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ABSTRACT

The Karasjok-Central Lapland Greenstone Belt is one of the largest Palaeoproterozoic greenstone belts in the
Fennoscandian Shield and includes multiple (ultra)mafic intrusions, some with notable ore reserves, formed
during three episodes at 2.44, 2.22 and 2.05 Ga. This study presents new mineralogical, geochronological and
isotopic data for the Gallojavri ultramafic intrusion, in the Karasjok Greenstone Belt, northern Norway. Previous
petrogenetic modelling suggests that the intrusion was emplaced as a conduit system open for influx of melt with
signs of polybaric fractionation and assimilation. Zircon U-Pb geochronology yields an age of 2051 + 8 Ma,
interpreted to reflect magmatic crystallisation. Large variations in isotopic signature over decimetres to metres
indicate incomplete magma mixing. In bulk samples, eNd(t) ranges from —15 to 4. Zircon eHf(t) ranges from —14
to —1. Bulk 8Sr/%6Sr(t) shows an apparent range from 0.5041 to 0.7072: the anomalously low values and general
alteration indicates that 8’Sr/%°Sr is non-primary, whereas the less mobile Sm-Nd/ Lu-Hf systems are interpreted
to represent primary magmatic signatures. We ascribe the large variations in the Nd and Hf isotopic signatures to
local melting or dissolution of xenoliths and influx of variably contaminated melt into the semi-consolidated
Gallojavri magma chamber, consistent with a conduit model involving variable replenishment and crustal
interaction. The most evolved isotopic signatures cannot be accounted for by interaction with the local Archaean
basement, indicating the presence of unidentified crustal components at depth. The Géllojavri intrusion shows
many petrogenetic similarities to other c. 2.05 Ga (ultra)mafic intrusions in the Central Lapland Greenstone Belt.

1. Introduction

melts can significantly modify the magma composition.
The chemical and isotopic effects of assimilation on melts that pass

Magmatic plumbing systems represent highly dynamic environments
that often involve complicated multistage and polybaric evolutionary
histories. The compositional variations observed in lavas and related
subvolcanic cumulates reflect the complex interplay between physical
and chemical processes during magma generation, differentiation and
assimilation (Fowler et al., 2004; Orvik et al., 2022). For example, the
transport of magmas through the continental lithosphere offers ample
opportunities for thermal erosion and the subsequent addition of ana-
tectic melt and country-rock residue to a magma body that leads to
chemical contamination of a rock suite (Arndt and Jenner, 1986; Ding
et al., 2012; Fowler et al., 2004). Crustally derived anatectic melts
generally have distinctly different radiogenic and stable isotope ratios
from mantle melts (Peate et al., 2008). Therefore, the addition of crustal
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through the crustal column can provide important information about the
local crustal architecture (Dickin and Durant, 2002; Peate et al., 2008).
In addition, assimilation of country rock material is critical in generating
magmatic Ni-Cu-(PGE) sulphide deposits (Ding et al., 2012; Lesher,
2017, 2019), with channelised sills, tubes or blade-shape dykes char-
acterised by prolonged high-volume flow accounting for most of the
known host igneous bodies to significant ore deposits worldwide (Barnes
et al., 2016).

This contribution focuses on the Palaeoproterozic Géllojavri ultra-
mafic intrusion in Arctic Norway that forms part of the Karasjok and
Central Lapland Greenstone Belt (KCLGB), extending from Norway,
through Finland, into Russia, and contains several types of (ultra)mafic
plutonic bodies and coeval extrusive rocks (Fig. 1; Orvik et al., 2022). In
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Finland, the (ultra)mafic plutonic bodies, some with notable ore re-
serves, are grouped into three intrusive episodes at 2.44, 2.22 and 2.05
Ga (Hanski and Huhma, 2005, and references therein). Previous
geochronological and isotopic data are very few in the Karasjok area,
inhibiting the correlation with the northern Norwegian intrusions.

The Gallojavri intrusion represents a mid-crustal magma conduit that
funnelled coeval komatiites towards the surface. Previous thermody-
namic modelling has revealed a complex multistage magmatic history,
with magma injection(s), differentiation and assimilation at different
levels in the crust (Orvik et al., 2022). However, variations in mineral
and whole-rock geochemical composition forming the basis of the model
are not well suited to constrain the nature of the wall rock material or
melt recharges. To this end, we report new mineralogical, geochrono-
logical and isotopic data for the Gallojavri intrusion to test the current
petrogenetic model and to correlate the intrusion to other KCLGB ex-
amples. The data reveal large variations in isotopic signatures, typically
over small distances, that provide important information on the as-
sembly of the intrusion and shed light on the crustal architecture
beneath the Karasjok area.

2. Geological setting
The Gallojavri intrusion is located in the Karasjok Greenstone Belt

(KGB), the northernmost extension of the Central Lapland Greenstone
Belt (CLGB). Together, the KCLGB can be followed to Russian Karelia in
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the southeast, making it one of the largest Palaeoproterozoic greenstone
belts in the Fennoscandian Shield (Fig. 1B; Moilanen et al., 2021). The
KCLGB records a prolonged extensional regime (c. 2.45-1.92 Ga) with
volcano-sedimentary deposits on top of Archaean basement (Hanski and
Huhma, 2005), showing a gradual deepening of the rift-basin from
subaerial and shallow-water conditions to deeper-water conditions
(Hanski and Huhma, 2005; Moilanen et al., 2021).

The KGB rocks have been deformed and metamorphosed under
greenschist- to amphibolite-facies conditions (Braathen and Davidsen,
2000) and nonconformably overlie and are partly thrusted over the
tonalite-trondhjemite-granodiorite-granite (TTGG)-dominated Archae
an Jergul Gneiss Complex to the west (Fig. 1B & 2A). The variably
gneissic Jergul Gneiss Complex is of Karelian affinity and formed be-
tween c. 2.98 and 2.78 Ga (Bingen et al., 2015).

The lowest unit in the KGB lithostratigraphy is the Lavtevarri for-
mation consisting of a basal conglomerate underlying fine-grained
foliated amphibolites, metapelites and metakomatiites (Fig. 2B;
Braathen and Davidsen, 2000). The overlying Corga$ formation has a
lower portion of conglomerates, psammites and metapelites and an
upper section of shallow-marine sedimentary rocks and subaerial to
shallow-water mafic volcanic rocks (Fig. 2C; Barnes and Often, 1990;
Braathen and Davidsen, 2000; Stokmo, 2020).

