-
tacts. The mineralogy of these veins (e.g., chlor-
apatite is abundant) is what would be expect-
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Fig. 55. Dyke rocks, Keivitsa. Top – olivine mi-
crogabbro, with megacrysts of Ca-clinopyroxene
(cpx) and plagioclase (pla). Chlorapatite is very
common in this rock. DDH696/405.75 m. Bar =
1 cm; middle – porphyritic felsic dyke rock, with
euhedral phenocrysts of plagioclase, quartz and
magmatic hornblende. Pyroxene phenocrysts also
occur in these rocks. DDH397/30.15 m. Crossed
nicols, width of photo 2.2 cm; bottom – chilled
contact of olivine gabbro-diabase with olivine
pyroxenite. Phenocrysts of partly altered olivine
and Ca-clinopyroxene. DDH760/41.50 m. Bar =
1 cm. Diascanner photos (top and bottom) by Reijo
Lampela, microphoto in the middle by Jari
Väätäinen.
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Fig. 56. Profiles across two olivine gabbro-diabase dykes, showing (a) strong effects of flow differentiation and (b) enrichment of
Cl near dyke margins. Vertical scale in metres along DDH.

ed from intercumulus melt. Thus, I interpret
these to represent local evolved intercumulus
liquid, which seeped into late contraction
cracks. Being enriched in H

2
0, the magma

chilled at the continuous release of pressure
(see Fig. 30). Small coarse-grained pockets,
sometimes with sulphides, occur sparsely
throughout the ultramafic cumulates; these I
interpret to represent pegmatoids similar to
those described earlie from Ylivieska and
Koitelainen.

The diorite, felsite and composite diorite-
felsite dykes (anal. 12–14, Table 7) have sharp,
winding contacts, and contact effects are often
surprisingly slight. Felsite dykes are rare; most
often felsite occurs in the middle of the diorite
dykes (composite dykes). These dykes are typ-
ically composed of coarse marginal zones con-
taining big, zoned plagioclase crystals and a
medium-grained inner part (with plagioclase,
hornblende and quartz). Felsites are leucocrat-

Fig. 57. Diagram of chondrite-normalized REE for olivine gab-
bro-diabase. Sample DDH332/31.95-32.15, marginal part of
the dyke.

ic, fine-grained rocks with occasional zoned
phenocrysts of plagioclase. Some acid veins
are composed of lava-like porphyritic rock,
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with phenocrysts of quartz, feldspar, clinopy-
roxene (hedenbergite ?) and magmatic brown
hornblende in a fine-grained matrix (Fig. 55,
middle). These dyke rocks invariably contain
disseminated and (or) mobilized pyrrhotite and
chalcopyrite. Both rock types have a high Na/
K ratio. There is a paragenetic and composi-
tional continuum between diorite and felsite. I
suspect that the magmas formed by anatectic
melting of the roof rocks and then intruded
downwards into contraction cracks opened
during late stages of consolidation of the intru-
sion (compare analyses 11 and 12, Table 7).
The U-Pb/zircon age, 2054±7 Ma, corroborates
this interpretation.

Some pink dykes near the eastern contact of
the intrusion may represent anatectic melt that
formed in floor rocks and intruded upwards
into late contraction cracks.

The diabase and olivine gabbro-diabase
(anal. 22–26) dykes have not been dated, but
they are considerably younger than the Keivit-
sa intrusion. They have fine-grained, chilled
contacts against the Keivitsa cumulates (Fig.
55, bottom), and their magmas were geochemi-
cally quite different from that of Keivitsa. The
dykes strike ENE, with a vertical or steep dip
to south. The diabase dykes are thicker (up to
10 m); the thickness of the olivine gabbro-dia-
base dykes varies from about 1 dm to 3–4 m.
They represent a remarkable case of flow dif-
ferentiation (Bhattacharji & Smith, 1964), with
a heavy concentration of olivine crystals in the
centre (Fig. 56). The marginal parts are en-
riched in Cl. The composition of the diabase
dykes is similar to that of the margins of the
gabbro-diabase. It, thus, seems that the respec-
tive magmas were genetically related.

The olivine gabbro-diabase has a few excep-
tional features. The thin (ca 3–5 cm) marginal
selvage contains phenocrysts of olivine,
clinopyroxene, plagioclase chromite and il-
menomagnetite; however, the narrow margin
against the wall rocks lacks plagioclase, and il-

menomagnetite phenocryst. The order of crys-
tallization in the chilled margin is chromite ->
olivine -> clinopyroxene. The interior is com-
posed of the same minerals, but brown intersti-
tial hornblende and orthopyroxene (reaction
mineral around olivine) are more easily distin-
guished. Olivine typically occurs as skeletal
(hopper) crystals, up to 2 cm across. The large
compositional spread from Fo

73
 to Fo

94
 (ana-

lysed on a single thin section) also indicates
disequilibrium crystallization. On the other
hand, the Fo-Ni relationship is surprisingly
regular (Fig. 43). The magma had low REE
and was strongly depleted in LREE (Fig. 57).
The initial ε

Nd
 value of the rock is > +3.8 (Han-

nu Huhma, letter Febr. 22, 1995). The strang-
est feature is the apparent co-crystallization
of chromite and titanomagnetite (now il-
menomagnetite). In one case only have I seen
ilmenomagnetite partly moulded onto chro-
mite. The inner parts of the dykes are coarse
grained (olivine gabbro, by any measure), so
similar to the olivine pyroxenite wall rocks
that, unless one keeps an eye on the chilled
contacts, the dykes easily go unnoticed in
DDH cores.

Mineral veins (carbonate, albite and quartz,
and combinations of the three) are usually ac-
companied by appropriate wall rock alteration.
Crystals of uraninite occur in carbonate veins.

Massive sulphide veins are common but they
account for an insignificant proportion of the
total mass of sulphides. Geochemically they
are of the false ore type. The contacts of sul-
phide veins are sharp and tidy, and contact ef-
fects are often very faint. Evidently, sulphide
veins that poor in Ni cannot represent sul-
phides mechanically mobilized from surround-
ing disseminations at any reasonable tempera-
tures. They may represent low-viscosity inter-
stitial sulphide liquid of the false ore type
sucked down into prototectonic contraction
cracks from the overlying crystal mush con-
taining false ore sulphide liquid.
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Fig. 58. Load-cast (?) structure in quartz-albite rock, pushing through magnetite-rich layers. Carbonate idioblasts in quartz-albite
rock. The sample contains 4000 ppb PGE. Keivitsa, DDH323/10.70-13.60.1. Bar = 1 cm. Diascanner photo by Reijo Lampela.

