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Abstract. The 2444 Ma Penikat layered ultramafic-mafic 
intrusion in northern Finland contains at least six platinum- 
group element (PGE) enriched horizons, including the SJ, 
AP and PV reefs, each with 4 to >10 ppm Pt+Pd over a 
width of between <1 and > 10 m. The mineralisation formed 
by orthomagmatic processes as indicated by strong positive 
correlations between Pt and Ir contents. Subdued 
stratigraphic variation in incompatible trace element ratios 
and Nd isotope ratios indicates that mixing of magmas of 
distinct lineage, or in situ contamination with country rocks, 
was not required to form the PGE reefs. There is also no 
evidence for addition of external sulphur to the magma, 
based on S/Se ratios at, or below, primitive mantle levels. 
Instead, sulphide melt saturation was likely reached in 
response to silicate fractionation of a siliceous high- 
magnesium basalt. We propose that the SJ reef formed 
through hydrodynamic sorting of crystal mushes, whereas 
the AP and PV reefs formed through tectonically induced 
injection of evolved, PGE- and volatile-rich, plagioclase- 
charged melt into bedding-parallel dilational zones within 
the semi-consolidated cumulate pile.

1 Introduction

The northeastern part of the Fennoscandian Shield hosts 
more than two dozen Palaeoproterozoic (~2440 Ma, 
Huhma et al. 1990) layered mafic-ultramafic intrusions. 
Their compositions vary from ultramafic dominated 
(Tornio and Näränkävaara) to mafic-ultramafic 
interlayered (Kemi, Penikat, Portimo, Koitelainen, 
Akanvaara), to predominantly mafic (Koillismaa). Based 
on similarities in their stratigraphy, some of the intrusions 
may represent dismembered fragments of larger magmatic 
bodies. The footwall to most of the intrusions is Archaean 
granite gneiss whereas the hanging wall rocks consist of 
older Palaeoproterozoic metavolcanics or younger 
supracrustal sequences deposited on a Palaeoproterozoic 
erosional unconformity (e.g., Alapieti et al. 1990). None 
of the intrusions is currently exploited for PGE, but an 
exploration programme in the Suhanko block of the 
Portimo intrusion is at an advanced feasibility stage.

2 Lithostratigraphy of the Penikat intrusion

The exposed portion of Penikat is 23 km by 1.5-3.5 km. It 
has been delineated to a depth of 0.5-2.5 km by drilling 
and seismic reflection data. The intrusion is sub-divided 
into 6 megacyclic units (MCU I-VI). As a whole, it is 
relatively mafic, with ultramafic rocks making up <10% of 
the stratigraphy (Fig. 1). Most rocks are gabbronorites 
with 40-60% plagioclase, 10-20% orthopyroxene and 
clinopyroxene each, as well as accessory oxides, quartz, 
and phlogopite. In comparison to the nearby Kemi 
intrusion, Penikat is poor in ultramafic rocks (Alapieti et 
al. 1990), contains only thin chromitite (cm - dm, vs 10s of 
metres at Kemi), and is enriched in PGE (up to 10s of 
ppm, vs <200 ppb at Kemi)(Halkoaho et al. 1990a,b; 
Huhtelin et al. 1990).

3 Description of the PGE-reefs

3.1 The SJ (Sompujärvi) reef

The mineralisation occurs within the lowermost ultramafic 
rocks of MCU IV, but may extend, in patchy form, for 
several decimeters or meters into the footwall where it can 
be associated with chromite disseminations and pyroxenite 
lenses, or into the peridotitic hanging wall. In many cases, 
the lowermost ultramafic rock of MCU IV is a cm-to-m- 
thick chlorite schist enriched in disseminations or stringers 
and schlieren of chromite. This is overlain by 
orthopyroxenite and/or lherzolite. The basal contact of 
MCU IV is undulating and irregular, showing a 
transgressive relationship with regard to the footwall norite. 
The MCU IV ultramafic rocks are laterally of variable 
thickness, and they may pinch out and form channels and 
potholes, enriched in disseminated chromite. The SJ reef 
has average grades (normalised to 1 m) of between 4-10
ppm PGE. Grades are locally variable, but regionally 
broadly consistent; Of 400 holes drilled through the SJ reef 
along the strike of the intrusion, only 20 (5%) contained less 
than ~100 ppb PGE. Highly enriched grades 
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occur at Kirakkajuppura, e.g., 46.4 ppm Pd and 18 ppm Pt 
over 11.2 m. The published mineral resource (to a depth of 
100 m) for the Sompujärvi block stands at 6.7 mt at a 
grade of 5.36 ppm Pd and 3.08 ppm Pt over 0.97 cm 
(Eerola et al. 1990). Average sulphur contents are < 0.13% 
(Halkoaho et al. 2005). Sulphur loss related to 
Svecofennian metamorphism is considered to have been 
insignificant, judging from broadly mantle-like S/Se ratios.