The basal contact of the Brittdgielas formation with the underlying
Corgas formation consists of an extensive marble unit (Fig. 2D; Braathen
and Davidsen, 2000). The lower part of the Brittagields formation
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Fig. 1. (A) Sketch map of Scandinavia. The red box shows the location of the geological map in (B). (B) Simplified geological map showing the extension of the
greenstone belt and distribution of Palaeoproterozoic (ultra)mafic extrusive and intrusive rocks. The map is modified from Orvik et al. (2022), Bingen et al. (2015),
Hanski et al. (2001), Hanski and Huhma (2005), Puchtel et al. (2020), and based on Koistinen et al. (2001). (C) Sketch map of the Géllojavri ultramafic intrusion and
adjacent intrusive rocks modified from Henriksen (1986) with the location of drill hole 03GD002 and other holes intercepting the Gallojavri intrusion (red dots).
Abbreviations: Norway (NOR), Sweden (SWE), Finland (FIN), Kautokeino Greenstone Belt (KkGB), Karasjok Greenstone Belt (KGB) and the Central Lapland
Greenstone Belt (CLGB). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The lithostratigraphy of the Karasjok Greenstone belt, modified from
Orvik et al. (2022) and Hansen et al. (2020).

comprises calc-alkaline metavolcanic rocks and kyanite-bearing mica
schists and an upper portion of layered amphibolites. Four 70 m-thick
units of metakomatiite also distinguish the Brittdgielas formation
(Barnes and Often, 1990; Braathen and Davidsen, 2000). Metakomatiitic
and volcanoclastic rocks dominate the upper Fossestrand formation
(Fig. 2E; Stokmo, 2020). The lower portion comprises pillowed lavas
that underlie lava flows and agglomerates. Mafic plutonic bodies have
also been identified within the Fossestrand formation (Braathen and
Davidsen, 2000).

Ultramafic to mafic intrusions are common in the Corgas formation.
Several of these host Ni-Cu-PGE mineralisations and have drawn the
interest of exploration companies, most notably the Karenhaugen-,
Porsvann- and Géllojavri intrusions (Eilu, 2012). There are no published
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ages for these intrusions. However, carbon isotope chemostratigraphy
on carbonates within the Corgas formation suggests a depositional age
between c. 2.22 and 2.14 Ga (Melezhik et al., 2015). Bearing in mind
that the (ultra)mafic intrusions of the KCLGB are interpreted to have
formed in separate magmatic episodes at c. 2.44, 2.22 and 2.05 Ga
(Hanski and Huhma, 2005), the maximum age provided by the isotope
chemostratigraphy implies that the intrusions in the Corga$ formation
are part of the youngest group (Orvik et al., 2022).

3. The Gallojavri intrusion

The Gallojavri intrusion is a small and variably altered ultramafic
body with a north-south elongation (Fig. 1C). The intrusion crops out
over an area of about 2.3 km?, but is likely larger, as observed in mag-
netic- and gravimetric anomaly maps (Skaar, 2014). The apparent
magmatic differentiation observed in drill cores is concordant to semi-
concordant with the surrounding foliation, implying a sill-like intrusion.

A petrogenetic model for the Gallojavri intrusion, based on whole-
rock geochemistry, mineral chemistry and thermodynamic modelling,
was presented by Orvik et al. (2022). Here, we restate some of the key
aspects of the model. The reader is encouraged to consult the more
extensive discussion in the original publication for further details.

The Géllojavri intrusion represents a mid-crustal magmatic body. It
is part of a plumbing system that channelled komatiitic melts spatially
(and temporally) associated with the Gallojavri intrusion towards the
surface. Chemically, the cumulate rocks of the intrusion have high
LREE/HREE and LREE/HFSE ratios and negative Nb-Ta anomalies,
which suggest a significant contribution from LREE-enriched continen-
tal crust. Moreover, trace element indicators of crustal assimilation are
uniform, implying that the assimilation occurred in a staging chamber.
Thermobarometric estimates strengthen this interpretation with pres-
sure estimates clustering at c. 400 MPa but extending towards c. 700
MPa.

The thermodynamic modelling demonstrated that the local Karasjok-
type komatiite (Barnes and Often, 1990) is a likely parental melt
analogue. The primitive komatiite first intruded the lower Archaean
crust, where the melt fractionated and assimilated anatectic melt from
its host rocks. In the second stage, the hybrid melt migrated to the
middle crust and continued to fractionate and assimilate crustal mate-
rial. The modelling revealed that the Gallojavri intrusion represents an
open magmatic system requiring at least one recharge event to replicate
the phase equilibria and thermobarometric estimates (Orvik et al.,
2022).

4. Methods
4.1. Magma chamber simulator

The Magma Chamber Simulator (MCS; Bohrson et al., 2014) is an
energy- and mass-constrained model that quantifies the phase, thermal
and compositional evolution of a multiphase-multicomponent system of
a fractionally crystallising resident magma body (melt + solid + fluid),
coupled with wall rock and multiple recharge reservoirs (Bohrson et al.,
2020; Heinonen et al., 2020). The MCS uses the family of MELTS engines
(Ghiorso and Gualda, 2015; Ghiorso et al., 2002; Ghiorso and Sack,
1995; Gualda et al., 2012) to quantify phase equilibria in the different
subsystems separated by thermodynamic boundaries capable of trans-
ferring heat and mass (Bohrson et al., 2014; Heinonen et al., 2020). The
phase equilibria of the magmatic subsystems at given P-T conditions are
controlled by the major (+minor) element composition and the ther-
modynamic properties of the liquid + solid + fluid phases present.

The MCS quantifies these parameters in an isobaric resident magma
chamber. It evolves in temperature decrements while being open to the
assimilation of anatectic melts and the influx of recharge melts. In the
MCS, self-consistent thermodynamic modelling traces the thermal, mass
and compositional evolution of the multicomponent-multiphase system
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of the resident magma, wall rock and recharge reservoir by coupling the
subsystems thermodynamic output with an executive Excel visual basic
program (MCS-PhaseEQ; Bohrson et al., 2014). For more information on
the use and design of the modelling tool, we refer to several articles
introducing MCS (e.g., Bohrson et al., 2014; Bohrson et al., 2020; Hei-
nonen et al., 2020; Heinonen et al., 2021; Heinonen et al., 2019) and the
prior application to the Gallojavri intrusion (i.e., Orvik et al., 2022).

4.1.1. Magma chamber simulator: Trace elements and isotopes

In general, trace elements are too diluted to be primary stoichio-
metric constituents of magmatic phases and do not influence the phase
equilibria (Hanson, 1989; Hanson and Langmuir, 1978). The distribu-
tion of trace elements is described by the partition coefficient (Ksp,),
which is the ratio of the concentration of an element in a solid phase
versus the concentration in melt (Heinonen et al., 2020). In fractionating
magmatic systems, multiple solid phases often crystallise simulta-
neously. In these cases, the bulk partition coefficient (Dg;,) describes the
chemical fractionation; that is, the sum of phase-specific K, scaled by
the mass fraction of each solid phase.

Since trace elements are too dilute to influence phase equilibria, they
are treated separately in MCS using the MCS-Traces tool (Bohrson et al.,
2014). However, information on the composition and relative quantities of
stable phases in magmatic systems are necessary to calculate Dgp,. There-
fore, the detailed modelling of trace elements (and isotopes) is impossible
without recording major (+minor) element phase equilibria and mass
fractions with the MCS-PhaseEQ tool. MCS-Traces uses the primary output
of the MCS-PhaseEQ and reads it as the step-wise progression of the
magmatic system (Bohrson et al., 2014; Heinonen et al., 2020). The MCS-
Traces tool calculates isotopic ratios and trace element concentrations for
each step defined in the primary MCS-PhaseEQ output. Additional input
necessary to complete these calculations includes K, for each relevant
phase and element and initial trace element concentrations and isotopic
compositions for the melt and wall-rock reservoirs. The recharge reservoirs
require only the initial trace element concentrations and isotopic ratios
(Bohrson et al., 2014). For more information on the design and operational
details of MCS-Traces, we refer to the introductory articles of Bohrson et al.
(2014) and Heinonen et al. (2020).