Besides the Keivitsansarvi deposit, to be de-
scribed in the following chapter, there are oth-
er metal and mineral occurrences, that would
have deserved a longer presentation, but they
are only listed as follows:

1) Basal contact sulphides. Semimassive, buck-
shot and disseminated sulphides. Very low
Ni, Cu and noble metals.

2) Offset sulphide veins in footwall hornfelses.
Rich in Cu (up to 20%), anomalous Au, low
Pd.

3) False ore sulphides in ultramafic rocks, fre-
quently associated with pelitic hornfelses.
The sulphides have a bulk composition simi-
lar to that of false ores in and around the
Keivitsansarvi deposit. Massive, breccia and

disseminated sulphides. Sometimes with
high Cu and anomalous Au, sulphides low in
Ni(100S) and PGE.

4)Graphite in gabbro. A high-grade graphite
concentrate was obtained in tests, but the
percentage of recoverable graphite is low.

5)PGE-Cr-V deposit in quartz(-carbonate)
rocks (for chemical compositions, see Table
7). A discontinuous deposit (up to 25–30 m
thick) between the big serpentinite-peridot-
ite xenolith and underlying cumulates of the
Keivitsa intrusion (gabbro, feldspathic
metapyroxenite). Black, fine-grained, mas-
sive or banded rocks with widely varying
amounts of magnetite, chromite, rutile and
ilmenite. Unevenly distributed carbonate
rhombohedra, albite and coarse milky

Mineral deposits of the Keivitsa intrusion
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quartz. Near the surface often vuggy (from
dissolved carbonate). Variable, often high V
and Cr (up to 0.97% V and 13% Cr

2
O

3
); low

Ni (generally 200–500 ppm), low Mg;
anomalous to high Ce and La (see above);
anomalous PGE (up to 6 ppm). There is a
slightly positive slope in the PGE(CN) dia-
gram, similar to that in overlying serpenti-
nite (see Fig. 65b). This peculiar rock may
have been formed by hydrothermal (?)
leaching of Mg and Ni from serpentinite
(Mutanen, 1989b).

6)Serpentinite xenolith, Ni in magnetite. Oc-
casionally brucite (?). Mineral processing
tests.

7)Chrysotile asbestos. Veins in the horfelsed
marginal part of the serpentinite-peridotite
xenolith.

8)Vermiculite. Allochthonous filling in an
open fissure.

9)Fresh olivine pyroxenite. A valuable build-
ing stone.

THE KEIVITSANSARVI Cu-Ni-PGE-Au DEPOSIT

General structure

The Keivitsansarvi deposit is a large, low-
grade deposit (in the following, ore, ore depos-
it or deposit for short) of disseminated sul-
phides in olivine pyroxenites and their hydrat-
ed equivalents (metaperidotites). It consists of
a few ore bodies containing several ore types
(for their description, see the following sec-
tion).

The subcrop of the deposit covers an area of
ca 13 hectares. The combined area of false ore
subcrops in the vicinity is ca 12 hectares. The
thickness of the till cover is generally between
0.3 and 2.5 m. Along the northwest axis the
length of the projected ore is > 1200 m, the
width > 500 m, and the maximum vertical
depth established so far is ca 800 m. The ton-
nage figure released is 263 million of metric
tons calculated down to 630 m (Anonymous,
1995).

The thick, monotonous main orebody (Main
Ore, for short) is overlain by a hanging depos-
it, the Upper Ore (the relatively thin layer,
hanging above the Main Ore, see Appendix 5).
All known Ni-PGE type ores are above the
Main Ore. Ore types transitional between the

regular and the Ni-PGE type (transitional type)
occur above the Main Ore but also beneath it.
The distance between the Main Ore and the up-
per ore increases downdip. The Main Ore
grades upwards into barren rocks and eastward
into false ores. The upper contact of the Main
Ore dips southwest. The base of the deposit, in
the north, is rather sharp; inferred from the
common occurrence of “hot” mylonites the
base contact is controlled by prototectonic
faults. However, forerunner ores occur far be-
neath the base of the Main Ore north of it.

The eastern margin has a complicated struc-
ture, with fingers of false ores extending into
the Main Ore. In fact, the structure is deeply
fractal, but this is not easily conveyed in a pic-
ture. A big finger of false ore has a separate
subcrop east of the Main Ore subcrop (see Ap-
pendices 4 and 5).

Lenses of false ore, with very low Ni(100S),
occur high above the Upper Ore.

From east down to west, false ores grade
rapidly into the regular ore type of the Main
Ore. Even in the deceptively homogeneous
Main Ore there are strong lateral variations
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was from northeast to soutwest (from east to
west in the profile, Appendix 5). In the follow-
ing, terms such as distal and proximal refer to
this model. The Upper Ore, with its more later-
al spread, may represent the waning deposition
of ore on a shelf overlying the cumulate delta.

The deposit is cut by ENE dykes of diabase
and olivine gabbro diabase, described before,
and faults running in the same direction.

both across and along the long axis, e.g., in Pt/
Rh and PGE(100S). I suggest that the west-
sloping planes in Appendix 5 mark the direc-
tion of a stationary system of density flow
downdraft, part of a central convectional
toroid, with very strong magmatic erosion near
the confluence of accelerating density currents
downdip (Morse, 1988). The deposit repre-
sents a rapidly accumulated intra-intrusion
delta of unknown distal extension. Movement

Ore types

of the pot and the cooking liquid in making a
soup.

In the west-east profile of the deposit (Ap-
pendix 5) the regular ore type is divided into
four quality classes according to their CuEQ,
and the false ore type into two classes accord-
ing to the Ni(100S); the transitional type and
the Ni-PGE type presented in the profile are
geochemical types without strict regard for
CuEQ values.

Rocks of the false ore type have Ni(100S) <
4% and Ni/Co < 10 (typically ca 4–5) (Figs
59–64). False ores are rich in sulphides and
generally look better than the regular ores. The
Ni content in the rock is low, generally
< 0.1%, the record low is 87 ppm. The meanest
false ores, with Ni(100S) 0.3 – 0.5% and Ni/
Co 1–2, are identical to pelitic sulphides, as
are their S/Se and S/Te (Fig. 65). The total
PGE-Au content in false ores is low, and
directly proportional to Ni(100S) grade (Fig.
76). Gold and particularly Rh are enriched
relative to other PGE (Figs 68, 71, 76). The Re
content is distinctly higher than in other ore
types, and the Re/PGE ratios are very high (see
the Re/Ir plot, Fig. 69). The Re is attributable
to sedimentary contribution; shales and sapro-
pelites sometimes contain high amounts of Re
(e.g., Kalinin et al., 1985; Hulbert et al.,
1992). In places the false ores show slightly
elevated Zn contents.