Figure 1. Stratigraphy, CIPW norms and modified 
differentiation index in a profile through the Penikat intrusion in 
the Ala-Penikka block (modified after Alapieti and Halkoaho, 
1995). Rock types: 1 = peridotite+pyroxenite, 2 = gabbronorite 
(with cumulus opx and cpx), 3 = gabbronorite (with intercumulus 
augite), 4 = transition zone, 5 = contact zone, 6 = anorthosite, 7 = 
bronzite cumulate layer.

3.2 AP (Ala-Penikka) reefs

Analogous to the SJ reef, the AP1 and AP2 reefs are 
present along most of the strike length of the intrusion. 
They are located 250 and 340 m above the base of MCU 
IV, respectively. The AP1 reef is normally 20-40 cm thick 
and of erratic grade. The mineralisation is closely 
associated with sulphides (0.52% S) in a 3- to 30-cm-thick 
mottled anorthosite which is underlain by gabbronorite 
and overlain by norite (Fig. 2b). Average grades are 7 ppm 
Pd and 2 ppm Pt (Halkoaho et al. 2005). The mineral 
resource stands at 3.5 mt @ 6.16 ppm Pd and 1.68 ppm Pt, 
0.11 ppm Rh, 0.28 ppm Au, and 0.21 wt.% Cu (average 

reef thickness 0.73 m; Eerola et al. 1990). The AP1 
anorthosite may locally transgress across the layering in the 
footwall gabbronorite. In the Ala-Penikka block, this has 
resulted in a 250-m-wide pothole (Fig. 3) in which the AP1 
reef is up to 20 m thick at an average grade of 4 ppm 
Pt+Pd+Au. The pothole is characterised by abundant lenses 
of pegmatoid, several faults, a dolerite dyke, and Cl-rich 
apatite. Some 200 m directly above the pothole occur sub-
vertical pegmatoidal veins and anorthosite fragments. These 
observations suggest that the pothole formed through 
slumping of semi-consolidated cumulates and enhanced 
percolation of sulphur-bearing fluids or melts.

Figure 2: (a) Layered anorthosite and gabbronorite, ~ 100m 
above base of MCU IV. This interval forms the most prominent 
marker horizon across the Penikat intrusion. (b) The AP1 reef, 
Ala-Penikka block. (c) The AP 2 Reef anorthosite, Ala-Penikka 
block. Length of the white plates are 10 cm in each case.
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Analogous to the AP1 reef, the AP2 reef is equally hosted 
within a narrow (~5 cm) anorthosite (Fig. 2c). It contains
11.4 ppm Pd and 3.4 ppm Pt. AP2 has less base metal 
sulphides (0.35 wt% S) than AP1, but sulphide-rich 
patches may locally contain several 10s of ppm PGE. The 
sulphides in both AP reefs have Cu/Ni 1.4-2.7, Pd/Pt 3.7, 
and Pd/Ir 170-240, i.e., the mineralisation is of a more 
differentiated composition than that of the SJ reef.

Figure 3: Map of the large pothole of the AP1 reef. Note cross- 
cutting relationship of the pothole across several gabbronorite and 
anorthosite layers, and thickening of sulphidic anorthosite in the 
centre of the pothole. 