4.2. Analytical methods

Thirteen samples selected from drill core 03GD002 (Fig. 1C; collar
coordinates (DMS): N 69° 37’ 51.0672, E 25° 23’ 3.9948) were mineral-
ogically characterised with X-ray Diffraction (XRD) and analysed for
whole-rock Sr and Nd isotope compositions. Zircon from four of the 13
samples was prepared for in-situ U-Pb geochronology, trace element and Hf
isotope characterisation. A detailed description of sample preparation and
analytical methods is provided in Electronic supplement (ES) 1.

5. Sample petrography

Fig. 3 shows the CIPW normative mineralogy calculated from major
element whole rock data (ES-2) and a simplified lithological log (Orvik
et al., 2022). The labelled diamonds to the right in the figure give the lo-
cations of the samples analysed in this study. In cases where we can infer
protolith lithology, we omit the prefix ‘meta’ for metamagmatic rocks, but
note that all investigated rocks have been metamorphosed under greens-
chist and amphibolite facies and undergone variable low-temperature
alteration.

The lower part of the drilled section consists of a coarse-grained and
variably altered olivine-pyroxene cumulate unit. Sample 628, located in
the lower end (Fig. 3), is an orthocumulate with inequigranular olivine (c.
1-4 mm), orthopyroxene (c. 1-7 mm) and clinopyroxene (1-3 mm)
(Fig. 4A). The olivine (c. 40-50 modal%) has a forsterite content of c. 81 %
(Orvik et al., 2022) and is present as moderately serpentinised inclusions in
the pyroxenes. Orthopyroxene (c. 20-30 %) is subhedral to anhedral,
commonly with chaddacrysts of clinopyroxene, olivine and spinel
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Fig. 3. Downhole CIPW normative mineralogy calculated from the major
element whole-rock data of Orvik et al. (2022). Abbreviations: gabbro (GB),
metasedimentary rocks (MS), pyroxenite (PX), olivine pyroxenite (OLPX),
olivine (Ol), clinopyroxene (Cpx), orthopyroxene (Opx), quartz (Qtz) and
plagioclase (P1). The ‘others’ category includes normative hematite, orthoclase,
sphene, corundum, pyrite, ilmenite, apatite, rutile, perovskite and nepheline.

(Fig. 4B). The clinopyroxene (10-20 %) is mostly interstitial and anhedral,
but some examples of subhedral cumulus crystals exist (Fig. 4A). Addi-
tional interstitial minerals include primary amphibole and saussuritised
plagioclase.

Sample 622 is located in the middle of the olivine-pyroxene unit
(Fig. 3). The sample is strongly altered with uralised pyroxenes and ser-
pentinised olivine, making any petrographic evaluation of modal miner-
alogy or primary features difficult (Fig. 4C). Relict minerals of olivine (1-3
mm) and orthopyroxene (1-2 mm) indicate a slightly finer grain size than
in sample 628. No relict clinopyroxene was observed in thin section and it
is likely completely replaced by amphibole.

At the top of the olivine-pyroxene unit, sample 617 (Fig. 4D) represents
a slightly altered mesocumulate of clinopyroxene (40-50 %), olivine
(20-30 %) and orthopyroxene (10-20 %). Clinopyroxene has a variable
grain size of 0.5-3 mm and is subhedral to anhedral. The smaller subhedral
grains are present as chadacrysts in lager orthopyroxene. Olivine is ineg-
uigranular with grain sizes of 1.5-3.5 mm and is partly serpentinised,
showing mesh texture. Orthopyroxene grains (1.0-3.5 mm) are subhedral
to anhedral; the largest grains are typically poikilitic with clinopyroxene
inclusions (Fig. 4D). Plagioclase is the main interstitial mineral together
with accessory phlogopite.

Samples 620 and 621 were collected from two closely spaced zones
(marked amphibolite in Fig. 3) because of elevated Zr concentrations of
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oL

Fig. 4. Sample micrographs and images from this study. (A) Olivine-pyroxene orthocumulate. The red arrow points to subhedral cumulus clinopyroxene. (B) Large
orthopyroxene with clinopyroxene chadacrysts. Note rounded olivine inclusion in interstitial clinopyroxene. (C) Extensively altered olivine-pyroxene cumulates with
some relict olivine and orthopyroxene present. (D) Olivine-pyroxene mesocumulate with interstitial clinopyroxene and plagioclase. The orthopyroxene is poikilitic
with chadacrysts of clinopyroxene. (E) Core section showing the location of samples 620 and 621. (F) Pyroxenite where secondary amphiboles completely replace the
primary pyroxene. The stippled areas are thought to represent the relict outline of primary pyroxene. (G) Gabbro consisting of seriticized plagioclase, secondary
amphibole and biotite. (H) Intergranular gabbro with partly seriticized plagioclase, secondary amphibole and sagenitic biotite. (I) Metasedimentary xenolith. (J)
Hybrid intergranular gabbro with a rounded xenolith (outlined). (K) intergranular dolerite dyke. Abbreviations: cross-polarised light (XPL), plane-polarised light
(PPL), olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), plagioclase (P1), amphibole (Amp), tremolite (Trm), serpentine (Srp), chalcopyrite (Ccp), pyrite (Py),
pentlandite (Pn), biotite (bt), quartz (Qtz), muscovite (Ms) and chlorite (Chl). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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c. 150 ppm (ES-2; Orvik et al., 2022). These zones show gradual contact
with the surrounding olivine pyroxenite unit and are extensively met-
asomatically altered (Fig. 4E), having 20-22 wt% MgO, 3.0-3.3 wt%
K20 and 152-165 ppm Rb. The samples are classified as amphibolites
based on the XRD-determined mineralogy presented in the following
section (Table 1). No thin sections were made from these sections
because of the general alteration.

The coarse-grained olivine pyroxenite unit below grades into a
medium-grained pyroxenite above (Fig. 3). The pyroxenites are charac-
terised by a lack of normative olivine, disseminated sulphides and a near-
complete replacement of primary silicate minerals by green amphibole,
chlorite and biotite. In sample 614, some relict pyroxene outlines indicate a
grain size between 0.8 and 2.3 mm (Fig. 4F). Upward, the pyroxenites
grade into gabbro with interstitial plagioclase. The plagioclase is largely
replaced by saussurite, and the primary ferromagnesian minerals are
completely replaced by green amphibole (Fig. 4G). The gabbro is less
altered at the top of drill core 03GD002, with a primary intergranular
texture. In sample 603 (Fig. 3), saussuritised plagioclase (30-40 %) laths
1-2 mm long enclose secondary amphibole, chlorite and sagenitic biotite
(Fig. 4H).

Between c. 16 and 25 m, the drilled section consists of a xenolithic
block of metasedimentary rock (Fig. 3). The section is dominated by
plagioclase and quartz (60-80 modal%) with a grain size of c¢. 100-400 pm,
with bands of chlorite, biotite, muscovite and amphibole (Fig. 41).