The ore types are classified according to
their Ni(100S) and Ni/Co (Figs 59–61 and 63–
64). As a matter of fact, ore types arranged this
way have distinguishing identities in other
compositional diagrams. From false ores to Ni-
PGE type ores PGE, PGE(100S), PGE/
(Ni+Cu), Pt/Rh and Pt/Au increase, and S/Se,
S/Te, Re and Re/PGE decrease (see Figs 65–72
and 76). Some of the ore types have a charac-
teristic REE signature (Fig. 87) and S-isotope
composition (see Hanski et al., 1996). In gen-
eral, there is a good correlation between Cu
and Au (Fig. 73).

Likewise, the various ore types have distin-
guishing mineralogical, paragenetical and tex-
tural features, as discussed below. Of course
there are more transitional cases and some odd
natural and sampling mixtures, but these do
not significantly affect the picture as a whole.
It should be stressed that the classification pre-
sented below is geochemical and geological; it
cannot be used for technical purposes direct.

Without much exaggeration or oversimplifi-
cation it can be stated that the ore types repre-
sent mixtures of komatiitic dunite and pelitic
sulphide. As usual with PGE deposits in lay-
ered intrusions, the parent magma was low in
PGE (Sun et al., 1989). A high PGE was not a
prerequisite of PGE deposits to form. The
roles of the Keivitsa intrusion and of the parent
magma were hardly more (or less) than those
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Fig. 59. Plots of Ni vs S, Keivitsa intrusion. a – all samples, b – samples with Ni < 0.5% and S < 3%.
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Fig. 60. Ni histograms for various classes of S concentrations, Keivitsa intrusion. Note the prominence of false ores in high-S
samples.

between sediments and false ores, but there is
a gap between false and regular ores (Fig. 63c).
Spatially, too, the proximal false ores grade
very rapidly into regular ores (Appendix 5).
Evidently, the change from false to regular ore
was caused by rapid and effective (turbulent?)
mixing of “sedimentary” sulphide melt with
magma enriched in Ni and PGE-Au. The sili-
cate part of most of the false ores is composi-
tionally and mineralogically similar to that of
the host olivine pyroxenites of the regular ore;
thus, mixing of silicate ingredients apparently
preceded the mixing of the sulphide liquid and
silicate magma.

Results of exploration drilling suggest that

It is significant that low-Cr false ores (400–
700 ppm Cr in host olivine pyroxenite) are de-
pleted of LREE relative to other ore types and
sediments and enriched in HREE relative to
other ore types (Fig. 86–87). This indicates
that the acid contaminant was already depleted
in REE in general and LREE in particular be-
fore it was incorporated in the magma. In low-
Cr type the V is higher than in high-Cr false
ores.

The occurrence of sulphide-mantled or-
thopyroxene crystals is diagnostic of false ores
(Fig. 77). They are occasionally present in reg-
ular ore types with a low sulphide content.

The compositional mixing line is continuous
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Fig. 61. Plot of Ni vs Co, Keivitsa rocks and ore types. a – all samples; b – zoomed on Ni 100–800 ppm and Co 30–80 ppm; note
bimodal distribution of Ni for each band of Co concentrations. The Ni-poor cluster represents lower marginal part of the ultramafic
zone, also characterized by very low PGE.
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Fig. 62. Plot of Ni(100S) vs Ni/Co, all cases, Keivitsa intrusion. Note the sharp lower boundary of the plot cluster; this seems to
represent the mixing line between pelitic and komatiitic sulphides. The halo extending into high Ni(100S) values represents
sulphide-olivine mixtures.

sulphides of the false ore type make up the
bulk of the total mass of sulphides in the intru-
sion.

The regular ore type forms the main mass of
the Keivitsansarvi deposit. Its sulphide content
is 2–6%, with Ni(100S) 4–7%, Ni/Co 15–25
(Fig. 63) and Ni/Cu 0.6–0.8. A typical fair ore
contains 0.5–1 ppm PGE+Au. The ore mass
consists of homogeneous dissemination over
hundreds of metres, almost without a break.
There are, however, invisible lateral trends in
the Main Ore from the proximal to the distal
part. For example, the Ni/Cu ratio has been
found to change within a short distance from
1.5 to 0.4, while the Pt/Rh ratio decreases from
40 to 10.

In the regular ore type the PGE+Au sum
generally correlates positively with Ni+Cu
(Figs 70–71), but among successive drill core

samples there are numerous aberrations normal
to the linear trend (i.e., Ni+Cu decreases as
PGE increases). This behaviour indicates ad-
mixtures of transitional and Ni-PGE-type ma-
terial.

The transitional ore type occurs in the upper
part of the deposit, between the regular ore and
the Ni-PGE-type ore. Gradations into both are
common. A thick transitional ore was inter-
sected in a deep DDH below regular ore in the
Main Ore (see Appendix 5). Rare pegmatoid
pockets with massive to semimassive sul-
phides occur in this type. The gradual contacts,
presence of euhedral olivine and clinopyrox-
ene in massive sulphide matrix and high
Ni(100S) contents indicate that the pegmatoids
represent intercumulus sulphide-silicate emul-
sion, accumulated in contraction voids.

This type has a lower sulphide content,
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Fig. 63. Plots of Ni(100S) vs Ni/Co, Keivitsa intrusion. a – samples with S > 0.5%,
b – S > 1%, c – S > 2%. Note the parting of the cluster into regular and false ore with
the increase in sulphur.
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Fig. 64. Histograms of Ni/Co, Keivitsa. a – for various classes of S concentrations. Note the gradual parting of the histogram into
regular and false ore with the increase in sulphur; b – samples with Ni+Cu > 0.8%. The peak around 21 represents the regular ore.
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Fig. 65 a–d.



175Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

Fig. 65. Plots of S/Te vs S/Se, rocks and ore types of the Keivitsa-Satovaara complex. Ni(S), = Ni% in 100% sulphides.
a – regular ore type, Keivitsa; b – Ni-PGE ore type and transitional (between regular and Ni-PGE type) ore type; c – false ore types;
d – massive sulphide veins; e – barren olivine lherzolites and partially weathered (oxidized) olivine lherzolites, gabbros and
ferrogabbros; f – metasedimentary floor and roof rocks, xenoliths in the Keivitsa intrusion (pelitic, komatiitic and mixed komatiitic-
sedimentary xenoliths, komatiitic dunite xenoliths), quartz-carbonate rocks at the base of the big serpentinite-dunite xenolith, and
granophyre; g (next page) – fields of various rocks classes, Keivitsa-Satovaara complex.