3.3 The PV (Paasivaara) Reef

The PV reef is located within a broad (10-40 m wide) zone 
of mineralisation hosted by the so-called “Transition 
Zone”, a heterogeneous interval immediately below MCU 
V, 700-1000 m above the AP reefs. The Transition Zone is 
characterised by strong lithological and chemical variation, 
expressed by interlayering of mela- and leucogabbroic 
rocks, anorthosite and pegmatoids. The abundance of 
anorthosite is particularly noteworthy; There are 3 layers, 
each 1-2m wide, whereas anorthosite is rare in the under- 
and overlying rocks. All 3 anorthosite layers are directly 
overlain by melanocratic rocks suggesting a genetic 
relationship between anorthosite and the melanocratic 
layers. Locally, the anorthosite may be enriched in 
chromite. Many  of  the  Transition  Zone  rocks  show  a
strong enrichment in highly incompatible elements such 
as K and P. The PGE and Cu are enriched in the 
anorthosites and in pegmatoid that is usually closely 

associated with the anorthosites. The best PGE grades are 
found within the uppermost mottled anorthosite (average 
thickness of mineralisation: ~1m, 2.3 ppm Pd and 3.9 ppm 
Pt). The mineral resource is 5 mt @ 2.58 ppm Pd, 4.04 
ppm Pt,
0.08 ppm Rh, 0.61 ppm Au, 0,28 wt.% Cu, and 0.63 wt.% 
S over a reef thickness of 1.09 m. Pt/Pd is ~2, the highest 
in the intrusion. The primitive mantle-normalised metal 
patterns resemble those of the SJ Reef, i.e., are less 
fractionated than those of the AP reefs.

4 Discussion

It is proposed that the four Penikat PGE reefs (SJ, AP1, 
AP2, PV) formed through different processes. The SJ reef 
bears many similarities to the Merensky Reef of the 
Bushveld Complex. Both are proposed to have formed via 
hydrodynamic sorting of crystal slurries (cf Maier et al. 
2013; Forien et al. 2015). This model is consistent with 
field and compositional evidence, e.g., the abundance of 
schlieren and lenses that we interpret as flow structures, 
the highly irregular enrichment of chromite and PGE along 
strike, the presence of potholes, and the paucity of PGE- 
bearing sulphides in the rocks above the reef.

Compared to most other PGE reefs globally, the AP and 
PV reefs are unusual in that the mineralisation is largely 
hosted by anorthosite seams. The PV reef is additionally 
highly enriched in incompatible trace elements, magmatic 
breccia and pegmatoidal lenses. We propose that 
readjustments in the subsiding semi-consolidated cumulate 
package locally caused bedding-parallel shearing and pull- 
apart structures, both at the top of and within the cumulate 
pile. Evolved melt enriched in incompatible elements, 
volatiles and PGE-rich sulfides, derived from the 
underlying compacting cumulate package was filter 
pressed into the shear planes and pull apart structures (Fig. 
4). Downward draining of dense Fe-rich residual liquid 
towards the centre of the intrusion resulted  in the 
formation of residual anorthosite (cf Scoates et al. 2010).

5 Summary and conclusions

The Penikat intrusion contains several PGE reefs, 
analogous to many other layered intrusions. Though all
reefs have been traced along much of the strike length of 
the intrusion, they show slightly less continuity and lower 
grade than the Bushveld or Great Dyke reefs, possibly due 
to faster cooling resulting from smaller intrusion size. 
However, grades are locally extremely high, notably in 
potholes. It is proposed that the SJ reef formed by magma 
replenishment followed by hydrodynamic crystal sorting 
during subsidence of the intrusion. The AP and PV reefs 
formed through upward emplacement of PGE-rich residual
liquids induced by structural readjustments.

SY02 – Magmatic sulfide and oxide ore deposits in mafic and ultramafic rocks 
A symposium in memoriam of the work and life of Prof. Hazel Prichard

477



Figure 4: Schematic model for formation of the Penikat PGE reefs. The SJ reef formed by hydrodynamic sorting of the MCU IV magma 
influx leading to concentration of chromite, sulphide and olivine-pyroxene. Note abundance of potholes and localised injections into 
floor. The AP reefs formed through tectonically induced mobilisation of sulphide rich melt layers within MCU IV, upwards into 
dilatational zones including major potholes that formed as pull-apart structures. The PV reefs formed through a combination of processes 
instrumental in the formation of SJ and AP reefs; Initially, ultramafic cumulates formed through hydrodynamic sorting of MCU V magma 
influx. The resulting chamber subsidence and tectonism led to mobilisation of sulphide-rich residual melt from within MCU IV which 
ascended to the base of MCU V (possibly by exploiting major syn-magmatic normal faults) where the melt spread out in a sill-like 
manner, locally inducing partial melting of the host rocks, to form a heterogenous package of anorthosites, pegmatoids, and 
(mela)gabbroic rocks.
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