Above the metasedimentary rocks, the gabbro is hybrid and contains
minor, partly consumed xenoliths (Fig. 4J). The hybrid gabbro sample 608
is intergranular with partly saussuritised plagioclase (30-40 %) laths be-
tween 200 and 800 pm long. The granules consist of secondary amphibole,
chlorite and biotite. The included xenoliths have transitional contacts with
the surrounding gabbro and contain c. 70 % fine-grained (c. 50-150 pm)
granoblastic plagioclase and quartz, the remaining being amphibole and
biotite.

Dykes are common in all the drill cores (Orvik et al., 2022). Samples
625 and 626 were collected from a c. 4 m-thick dolerite sheet with sharp
contacts. The dolerites have an intergranular texture with partly saussuri-
tised plagioclase (30-40 %) measuring from 200 to 500 pm in length. The
granules consist of c. 10 % clinopyroxene, c. 3 % ilmenite, and the
remaining being secondary amphibole and chlorite (Fig. 4K).

6. Results
6.1. XRD-results

Table 1 shows the major phases identified with XRD (>1 wt%). The
complete phase list and diffractograms are presented in ES-3. The
magmatic lithologies have suffered moderate to severe alteration with

secondary minerals () amphibole + muscovite + chlorite + talc +
serpentine) in the range 11-98 wt% (Table 1).

Table 1
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6.2. Geochronology

Fig. 5 presents the U-Pb zircon geochronological data in Tera-
Wasserburg diagrams. In Fig. 5A-D, the 20 data-point error ellipses are
colour scaled by the estimated common lead concentration. Electronic
supplement 4 gives the complete dataset with cathodoluminescence
(CL) images of zircon crystals. All ages are quoted with 26 uncertainties.

Sample 609 is a metamorphosed feldspathic sandstone that hosts the
Gallojavri intrusion. The sample comprise 48 % plagioclase, 31 %
quartz, 7 % muscovite, 5 % biotite and 3 % diopside (Table 1). The
zircon grains from this sample are c. 50-180 pm, anhedral and sub-
rounded to stubby with aspect ratios between 1:1 and 3:1. The zircons
are generally dark in CL, although some grains have cores with faint to
strong oscillatory zoning suggesting a magmatic origin (ES-4). Other
grains have dark and homogenous cores with CL-bright rims; however,
core-mantle relationships are not ubiquitous. Some of the larger stubby
to slightly elongated zircon grains show no apparent discontinuity be-
tween core and rim. Fifteen of the 24 analyses are >90 % concordant
and have 207Pb/2%Pb ages between 3022 + 34 and 2652 + 36 Ma. The
majority (50 %) of the 2°7Pb/2%Pb ages in concordant zircons are be-
tween 2845 + 34 and 2746 + 34 Ma. The discordant zircon analyses lie
close to a discordia with an imprecise lower intercept of 528 + 120 Ma
(N =24 & MSWD = 17; Fig. 5A), interpreted to reflect Caledonian lead
loss.

Sample 603 is a coarse-grained intergranular gabbro, where sec-
ondary minerals largely replace the primary ferromagnesian minerals
(Fig. 4H, Table 1). The zircon grains from this sample are c. 70-440 pm
and subhedral. They are commonly needle-shaped acicular with aspect
ratios up to 5:1 (ES-4). The highly elongated grains are characteristic of
rapid growth (Corfu et al., 2003). The zircon grains are dark in CL, some
with faint oscillatory or lengthwise zoning along the c-axis. Many of the
grains have homogenous or mottled CL textures. There is significant
variation in the U-Pb isotopic composition of the 24 analyses, and only
two zircons have estimated common lead concentrations <0.5 %. The
highest common lead concentrations are in grains with mottled or dark
CL textures. Common lead is positively correlated with (La/Sm)y (R ~
0.8), indicating metasomatic loss of Pb and gain in LREE. Calculating a
discordia from 9 zircons with c. 1 % common lead or less gives upper and
lower intercept ages of 2075 + 16 and 368 + 24 Ma (MSWD = 0.94),
interpreted to reflect magmatic crystallisation and likely Caledonian Pb
loss, respectively.

Sample 620 is an amphibolite where secondary minerals have
entirely replaced the primary mineralogy (Table 1). The zircon grains
from this sample are c. 80-240 pm, subhedral, stubby to prismatic with
aspect ratios between 1:1 and 3:1. The zircons are dark in CL, some with
faint oscillatory zoning (ES-4). Despite the general alteration of sample
620, the zircon grains have lower estimated concentrations of common
lead (<3.5 %) compared to sample 603. Calculating a discordia based on

Major phase XRD results (i.e. phase > 1 wt%) for samples analysed in this study. Lithological abbreviations: gabbro (GB), hybrid gabbro (HGB), metasediments (MS),
ultramafic cumulate (UMC), amphibolite (AMP) and dolerite (DOL). Mineral abbreviations: quartz (Qz), plagioclase (P1), olivine (Ol), diopside (Di), enstatite (En),
biotite (bt), hornblende (Hb), kalifeldspar (Ksp), muscovite (Ms), chlorite (Chl), serpentine (Srp), magnetite (Mgt) and tremolite (Tr).

Sample Depth (m) Rock Qz Pl ol Di En Bt Hb Ksp Ms Chl Tle Srp Mgt Tr Tot
603 7.6 GB 6 19 2 4 62 2 4 99
608 16.1 HGB 24 32 2 5 26 9 99
609 23.6 MS 31 48 3 5 7 5 99
610 25.3 GB 3 13 28 12 1 35 4 2 98
614 29.5 UMC 96 2 3 100
617 50 UMC 8 46 35 7 2 1 100
618 64.3 UMC 13 4 83 99
620 72.6 AMP 20 68 7 4 99
621 73.1 AMP 19 69 7 3 3 100
622 76.5 UMC 6 5 9 4 4 73 100
625 97 DOL 2 25 24 37 2 4 4 99
626 97.4 DOL 25 25 38 4 2 5 99
628 109.5 UMC 15 26 39 2 7 10 100
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Fig. 5. U-Pb zircon geochronology. All the Tera-Wasserburg diagrams were created with Isoplot 4.15.11.10.15 using decay constants Ay3g = 1.55125 x 10° and
hags = 9.8485 x 1071%. (A) Metasediment wall-rock sample 609. (B) Gabbro sample 603. One outlier with 91 % common lead and a 207pt, /206p, age of c. 5418 + 30
Ma (i.e. 603-15; ES-4) is omitted from the diagram. (C) Amphibolite sample 620. (D) Amphibolite sample 621. (E) shows a Tera-Wasserburg diagram with a discordia

calculated by combining the magmatic zircon from the different samples.

24 analyses from 24 individual grains gives upper and lower intercept
ages of 2041 + 16 and 289 + 33 Ma (MSWD = 2.8). The high MSWD
indicates statistically significant deviation from linearity. Calculating a
discordia based on 17 zircons with less than c. 1 % common lead gives
upper and lower intercept ages of 2055 + 13 and 545 + 91 Ma (MSWD
= 0.63; Fig. 5C), interpreted to reflect magmatic crystallisation and
possibly Caledonian Pb loss, respectively.