This type differs from the Ni-PGE type in
having a higher sulphide content, lower Ni/Cu
and slightly higher S/Se and S/Te (Fig. 65).
The Ni content in olivine is equal to or lower
than in the Ni-PGE type. The REE(CN) distri-
bution is similar to that of the Ni-PGE type
(Fig. 87).

The volume of the Ni-PGE type ores is
small. The ores occur in the upper part of the
deposit, at about the level of the Upper Ore,

higher Ni/Cu (1.5–2.5 or more) and Ni(100S)
(15–23%), higher total PGE and higher Pt/Au
(6–10) than regular ore. In contrast to regular
ore, there is no correlation whatsoever be-
tween PGE and S (see Fig. 72). Moreover, the
Cu-S correlation is weak, particularly in sam-
ples poor in S (Fig. 74). Transitional ores in
the lower part of the Main Ore differ from the
upper transitional ores only in their higher Pt/
Rh ratios.
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Fig. 65 g.

Fig. 66. Histogram of Pt/Rh ratios, Keivitsa intrusion.
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Fig. 67. Pt-Au relationships, Keivitsa intrusion. a – plot of Pt vs Au; b – plot of Pt vs Au
for samples with Pt < 1000 ppb and Au < 400 ppb; c – histogram of Pt/Au ratios.
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Fig. 68. Pt-Rh-Au relationships, Keivitsa rocks and ore types. a – plot of Pt/Rh vs Pt/Au; b – ore types in the Pt/Rh vs Pt/Au plot.
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Fig. 69. Plot of Re/Ir vs Ir, Keivitsa.

rocks of the transitional and Ni-PGE ore types.
Massive sulphide veins are common but vol-

umetrically insignificant. They are simple or
consist of branching stockworks or breccias.
The contacts are sharp. Contact effects in fresh
olivine peridotites (hydration, carbonate alter-
ation) are conspicuously weak, although por-
tions of metaperidotite usually contain net-
works of sulphide veins. Compositionally mas-
sive sulphides are of the false ore type, poor in
Ni but occasionally rich in Cu. The PGE-Au is
low (Figs 71–76). The record low is a massive
sulphide vein with a mere 4 ppb Pt.

Ultramafic xenoliths within the ore contain
fine-grained disseminated sulphides of the
same composition as sulphides in the cumulate
matrix. This suggests, as discussed above, that

and are characterized by a very low abundance
of sulphides, high Ni/Cu (50–90) and Ni/Co
(25–80), high Ni(100S) (40–60%), PGE(100S)
(25–300 ppm) and low Au (max. 0.13 ppm). In
general, the highest PGE contents are found in
this type (Fig. 76). There is no correlation be-
tween PGE and S (Fig. 72) and only very weak
correlation between Cu and S, particularly
when compared with other ore types (Fig. 74).
The sulphides are high in Ni (millerite, heazle-
woodite, Ni-rich pentlandite). Because of the
high Ni content in silicates (in olivine up to
1.74% NiO, in clinopyroxene up to 0.26%
NiO), all calculated Ni(100S) values are far
too high. Occasional high As values are char-
acteristic.

Komatiitic xenoliths are very rare in host
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Fig. 70. Relationships between Au, sulphur and Ni+Cu, Keivitsa. a – plot of (PGE+Au) vs (Ni+Cu); b – plot of (PGE+Au) vs S,
all samples; c – plot of (PGE+Au) vs S for samples with (PGE+Au) < 2000 ppb and S < 3%. Here false ores lie very near the
horizontal axis.
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Fig. 71. Schematic diagram of the relationships between PGE+Au and S, and geochemical trends between ore types, Keivitsa
intrusion.

sulphide liquid infiltrated into xenoliths from
the surrounding matrix. The xenoliths, howev-
er, have lower total PGE, and their PGE(CN)
diagrams are similar to those of the big serpen-

tinite-peridotite xenolith (Fig. 76), suggesting
that the PGE were not dissolved in the infil-
trating sulphide liquid.
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Fig. 74. Plots of S vs Cu, Keivitsa ore types. a – Ni-PGE type; b – transitional ore type; c – all samples; d – samples with S between
0.5 and 5 %, and Ni (100S) > 2 %.

Fig. 73. Histogram of Cu/1000xAu ratios, Keivitsa.
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Fig. 74. c–d.
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Fig. 75. Plots of Pt vs Ni, Keivitsa. a – all samples; b – samples with Pt/Rh < 10.
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The petrographic description of the ultrama-
fic rocks presented earlier applies in general to
the host rocks of the ores, too, and so is not re-
peated. Here, only ore minerals and their tex-
tures are described.

In most of the ore types sulphides crystal-
lized from the sulphide liquid and equilibrated
to low temperatures. However, the present ore
parageneses, which are characterized by the
presence of troilite, talnakhite (Fig. 80) and
graphite and the scarcity of primary and sec-
ondary magnetite, were predetermined by re-
ducing magmatic conditions. Secondary mag-
netite, so common in sulphides in traditional
Ni sulphide ores, is scantu in Keivitsa ores.

Rare findings of big sulphide beads (Figs
78a-d) allow a striking window into the secrets
of phase separation in the Keivitsa intrusion. It
is readily seen that olivine, clinopyroxene and
plagioclase crystallized in equilibrium with
two liquids, each with an identical composi-
tion (at a given time) in both liquids. Of
course, because of the low solubility of sili-
cates in sulphide liquid, silicates embedded in
sulphide grew by diffusion through, not from,
sulphide liquid. Postcumulus growth and reac-
tions obscured these relationships in the sur-
rounding silicate cumulate, but in sulphide
beads they are clear – literally – as a mirror:
the silicates crystallized in the order clinopy-
roxene -> olivine -> plagioclase (Fig. 78c-d).
The decreasing ease of nucleation (Wager,
1959) is seen in the increase of grain sizes
from olivine to clinopyroxene to plagioclase,
which is also the order from simpler to more
complicated compositions and lattices.

The sulphide droplets are additional evi-
dence of settling of glomerophyric crystal
packets. It can be seen that the surface of the
sulphide droplet acted as a phase boundary
collector for clinopyroxenes and olivines. This
could also explain the mantled orthopyroxene
euhedra (Fig. 77): sulphide liquid wetted the

surfaces of orthopyroxene euhedra in magma
suspension (phase boundary collector princi-
ple; Mutanen, 1992), prohibiting their growth.

The beads offer a clue to the cumulus sili-
cate assemblages: clinopyroxene was the first
primary silicate phase, then joined the olivine
cotectic and both later joined the plagioclase
cotectic. The nucleation of plagioclase was
difficult in silicate liquid. Because of its
oikocrystic growth in many cumulates plagi-
oclase is judged too hastily as a postcumulus
phase. The ghosts of euhedral plagioclase in
postcumulus plagioclase in pyroxene cumu-
lates of the Koitelainen and Akanvaara intru-
sions, the euhedral plagioclase included in or-
thopyroxene in Keivitsa intrusion (see above)
and the tiny euhedral plagioclases in intercu-
mulus spaces in the Porttivaara intrusion
(Mäkelä, 1975) all suggest that plagioclase
was often a cumulus mineral that failed to nu-
cleate properly.

In false and regular ores the sulphide grain
aggregates are mostly interstitial to silicates.
These primary aggregates are joined by very
thin “chicken wire” sulphide veins with a tex-
ture similar in appearance to nerve cells (Fig.
79). These mu-thin sulphide veins represent
the fractal “ends” of the sulphide vein system.
Secondary magnetite, associated with serpenti-
nized olivine, also forms networks, but the sul-
phide veins do not follow them.

The sulphide/silicate grain boundaries are
plain and smooth in unaltered rocks but irregu-
lar and serrated in metaperidotites, and an au-
reole of fine sulphide dust surrounds the pri-
mary sulphide grain aggregates.

The main sulphides are troilite, hexagonal
pyrrhotite, chalcopyrite, pentlandite, talna-
khite and cubanite; pyrite and monoclinic pyr-
rhotite are rare, and occur only in association
with retrograde alteration, as in carbonate and
albite-carbonate veins. Mackinawite and
sphalerite occur regularly; molybdenite, ga-

Mineralogy of ore types
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Fig. 77. Sulphide-mantled orthopyroxenes in olivine pyroxenites, Keivitsa. Diascanner photos by Reijo Lampela. a – discontinuous
sulphide mantles around orthopyroxene with resorbed clinopyroxene inclusions. Non-mantled orthopyroxene oikocrysts (middle
left and lower right corner) contain resorbed olivine and clinopyroxene. Primary intercumulus biotite-phlogopite (brown) is
common. DDH672/6.35 m. Width of photo = 2.5 cm. b – mantled orthopyroxene (6 mm) with resorbed olivine and clinopyroxene.
Most orthopyroxene grains are unmantled oikocrysts. DDH692/195.93 m.
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Fig. 78. Primary sulphides of the Keivitsa intrusion. Diascanner photos by Reijo Lampela. a – euhedral clinopyroxene crystals
embedded in sulphides (mainly pyrrhotite, pentlandite and chalcopyrite), note small clinopyroxene crystals at left. Bar = 5 mm;
b – sulphide droplet with euhedral olivine inclusions in olivine pyroxenite (with 13 vol% olivine, plus clinopyroxene, orthopyrox-
ene, intercumulus plagioclase and primary biotite-phlogopite and hornblende). DDH688/473.60 m. Bar = 5 mm; c – a sulphide
droplet with euhedral olivine in olivine pyroxenite (with 6 vol% olivine). Roundish inclusions of clinopyroxene occur in the cores
of some olivines. DDH824/250.43A m. Bar = 1 cm; d – another section of the same droplet as in 78c. Euhedral olivine (top and
right end of the droplet), euhedral plagioclase (white). Clinopyroxene is euhedral when in contact with the big plagioclase crystal.
Bar = 5 mm.
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Fig. 79. “Chicken wire” sulphide network in olivine pyroxenite, Keivitsa. BE images by Lassi Pakkanen. a – chicken-wire texture
of sulphide nuclei and “axons”; b and c – details of axons, with thicknesses of 0.5 mu and less. DDH713/38.90 m. See text.

lena and altaite occasionally. The ore minerals
identified to date are listed in Table 10.

In the following description chalcopyrite de-
notes chalcopyrite proper, talnakhite and pu-

toranite. Talnakhite and putoranite have been
identified in XRD runs. Obviously, one or
more of the compositionally similar and para-
genetically related Cu-Fe sulphides (moo-



191Geological Survey of Finland, Bulletin 395
Geology and ore petrology of the Akanvaara and Koitelainen mafic layered intrusions and the Keivitsa-Satovaara...

ihoekite, haycockite, Ni-putoranite) should oc-
cur in the ores, but no positive identifications
have yet been made. Talnakhite has been iden-
tified from Karik I massif, eastern Pechenga
area (Distler et al., 1988), and both talnakhite
and putoranite from the Monchegorsk intru-
sion (Orsoev et al., 1994).

Pentlandite exsolved from high-T monosul-
phide solid solution (Mss) first by granule ex-
solution as equant grains; subsequent low-T
exsolution produced lamellar and dendritic
flake pentlandite. Flake pentlandite seems to
be more common in false than in regular ores.
Flake pentlandite also occurs in chalcopyrite.
A thin seam of pentlandite is typically seen be-
tween pyrrhotite and chalcopyrite. Pentlandite
in association with troilite and hexagonal pyr-
rhotite contains (in wt%) 27–36% Ni (average
ca 32%); the pentlandite in the low-T paragen-
esis of the Ni-PGE type is very rich in Ni (40–
42%).

One grain of copper pentlandite (with 3.2%
Cu) has been analysed by electron microprobe.
Several other “copper pentlandites” from par-
tially oxidized trench samples have their stoi-
chiometry (with S>Me) the wrong way. The
mineral is probably a mixed violarite-carrollite
thiospinel. Cu-pentlandite from Monchegorsk
has a higher Cu (8.77%; Orsoev et al., 1994)
than the Cu-pentlandite from Keivitsa.

Sulphides in the transitional ore type are
rich in pentlandite; pyrrhotite is rare and some-
times absent; millerite occurs in pyrrhotite-
free assemblages. Sulphides are interstitial to
silicates, indicating that sulphide liquid was
once present.