Sample 621 is a amphibolite that resembles sample 620 chemically
and mineralogically (Table 1). The primary mineralogy has been
replaced entirely by secondary minerals. The zircon grains in this sample
are c. 70-200 pm with aspect ratios between 1:1 and 3:1. The
morphology of the zircon grains varies from anhedral to subhedral,
subrounded or stubby to prismatic. The zircons are dark in CL, but some
have brighter cores (ES-4). Some zircons are homogeneous and have

faint oscillatory zoning from centre to rim, while others have rounded
cores. Fig. 5D shows the 24 analyses from 23 zircon grains and shows
that the sample contains two zircon populations. Regressing the indi-
vidual populations of zircon with less than c. 1 % common lead gives one
discordia with upper and lower intercept ages of 2832 + 90 and 487 +
100 Ma (MSWD = 17; N = 7) and another with upper and lower in-
tercepts of 2051 + 19 and 369 + 120 Ma (MSWD = 0.79; N = 8). The
lower intercepts are interpreted to reflect Caledonian Pb loss. The dis-
cordia with an upper intercept of 2832 + 90 Ma is similar to the detrital
zircon of sample 609, indicating that these zircons are inherited. The
high MSWD likely reflects the zircon grains’ variable provenance
(detrital). Only five xenocrystic zircons are > 90 % concordant with
207pp, /206ph ages between 2912 + 38 and 2720 + 38 Ma. The discordia
with an upper intercept age of 2051 + 19 Ma is consistent with the
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discordia ages of the magmatic zircons of sample 620 and 603 and likely J
reflect primary magmatic crystallisation. < S S et S O ==
The three U-Pb discordia ages from magmatic zircon range between <
2051 + 19 and 2055 + 13 for the amphibolite samples and 2075 + 16 o E
Ma for the gabbro. The ages are statistically similar, and we cannot £ o
resolve a difference within a 26 uncertainty. A combined regression of & §°
magmatic zircon analyses from all three samples with < 1 % common 3 S J3 8% 3 %
lead (N = 34) gives a well-defined discordia with upper and lower in- =
tercepts of 2051 + 8 and 391 + 42 Ma (MSWD = 1.3; Fig. 5E), taken P §
here as the age of crystallisation of the Gallojavri intrusion. = N @ mn a2
= L TR o B B 1 ;
6.3. Zircon Lu-Hf isotope data %
2 &
Electronic supplement 5 presents the 55 in-situ Hf isotope analysis g §
gathered from 54 zircon crystals selected from the four geochronology § T B T
samples. Fourteen of the 55 analyses have propagated 2c 17°Hf/!7’Hf = - cos e e :f
uncertainties above 5 e-units and are therefore omitted from further e =
reporting below. The initial epsilon Hf (¢Hf,) is calculated relative to the 5 é SN S99 0g ®3
upper intercept ages (c.f. Fig. 5). The eHf; of xenocrystic and detrital lfc
zircon is calculated with the 2°7Pb/2%°Pb ages if < 10 % discordant; s ¢ ~wo o 8
otherwise, initial values are relative to the upper intercept discordia age g Nog @ S" ¥ §
(2832 Ma) for xenocrystic zircon in sample 621. X
The nine zircon crystals analysed for Hf isotopes in the metasedi- . ‘ﬁ
mentary sample 609 show a range of e¢Hf; from —6.1 to 2.4, with a £ b
median value of 0.3 (Table 2). Except for the least radiogenic zircon, the Sl 4 e o= «ff
values plot within the 3.0 and 3.5 Ga average crustal reference lines ] coog9 -9‘ “ %
(*”Lu/Y7Lu = 0.015) in the Hf isotope evolution plot (Fig. 6). ° g
The ten xenocrystic zircons in sample 621 overlap with the detrital - 5’
zircons of sample 609 in Fig. 6, with eHf; from —3.6 to 4.6 and a median B 2 2 38 zZ|+&
of 1.1 (Table 2). The four zircon grains from sample 621 interpreted to = b 2
be magmatic have eHf; from —14.4 to —10.0 and median of —10.6. These E
values overlap with sample 620, which has eHf; values from —11.5 to o ‘§
—8.2 and a median value of —10.2. As for sample 621, it is noteworthy E =
that these magmatic zircon grains indicate strong crustal involvement é" :‘J 2‘ ; g ; §
despite being collected from highly magnesian and LREE-depleted = b % <
samples (see below). @ ‘5
The gabbroic sample 603 hosts the most radiogenic magmatic zir- e I TR _E
cons identified in the Gallojavri intrusion (Table 2), although significant TS ! T I g s
crustal involvement is still indicated by eHf; from —7.5 to —1.4 with a g )
median of —3.0 (Fig. 6). Two-stage depleted mantle model ages (Tpy) 5 8 88 8 g ﬁ
calculated relative to a depleted mantle model reservoir with present- >< % % 2% =3 =
day Y78Hf/77Hf = 0.28325 and 7%Lu/Y’Hf = 0.0384 and a crustal s/ 3 3 s3 3 & S
average 17%Lu/Y77Hf = 0.015 (Griffin et al., 2002; Griffin et al., 2000; ® =
Nowell et al., 1998) gives Tpy from c. 2.7 to 3.1 Ga, as opposed to zir- o ‘E '%
cons of the amphibolite samples giving model ages from c. 3.1 to 3.5 Ga. § B 2 98 @ -% §
6.4. Zircon trace element concentrations @ s oS <S5 o E &
< g
=
Electronic supplement 6 presents the complete in-situ zircon trace g 8 5 g’ 5 TE g
element dataset. Although positively sloping, chondrite-normalised REE g 2 83 2% B|ea
patterns characterise all samples, there is a relatively large variation = s ° So S|t a
between the samples and within a sample population. Therefore, we '% £
restrict further reporting on the trace element compositions to the 25 % 3 =) =
and 75 % percentiles. sl &8 % 82 8 go 3
While overlapping in ¢Hf; and age in Fig. 6, the detrital- and xen- sl & 8 33 8| g«
ocrystic zircon grains of samples 609 and 621 have distinctly different El- s e °= < é E
light- to middle-REE (L-/MREE) characteristics (Fig. 7A). Both zircon g E} o
populations have positive Ce anomalies and similar (La/Sm)y-ratios of b & % E S E g g ;’J
0.2-0.4 and 0.1-0.3 for 609 and 621, respectively. However, the xen- §‘ } é § § § § § _E g
ocrystic zircons of sample 621 have an order of magnitude higher LREE 2 ; Z 2
concentrations. The xenocrystic zircon is also distinguished by a positive E 2 & el
Eu anomaly ranging from 1.2 to 7.4. A slightly negative Eu anomaly Flale . os - Eoﬁ
characterises the zircon of sample 609 (c. 0.6-1.1). E E % g g :E
The magmatic zircons of samples 603, 620 and 621 overlap in REE N g g g 2 £ 9 = S 55‘ g &
diagrams and are not easily distinguished (Fig. 7B). The magmatic zir- % E E § © ‘:3: ©Fov el & g
cons from sample 621 show the largest variation and are distinguished Eal° A = =
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Fig. 6. Hf isotope evolution plot for the Gallojavri zircons. The isotope tra-
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by no to positive Eu anomalies (0.9-4.5); the other populations have
negative Eu anomalies. The gabbroic zircons of sample 603 show the
least variation with slightly higher heavy (H) REE concentrations.