The ore paragenesis of the Ni-PGE ore type
is quite different from that of other ore types.
Graphite is ubiquitous and oxides are all but
absent. The most unusual, and significant, fea-
ture is the low-T sulphide-arsenide-sulpharse-
nide paragenesis associated with a high-T sili-
cate paragenesis (ol, cpx, pl). Pyrrhotite is ab-
sent, and the sulphides are not interstitial to
silicates. The composite sulphide grain aggre-
gates are roundish (hence the field name “pin-

Fig. 81. Schematic drawing of the textures of the paragenetic
sequences of the S and AsS minerals of the Ni-PGE ore type,
Keivitsa.

Fig. 80. Oxidized talnakhite in olivine pyroxenite. Creamy white
mineral is pyrrhotite. Reflected light microphotograph by Jari
Väätäinen. DDH679/148.80 m. Width of photo 0.7 mm.



192 Geological Survey of Finland, Bulletin 395

Tapani Mutanen

Fig. 82. PGM and tsumoite in Keivitsa-Satovaara. BE images (a,b,f) and SE images (c–e) by Lassi Pakkanen. a – sperrylite in
magnetite. DDH330/106.35 m. Bar = 10 mu; b – Pt>Pd-Bi<Te phase (moncheite?), grey, with hessite (dark grey, HE) on rims.
DDH336/54.15 m. Bar = 5 mu; c – moncheite (white) in pentlandite (grey). DDH333/109.30 m. Bar = 10 mu; d – Ni-Pd-Sb-Bi<Te
phase (white) in contact with niccolite (grey). Satovaara DDH308/140.75 m. Bar = 5 mu; e – a zoned crystal of irarsite (core),
hollingworthite (darker gray) and local cobaltite (CO). Satovaara DDH308/99.85 m. Bar = 5 mu; f – tsumoite, BiTe, Keivitsa
DDH931/37.15 m. Bar = 500 mu.

heads”), and the sulphides in them are concen-
trically arranged, with the metal/sulphur ratio
decreasing from the centre to the margin (see
Fig. 81). The core of millerite (+heazlewood-

ite) is surrounded by Ni-rich pentlandite. The
outermost zone is composed of pyrite and a
very delicate symplectite of pyrite and pent-
landite. The As(-S) paragenesis shows similar
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grain forms and a similar concentric arrange-
ment, with the metal/As ratio decreasing from
the maucherite core to an intermediate zone of
nickeline and to the gersdorffite rim. The rare
Cu minerals (bornite, chalcocite, chalcopyrite)
occur apart from the sulphide grain aggregates.

The low S content of the rocks and the high
metal/S ratios of sulphides in this ore type in-
dicate that the local magma system was very
poor in sulphur. Paragenetic and mineralogical
features suggest that a Ni alloy crystallized to-
gether with olivine and clinopyroxene in a re-
ducing, low-sulphur magmatic environment.
The concentric aggregates of sulphides and ar-
senides-sulpharsenides formed at low tempera-
tures when errant S and As reacted with alloy
particles (see Fig. 81).

Sulphide-associated secondary magnetite is
more abundant in false and regular ores than in
Ni-rich types. It is significant that, ample sedi-
ment contamination notwithstanding, all pri-
mary and secondary spinels are very poor in
Zn. The maximum Zn content in primary cu-
mulus magnetite is 0.37%, in chromite 0.34%,
in secondary magnetite 0.08% and in sulphide-
associated magnetite 0.06%.

PGE minerals (PGM in the following) most-
ly occur as small grains (< 10 mu) at the mar-
gins of sulphide grain-aggregates, in silicates
or in secondary magnetite (Fig. 82). Most typi-
cal are Te-Bi compounds of Pt and Pd
(moncheite, kotulskite, merenskyite, miche-
nerite, maslovite) and sperrylite; sulphides
(cooperite, braggite) and alloys (isoferroplati-
num) are more rare. Zoned (Ir -> Rh -> Co)
AsS grains, similar to those of Hitura (Häkli et
al., 1976) occur in the Satovaara intrusion
(Fig. 82e).

The Pt-Pd PGMs are either Pt-rich or Pd-
rich; only 11% of the analyses fall to the range
with the proportion of Pt (of the Pt+Pt sum)
between 7 and 87 at%. Despite the polarized
mineralogy, the average Pt/Pd ratio (wt%) of
the analysed PGM is 1.82, the same as in ore-

assays. The polarized distribution of Pd and Pt
in different mineral phases seems to be a rule
rather than an exception (see, e.g., Häkli et al.,
1976; Piispanen & Tarkian, 1984; Volborth et
al., 1986; Krivenko et al., 1989; Grokhovskaya
et al., 1992). Generally this separation is ex-
plained by later redistribution of PGE by post-
magmatic or metamorphic, generally Cl-rich
fluids (Häkli et al., 1976; Vuorelainen et al.,
1982; Orlova et al., 1987; see especially
Springer, 1989; Li & Naldrett, 1993). Volborth
and co-workers (1986) suggested that the Pt/
Pd separation took place very early with the
participation of chloride complexes.

Of the Pt-mineral grains 55.3% are included
in silicates (even in pyroxene), 12.8% in sul-
phides and 31.9% are located at the silicate-
sulphide contact; of Pd-minerals 25.0% are in-
cluded in silicates, 29.5% in sulphides and
45.5% are at the silicate-sulphide contact. All
this supports the idea that Pt and Pd parted into
separate phases in the magmatic stage (see
Mutanen et al., 1996).

Table 11 lists the PGM found so far in
Keivitsa and KSC. Anomalous PGE and Au
have been detected in several ore minerals; the
most common PGE carrier is palladian melo-
nite. The highest Pt contents are: 0.93% in
mackinawite, 0.74% in pyrrhotite, 0.70% in
maucherite, 0.61% in pentlandite and 0.23% in
pyrite (in the Ni-PGE type). Rhodium has been
detected in pentlandite (up to 0.1%), Pd in py-
rite, pentlandite and gersdorffite (up to 0.10–
0.11%), and Ir and Au in maucherite (0.46 and
0.43%, respectively; Kojonen et al., 1996).
High Hg contents were analysed in several
minerals, up to: 0.88% in pyrrhotite, 0.83% in
chalcopyrite, 0.73% in maucherite, 0.48% in
pentlandite and 0.43% in gersdorffite. Al-
though the ore is relatively rich in Ag (1–4
ppm), sulphides are rather poor in Ag (max.
0.17% and 0.16% in chalcopyrite and
pentlandite).
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The manifold ore types of the Keivitsansarvi
deposit encompass an astounding range of ele-
ment ratios (see e.g., Figs 62–63, 65–66, 76)
probably greater than ever found within a sin-
gle magmatic sulphide deposit (or, for that
matter, in all such deposits combined). The
variation, however, is not haphazard, nor
caused or obscured by later events, but reflects
original magmatic conditions and processes.
These involved contamination by material
from sulphide-rich, Mg-rich pelites, black
schists and various komatiitic rocks. Due to
carbonaceous contaminant material from black
schists the magma became progressively re-
duced (Mutanen, 1994, 1996).

In diagrams of chalcophile and siderophile
elements (e.g., Figs 63 and 65) all ore types
are ordered neatly along an apparent mixing
line from sedimentary sulphides to komatiitic
dunite. Along this line Ni(100S) and Ni/Co in-
crease and S/Se and S/Te decrease; there is
also a regular decrease in Au/PGE, Rh/Pt, Re/
PGE, and an increase in (Os+Ir+Ru)/
(Pt+Pd+Rh), PGE(100S), PGE/Ni+Cu and to-
tal PGE (Figs 75–76, 83–84).

The mixing line most probably reflects true
mixing of appropriate components of sedimen-
tary and komatiitic end members. Recent S
isotope data (see Hanski & al., 1996) explicitly
affirm the important role of sedimentary sul-
phur in the deposit and support the idea that
the ore types contain component mixtures of
exotic end members.

The Pt/Pd ratio in all ore types is close to the
chondritic ratio (Fig. 83), suggesting that all
the ingredients (magma, komatiites and sedi-
ments) had this Pt/Pd ratio and that the proc-
esses of crystallization-fractionation did not
disturb it. However, the sedimentary compo-
nents may well have had a different Pt/Pd, but
because of its supposedly low total PGE the
sedimentary contribution was overwhelmed by
other components richer in PGE. On the other
hand, the effect of different PGE sources can

be seen in the wide spread of the (Pt+Pd+Rh)/
(Os+Ir+Ru) ratios (Fig. 84) and of the Pd/Ir ra-
tios (Fig. 83). Note also the odd slope of the
histogram, in Fig. 84.

The possibility of a significant sedimentary
PGE component should be kept in mind, as the
number of findings of PGE in sedimentary
rocks is growing. It is interesting that the sedi-
mentary PGE deposits contain high amounts of
Sb, As and Se (e.g., Zoller et al., 1983; Delian
et al., 1984; Coveney & al., 1992; Hulbert et
al., 1992) which are not prominent in normal
Ni ores.

The sedimentary rocks around the KSC are
relatively rich in Se, their S/Se ratios being
fairly close to mantle ratios (e.g., Hoatson et
al., 1992). The relatively high Se and Te con-
tents point to a restitic terrigeneous component
in pelites; alternatively, they may be associated
with pre-Keivitsa volcanism. Decrease of S/
Se and S/Te ratios are known to be associated
with subaerial degassing processes (Greenland
& Aruscavage, 1980), where Se and Te are en-
riched in volcanic particulate matter (Zoller et
al., 1983).

The very low S/Se and S/Te ratios (min. S/
Se 21) of komatiitic dunites, the opposite end
member, may be inherited from depleted man-
tle residue. As a result of Se contamination the
S/Se ratios in ores are much lower than in ordi-
nary magmatic sulphide deposits.

The Ni-PGE type rocks have higher mg#,
Ni/Co, Ni/Cu, PGE, PGE/Au and As than other
ore types. All these features are traceable to
komatiite dunites. I suggest that these rocks
contain material from disintegrated komatiite
dunites, mainly refractory olivine debris. The
debris sank through and interacted with con-
taminated roof magma enriched in Cl and float
graphite. This contaminated part of the magma
chamber was also enriched in total REE and
still more in LREE (see Fig. 87). The
REE(CN) pattern of the Ni-PGE type is quite
different from that of the komatiitic xenoliths

Ore petrology of the Keivitsa intrusion
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Fig. 83. Pt-Pd relationships, Keivitsa. a – Plot of Pt vs Pd, all samples; b – histogram of Pt/Pd ratios, all samples.
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Fig. 85. Plot of Pd vs Ir, Keivitsa.

Fig. 84. Histogram of (Pt+Pd+Rh)/(Os+Ir+Ru) ratios, Keivitsa.
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Fig. 86. Diagrams of chondrite-normalized REE for mica schist and black schist (left) and komatiitic dunite xenoliths (right),
Keivitsa-Satovaara complex. Data and diagrams by Eero Hanski.

respect Keivitsa is similar to the Ioko-Dovyren
intrusion (Distler & Stepin, 1993).

There is no PGE-S correlation in Ni-PGE
and transitional ore types (Fig. 72). This could
mean that the original PGE phases crystallized
directly from silicate liquid (Hiemstra, 1979;
Augé, 1986; Distler & al., 1986). In regular
ore, PGE correlate with Ni+Cu values. Howev-
er, most of the PGM grains are not included in
sulphides but occur at the sulphide-silicate
boundary or in silicates, as is common in PGE
deposits (see e.g., Bow et al., 1982; Viljoen et
al., 1986a; Scoates et al., 1988; Harney &
Merkle, 1990; Rudashevskii et al., 1991;
Hoatson et al., 1992). My brief literature study
showed that in PGE deposits 30–83% of the
PGM grains occur outside sulphides.

With regard for the seemingly general ac-
ceptance of the idea that sulphide liquid is the
universal solvent-collector of PGE it is sur-
prising how often we must read about the lack
of direct or any correlation between PGE and
sulphides (e.g., Häkli et al., 1976; Alapieti &
Lahtinen, 1986; Mutanen et al., 1987, 1988:
Mutanen, 1989b; Dyuzhikov et al., 1988; Lee
& Parry, 1988; Nielsen, 1989; Grokhovskaya

(Figs. 86–87); instead it resembles the pattern
of sedimentary rocks, even showing the inher-
ited negative Eu anomaly (Fig. 86). The meta-
somatic quartz-carbonate rocks may have con-
tributed REE, as suggested earlier. The droop-
ing leftward ends of the curves may be due to
an exotic LREE-depleted component (komatii-
tic dunite). The contaminants (REE, Cl, H

2
O)

are such that they could have been conveyed
from sediments to the roof magma by selective
diffusion. The REE concentration in the local
magma system seems to have been high
enough for monazite to crystallize.

As suggested before, the low S in Ni-PGE
magma system, combined with the high Ni and
low oxygen pressure enabled crystallization of
a Ni alloy from magma. The olivine that crys-
tallized (or equilibrated) with the alloy became
very rich in Ni, (Mutanen, 1994).