6.5. Whole-rock Rb-Sr isotopes

The Rb-Sr isotope ratios are presented in Table 3 and Fig. 8. The
initial Sr (Sr;) compositions are calculated with a formation age of 2.05
Ga, except for the metasedimentary sample (609) calculated with the
sample-specific zircon U-Pb age of 2.82 Ga (see Fig. 5A).

The hybrid gabbro (608) and metasedimentary rock (609) have the
highest Sr; compositions, with 0.70717 and 0.70709, respectively. There
is considerable variation in Srj composition of the other magmatic rocks
of the Gallojavri intrusion. The two gabbro samples range from 0.70002
(610) to 0.70477 (603). This range envelops the ultramafic cumulates
with Srj from 0.70204 to 0.70413, excluding 618 that has Sr; like the
hybrid gabbro.

It is unlikely that sample 618 represents a closed system with respect
to Sr as it is altered to a mineralogy dominated by tremolite and chlorite
(Table 1). The two amphibolite samples (620 and 621) present clear
evidence of Rb-Sr mobility with extremely high Rb concentrations (152,
165 ppm), present-day 8’Rb/%Sr ranging from 27.1 to 28.2, and Sr;
initial ratios between 0.50410 and 0.57873; judging from mineralogy
(Table 1), these values cannot represent primary magmatic ratios. The
two dolerite samples also have unusually low Srj of 0.69192-0.69335,
with mineral asseblages that indicates some alteration (Table 1). We
note some uncertainty regarding the Sr; of the dolerite dykes since we do
not have a direct age. Regressing the magmatic whole-rock samples,
excluding the hybrid gabbro, dolerite dykes and amphibolite sample 621
that contains abundant xenocrystic zircon, gives an errorchron age of
1691 + 11 Ma (MSWD = 9) with a Sr; of 0.7052 + 0.0015 (Fig. 8).
Despite the poor fit of the regression, the errorchron age might indicate
when the Gallojavri Rb-Sr system was altered.

6.6. Whole-rock Sm-Nd isotopes

The whole-rock Sm-Nd isotope data are presented in Table 4 and
Fig. 9, together with data compiled from the literature. As for Srj, all
eNd; values are calculated with a formation age of 2.05 Ga, except for
the metasedimentary sample using the sample-specific zircon U-Pb age
of 2.82 Ga. The compiled data presented in Fig. 9 have eNd; calculated
relative to the ages provided from the original references.

The magmatic whole-rock samples range about 19 e-units, from
—14.8 to 4.0 (Table 4). The ultramafic cumulates display the largest
range from the most juvenile sample 622 (eNd; = 4.0) to 617 with an
eNd; of —10.1. The eNd; of sample 617 is less radiogenic than the
extrapolated Nd isotope evolution trend of the metasedimentary sample
(bold marked line in Fig. 9) and the exposed KGB Archaean basement,
the Jergul Gneiss Complex (dark grey field; Fig. 9). The eNd; of the two
gabbro samples is consistent with the Sr isotopic data in that 610 is the
most juvenile with an eNd; of 2.5 and 603 being more evolved with an
eNd; of —1.4. The two dolerite samples have a narrow range close to that
of sample 610, with eNd; = 2.7-2.9. The ¢Nd, of the hybrid gabbro (608)
is —5.4, close to the Nd isotope evolution trend of the metasedimentary
host rock (Fig. 9). There is an almost ten e-unit difference between the
two amphibolite samples, ranging from —14.8 to —5.0 for 620 and 621,
respectively. Sample 621 host a large amount of inherited zircon (see
Fig. 5D) and plots close to the hybrid gabbro and the Nd evolution trend
of the metasedimentary host rock (Fig. 9). Sample 620 has the most
unradiogenic Nd composition of the dataset and plots well below the Nd
isotope evolution trend of the local crystalline basement (Fig. 9).

6.7. Variation through the drill core

Fig. 10 shows the downhole variation in MgO wt.%, Nb/Th, eNd
(2.05 Ga) and ®Sr/%6Sr (2.05 Ga) in drill core 03GD002. Whole-rock
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Table 3
Whole-rock Rb-Sr isotope data.
Sample no. Rb (ppm) Sr (ppm) 87Rb/%6Sr 87gr/86sr + 2 Age (Ma) 878r/56sr(t)
Gabbro
603 31.8 230 0.4005 0.716370 0.000008 2050 0.704768
610 26.8 109 0.7125 0.720658 0.000011 2050 0.700017
Hybrid gabbro
608 49.5 289 0.4964 0.721547 0.000006 2050 0.707167
Dolerite
625 46.1 174 0.7674 0.715577 0.000015 2050 0.693346
626 55 168.5 0.9458 0.719319 0.000014 2050 0.691921
Amphibolite
620 165.5 18.8 27.1160 1.364232 0.000013 2050 0.578731
621 152.5 16.6 28.1838 1.320531 0.000016 2050 0.504099
Ultramafic cumulate
614 2.6 13 0.5795 0.718823 0.000013 2050 0.702036
617 2.9 28.3 0.2967 0.710861 0.000009 2050 0.702267
618 1.7 19.7 0.2499 0.713758 0.000012 2050 0.706519
622 1 14.6 0.1983 0.709876 0.000013 2050 0.704132
628 3.2 22.2 0.4175 0.715386 0.000019 2050 0.703291
Metasediment
609 63.4 298 0.6172 0.731825 0.000010 2821 0.707087
suggesting uniform crustal contamination, but have eNd; between —10.1
16 ¢ Dolerite and +4 (Fig. 9). In the case of the dolerite samples, the positive eNd,
2 ggglg:iogabbro correlates with the highest Nb/Th ratios in the dataset. The amphibolite
1.4 | @ Ultramafic cumulate samples, however, also have high Nb/Th ratios but low to very low eNd,
" | & Amphibolite values. In addition, the amphibolite samples and the most juvenile ul-
< Metasediment tramafic cumulate sample (622) reveal highly localised variation in
o 12 isotopic composition (Fig. 10). Fig. 4E shows the full range in Nd isotope
g) composition within a core interval of c. 4 m.
e, 1.0 . ‘
o 7. Discussion
N~
*° 08
We interpret the upper intercept age of 2051 + 8 Ma to correspond to
0.6 crystallisation of the Gallojavri intrusion (Fig. S5E), similar to a
geographically widespread c. 2.05 Ga group of (ultra)mafic intrusions
0.4 and dykes in the Karelian province. In the Finnish CLGB, the c. 2.05 Ga
' group of layered intrusions locally cluster in the volcano-sedimentary
02 04 06 08 10 Savukoski Group and consists of the 2063 + 35 Ma Sakatti intrusion
0 10 20 30 (re-Os isochron; Moilanen et al., 2021), the 2058 + 4 Ma Kevitsa

%Rb/*Sr

Fig. 8. Rb-Sr isochron diagram for whole-rock samples. For visibility, the
lower-right isochron inset shows samples with 8’Rb/%6Sr < 1. The errorchron
(MSWD = 9.0) giving an age of 1691 + 11 Ma and an initial ”Sr/®Sr of 0.7052
+ 0.0015 includes the eight samples marked with ‘x’.