In the regular ore there is a good correlation
between PGE and Ni+Cu, but in the deposit as
a whole there is no correlation between PGE
and sulphide (Fig. 71). The only regularities
are that massive sulphides always have low to-
tal PGE, and the highest PGE are found in
rocks which are very low in sulphides. In this



198 Geological Survey of Finland, Bulletin 395

Tapani Mutanen

Fig. 87. Diagrams of chondrite-normalized REE for various ore types of the Keivitsa intrusion. Data and diagrams by Eero Hanski.
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et al., 1989; Brügmann et al., 1990; Cowden et
al., 1990; Halkoaho et al., 1990; Saini-Eidukat
et al., 1990; Bird et al., 1991; Eales et al.,
1993; Scoon & Teigler, 1994; Izoitko &
Petrov, 1995; Reeves & Keays, 1995).

Sulphide Ni-Cu ores, epitomes of mantle
magmas and mantle sulphides, are low in PGE
in general, sometimes surprisingly so, as in the
Bruvann ore in Norway (Boyd et al., 1987;
Barnes, 1987). Whether sulphides are rich or
poor in PGE, sulphide liquid is always found
either as the cause of enrichment or culprit of
impoverishment of the PGE (e.g., Barnes,
1987).

In some cases PGE seem to be chalcophobic
more than chalcophile: Stone et al. (1991) de-
scribe a case where PGE-Au hike coincides
with a drop of Ni, Cu and S. As in the Keivitsa
intrusion, massive sulphides are sometimes de-
pleted of PGE (Dillon-Leitch et al., 1986). The
PGE often behave independently even in the
presence of sulphide liquid (Mutanen, 1989b;
Legendre & Augé, 1992).

It is too seldom noticed that PGE are, above
all, siderophile elements (for rare exceptions,
see Hiemstra, 1979; Tredoux et al., 1995). In
general, it seems that too much is made of the
chalcophile character of the PGE (as in the
statement “Equilibration with sulfide is the
only known mechanism that can effectively re-
move PGE from terrestrial magmas”; Naldrett
& Duke, 1980).

A spatial connection of Cl minerals with
PGE is commonly noted. We suggested earlier
(Mutanen et al., 1987, 1988) that halogens ac-
quired from sediments formed melt soluble
complexes with PGE. These were able to enter
the sulphide liquid only after breakdown of the
complexes. Thus, the formation and break-
down of PGE complexes would govern the
seemingly arbitrary, even irrational strati-
graphic distribution of PGE, with little respect
for sulphides. Others have also pleaded for the
melt-soluble halogen complexes of PGE (Mill-
er et al., 1988; Gorbachev et al., 1994b). Ring-
wood (1955) already accounted the enrichment

of Cr and V in the upper part of the Skaergaard
intrusion for melt-soluble complexes. The ex-
istence of haloid-metal autocomplexes in sili-
cate liquids was suggested by Anfilogov and
co-workers (1984).

The breakdown of PGE complexes could
lead to the liberation of PGE and formation of
metallic and other PGE compounds. In fact, di-
rect crystallization of PGM from magmas is
often observed or indicated (Distler & Laputi-
na, 1981; Augé, 1986; Rosenblum et al., 1986;
Distler et al., 1986; Lee & Tredoux, 1986; Lee
& Parry, 1988; Nixon et al., 1990; Barkov et
al., 1991; Legendre & Augé, 1992; Peck et al.,
1992; Scoon & Teigler, 1994). The independ-
ent PGM particles would be available for oth-
er, non-solvent collectors.

That PGM grains are so often located at the
sulphide/silicate grain boundaries makes one
wonder whether the PGE-sulphide bind is me-
chanical rather than chemical. It is tempting to
think that the sulphide liquid droplets acted as
phase boundary collectors for tiny PGM parti-
cles that had already crystallized from silicate
liquid (Mutanen, 1992; see and cf. Hiemstra,
1979). The particles should be real, stable min-
erals, not atomic-scale clusters collected by
sulphide droplets (Tredoux et al., 1995). The
process would thus be analogous to the old-
time oil flotation.

Our experimental tests showed that the idea
is feasible: skeletal crystals of a Cu-Pt alloy
were found on sulphide beads (Fig. 88; see
Mutanen et al., 1996; Mutanen, 1995). Further
experiments should confirm whether the PGM
(alloy particles in the experiment) nucleated
on sulphide droplets (heterogeneous nuclea-
tion) or were mopped along by sinking sul-
phide droplets. In either case, the experiment
indicated that the PGM alloy was a true liquid-
us phase. Remarkable was the absence of Pd
phases on sulphide beads, suggesting that Pd
behaved more like a chalcophile, while Pt was
siderophile. The experiments on the distribu-
tion of Pt and Pd between silicate liquid, sul-
phide liquid and liquid metal, by Marakushev
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Fig. 88. Skeletal Pt-Cu alloy crystals on sulphide beads, BE and SE images by Bo Johanson. Top left – Pt-Cu crystals on a NiS bead;
top right – NiS bead with a “crater”; middle left – detail of the arrow point area in top left image; middle right – detail of the crater
rim in top right image, with a skeletal “harpoon” crystal of Pt-Cu; lower left – a feathery rosette of skeletal Pt-Cu crystals: lower
right – BE image of the harpoon crystal in middle right image.
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and Shapovalov (1996) confirmed our antici-
pation: calculated from their results the D-val-
ues between liquid phases were 350 for
Pt(metal/sulph) and 1.8 for Pd(sulph/metal).
The result also strongly suggests that the Pt-Pd
separation, so common in PGE deposits (see
above) may have its origin in the magmatic
stage.

Our work has corollaries both practical and
theoretical. I consider here only one. If metal-
lic PGE particles can nucleate on sulphide, it
may explain why the D-values of PGE (sulph/
silic) calculated for natural systems are much
lower than experimental values (Duke, 1990).
I propose that the increase of D-values with

decreasing oxidation of magma (Bezmen et al.,
1991) is only apparent, and due to attached
metallic particles of PGE on sulphide beads.
The decrease of D values with increasing mag-
ma oxidation state (Crocket et al., 1992) is
compatible with this interpretation and with
our experimental results.

If PGM can nucleate on sulphide, they could
preferentially nucleate on early spinels or even
serve as sites of heterogeneous nucleation for
them (Augé, 1986; Capobianco & Drake,
1990). We would then have a simple explana-
tion for the association of PGE with oxide cu-
mulates in the Koitelainen and Akanvaara in-
trusions.
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