geochemistry for the samples in question is presented in ES-2, acquired
from Orvik et al. (2022). From top to bottom in the drill core, the
magmatic samples show increasing MgO (from 4 to 29 wt%) and uni-
formly low Nb/Th-ratios (c. 0.8-2.0). The low Nb/Th values are similar
to the crustal average (~2.3; Weaver and Tarney, 1984) and may indi-
cate significant contamination. The amphibolite and dolerite samples
diverge from this generalisation (Fig. 10). The amphibolite samples (i.e.
620 and 621) are texturally dissimilar from the surrounding ultramafic
cumulate rocks but without distinct sharp boundaries. We note that the
broken-up core makes definite contact relationships less clear (Fig. 4E).
These samples have MgO in the range of 19-20 wt% and higher Nb/Th-
values between 4.0 and 5.3. The dolerite samples are acquired from a
fine-grained discontinuity (sheet) in the core and have MgO concen-
trations of c. 6 wt% with higher Nb/Th ratios in the range 5.5-6.0
(similar to primitive mantle Nb/Th ~ 8; Sun and McDonough, 1989).
The whole-rock isotopic data present a different and more compli-
cated picture than the major- and trace elements (Fig. 10; c.f. Orvik
et al., 2022). The large variation in Nd isotopic composition does not
correlate with Nb/Th-ratios and shows erratic variation with depth. For
example, the ultramafic cumulate samples have Nb/Th of 1.5 + 0.3,

10

intrusion (U-Pb zircon; Mutanen and Huhma, 2001), the 2039 4+ 14 Ma
Moskuvaara intrusion (U-Pb zircon; Huhma et al., 2018), the 2035 + 8
Ma Puijérvi gabbro and the 2025 + 8 Ma Satovaara gabbro (average Pb-
Pb; Huhma et al., 2018). If the Corgaé formation-hosted Karenhaugen
and Porsvann intrusions have similar ages to the Gallojavri intrusion, the
c. 2.05 Ga (ultra)mafic intrusions likely extend throughout the KCLGB.

Considering Rb-Sr mobility, regional metamorphic history and the
general alteration of the Gallojavri intrusion, the Rb-Sr isotope ratios are
unlikely to represent primary magmatic ratios. The errorchron age of
1691 + 11 Ma in Fig. 8 probably points to the timing of metamorphic
overprinting and alteration and, although both age and significance
remain speculative, we note that it broadly corresponds to hydrothermal
activity, deformation and intrusion of pegmatite elsewhere in northern
Fennoscandia (Bergh et al., 2015; Romer, 1996).

The two more immobile isotope systems (i.e., Lu-Hf and Sm-Nd) are
more likely to represent primary magmatic ratios. The eHf; magmatic
zircon sample medians range from c. —11 to —3, with model ages be-
tween 2.8 and 3.3 Ga, implying a significant Archaean crustal contri-
bution (Fig. 6). Crustal interaction is also evident from abundant
xenocrystic zircon in sample 621 with Pb-Pb ages similar to the detrital
zircon grains of sample 609. Even larger variation is evident from the
eNd; data, ranging from depleted mantle values of c. 4 to strongly
unradiogenic at c. —15. These findings align with the proposed multi-
stage, polybaric petrogenetic model of the Gallojavri intrusion (Orvik
et al., 2022). The large variation in eNd; likely reflects the complexity of
the evolution and the variable degree of interaction of the magmas with
a continental crust of different ages and compositions. Furthermore, the
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Table 4
Sm-Nd isotope data on whole rocks.
Sample no. Sm (ppm) Nd (ppm) 1479m/14Nd 193Nd/1*Nd + 20 t (Ma) eNd, Tpm(Ma)
Gabbro
603 5.21 20.2 0.1559 0.512016 0.000005 2050 -1.4 2519
610 1.9 7.6 0.1511 0.512149 0.000007 2050 2.5 2068
Hybrid gabbro
608 4.17 21.2 0.1189 0.511312 0.000004 2050 —5.4 2649
Dolerite
625 3.06 11.2 0.1652 0.51235 0.000004 2050 2.7 2042
626 3.01 11.3 0.161 0.512305 0.000004 2050 2.9 2015
Amphibolite
620 1.08 2.5 0.2612 0.512753 0.000007 2050 -14.8
621 1.4 3.9 0.217 0.512658 0.000006 2050 -5
Ultramafic cumulate
614 0.98 3.3 0.1795 0.512346 0.000006 2050 -1.2 2740
617 0.86 2.4 0.2166 0.512394 0.000007 2050 ~10.1
618 0.91 2.6 0.2116 0.51251 0.000008 2050 —6.5
622 0.54 2.1 0.1554 0.512284 0.000007 2050 4 1895
628 0.56 2.1 0.1612 0.51199 0.000007 2050 -3.3 2801
Metasediments
609 4.61 29.8 0.0935 0.510908 0.000003 2821 3.8 2602
Fig. 9. Plot of eNd versus time for whole-rock
6 | KGB Komatiite™* samples of this study (identified in the legend) and
+ A compiled data from the Karelian province. In-
4 '6_2522 Rantavaara* ) L/ 609 . trusions as squares, dykes as triangles and volcanic
625—¢ Felsic volcanics /& Pudasjarvi rocks as circles. The Palaeoproterozoic data from
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D/Kannusvaara* }Koulumaoiva* o Rantavaara intrusion, Kannusvaara intrusion, Hon-
0 °© Peuratunturi = / S kavaara Fm., felsic volcanic rocks (outlined), Peur-
614! R Honkavaara Fm & Tshokkoaivi* /2 G‘C; atunturi intrusion, Koulumaoiva intrusion and the
g Se‘g\)\ Tshokkoaivi intrusion were collected from the
g compilation of Huhma et al. (2018). Data for the
- Archaean Pudasjarvi (outlined) and Iisalmi (out-
e ‘\%g* lined) tonalite-trondhjemite-granodiorite-granite
KO J complexes and the Siurua tonalitic gneiss crustal
\0‘\%\\ evolution field are from Lauri et al. (2011). The
6\\)(\)'6 shaded crustal evolution field of the Jergul Gneiss
Complex (G.C.) is based on unpublished data
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o
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****Hansen (in prep) |MAmphibolite
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strongly unradiogenic Nd compositions documented for the ultramafic
cumulate 617 (¢eNd; = —10.1) and amphibolite 620 (¢Nd; 14.8)
cannot be accounted for by interaction with local Archaean basement
and indicate the presence of unidentified crustal components at depth
(Fig. 9).

7.1. Testing the proposed petrogenetic model for the Gallojavri intrusion

The multistage (polybaric) recharge, assimilation and fractional
crystallisation model of Orvik et al. (2022) used pillowed Karasjok-type
komatiite (Barnes and Often, 1990) as the parental melt composition. In
stage 1 of the model, the parental komatiite fractionated and interacted
with crustal material at depth (700 MPa) represented by a weakly per-
aluminous normative granodiorite sample from the Jergul Gneiss
Complex. The first simulation stage continued until the modelled melt
had a composition similar to the chilled margin of the Gallojavri
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intrusion, represented by sample 610. In stage 2 of the model, a melt
with the composition of the chilled margin migrated to the middle crust
(400 MPa), where it continued to fractionate and assimilate crustal
material represented by the surrounding metasedimentary rocks. The
stage 2 MCS simulation was constrained and tested by comparing the
modelled solid and liquid phases with whole-rock and mineral chemis-
try. The modelling revealed that the system had to be open to recharge
of melt to satisfactorily replicate the observed phase equilibria. There-
fore, the second stage included the addition of juvenile komatiitic melt.

In the following, we implement the MCS-PhaseEQ models from Orvik
et al. (2022) in MCS-Traces to test if the simulated variation in 8”Sr/8°Sr
and **Nd/'**Nd is consistent with our reported ratios. We refer to the
original paper for a detailed treatment of assumptions and choices of
conditions and parameters. Table 5 gives the parental melt and wall rock
composition used in the models. All isotopic ratios are back calculated to
an age of 2.05 Ga.
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Fig. 10. Downbhole variation in MgO wt.%, Nb/Th ratio, eNd (2.05 Ga) and 878r/86Sr (2.05 Ga) for drill core 03GD002. Crustal average Nb/Th from Weaver and

Tarney (1984).

7.1.1. MCS-Traces parameters

Only sparse isotopic data exist for the KGB and the Archaean Jergul
Gneiss Complex. Here, we use the average (N = 4) trace element
composition and isotopic ratios of the 2085 + 85 Ma (Sm-Nd error-
chron) LREE depleted komatiite samples from Krill (1985) as the stage 1
parental melt and stage 2 recharge (Table 5). These samples are highly
radiogenic with an eNd (2.05 Ga) of + 4.7, within error of expected
depleted mantle values (Fig. 9; DePaolo, 1981). The initial wall rock
parameters used for stages 1 and 2 of the isotope simulations are samples
041 and 103 (Table 5), collected from the Jergul Gneiss Complex
(Hansen, in prep.) with crustal-like eNd (2.05 Ga) values of —8.7 and
—8.6. The isotopic ratios of these samples were measured with the same
methodology and instrumentation as in this study.

In the original MCS-PhaseEQ and trace element models, the stage 2 wall
rock was assumed to be the metasedimentary host. Orvik et al. (2022)
argued that the choice was somewhat arbitrary, as the Jergul Gneiss
Complex samples and the metasedimentary host rocks are chemically
similar. Indeed, the metasedimentary sample (609), a normative granodi-
orite, has an eNd (2.05 Ga) value of —6.6, making them hard to distinguish
isotopically as well. Therefore, we use Jergul Gneiss Complex samples in
both the lower- and middle crustal stages of the MCS-Traces simulation.

An irregularity in the original MCS-PhaseEQ model revealed by the

Table 5
Parental melt (PM), recharge (R) and wall rock (WR) compositions used in the
models. Trace element concentrations in parts per million (ppm).

Komatiite 041 103

PM, R WR WR
Rb 0.1 114.5 62.4
Sr 55.9 134 248
Nd 2.9 31.3 12.9
Sm 1.1 5.8 3.29
(®7Sr/%%sr), 0.702949 0.705622 0.714402
(*3Nd/**Nd), 0.510225 0.509541 0.509545
eNd; 4.7 -8.7 -8.6

Sources for the trace elements and isotope values are provided in the text. PM is
the recharge magma composition in the stage 2 RAFC model. Initial isotope
ratios calculated at 2.05 Ga.
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isotopic data is that the assumed chilled margin (610) is too juvenile. The
eNd (2.05 Ga) of + 2.5 is inconsistent with a melt that has experienced
significant interaction with Archaean crustal material. Instead, in the stage
2 models, we use the modelled melt concentrations and isotopic ratios
when the simulation has attained an MgO content of 12 wt%, like that of
the previously assumed chilled margin.

The partition coefficients (Kgy,) for both the resident magma body and
wall-rock reservoirs are the same as in the original model. The values were
collected from the EarthRef database (https://earthref.org/KDD/) and
listed in the MCS-Traces output files provided in the supplementary ma-
terial (Orvik et al., 2022, and references therein).

7.1.2. MCS-Traces results

Fig. 11 shows the simulated variation in **Nd/**Nd and ®’sr/%0sr
compositions, together with most of the data from this study. The figure
does not show the two amphibolite samples with 87r/86gr (2.05 Ga) ratios
between 0.50410 and 0.57873. The thick black lines in Fig. 11 reflect the
two different wall-rock reservoirs. Electronic supplement 7 present the
tabulated MCS-Traces output.

Most of the isotopic data match the simulated variation predicted by
the MCS-PhaseEQ models (Fig. 11). Only a small amount of crustal
contamination is needed to lower the ***Nd/***Nd composition initially, as
the parental komatiite has a relatively low Nd concentration relative to the
Jergul Gneiss Complex wall rocks and their partial melts. The rapidly
decreasing **Nd/ **Nd-ratio is especially apparent when the wall-rock
reservoir has the composition of sample 041 with Nd = 31.3 ppm and
143Nd/MNd (2.05 Ga) = 0.50954 (eNd; = —8.7). In the model, the
parental komatiitic melt, with a liquidus temperature of c. 1698 °C, in-
trudes the lower crust and after some heating of the wall rock, a 3 %
addition of anatectic melt is needed to lower the *3Nd/'*Nd from
0.51022 (eNd = +4.7) to 0.50994 (¢eNd = —0.8). When the parental melt
has cooled to c. 1298 °C and has a composition consistent with the starting
melt of the second-stage model, 15 % of anatectic crustal melt has been
added, lowering the 1**Nd/***Nd-ratio of the melt in the resident magma
chamber to 0.50967 (eNd = —6.1). The other assumed wall-rock reservoir,
sample 103, has a similar 143N d/1**Nd-ratio, but because of the lower Nd
concentration (12.9 ppm; Table 5), the simulation terminates with a
143Nd/1**Nd-ratio of 0.50980 (eNd = —3.7) after 15 % contamination
(Fig. 11).
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Fig. 11. Whole-rock Sr and Nd isotope ratio plot with the two-stage Magma
Chamber Simulator models. The primary magma Sr and Nd isotope ratios for
the stage 1 model are the averages of the LREE-depleted komatiite samples
documented by Krill (1985).

In the second stage (400 MPa), the melt continues to fractionate and
assimilate Jergul Gneiss Complex crustal material. When the melt in the
resident magma chamber has cooled to c. 1026 °C, it has in total (stages
1 & 2) assimilated 44 % of anatectic melt and attained a slightly lower
143Nd/1Nd = 0.50960 (eNd = —7.5) when assimilating sample 041
(left; Fig. 11). At the same step in the model, using sample 103 to
represent the wall-rock reservoir gives 1**Nd/!**Nd = 0.50968 (eNd =
—6.0). The effects of contamination in the second stage are marginal
compared to the first stage of the model. The hybrid resident melt has
higher elemental concentrations and more similar isotopic ratios to the
wall rock. Still, the variation predicted in the stage two simulations is
consistent with our observations (Fig. 11).

In the original model by Orvik et al. (2022), a recharge of primitive
komatiite is triggered at this step (at 1026 °C), adding a mass equivalent
to 75 % of the starting resident melt mass. The relatively large mass only
slightly increases the **Nd/!*“Nd ratio of the melt in the resident
chamber (Fig. 11). Although having a highly juvenile Nd isotope
composition, the low Nd concentration of the recharge melt prevents it
from significantly changing the resident melt composition.

The simulated compositional space follows similar trends but does
not completely overlap with the available data. Inconsistencies include
sample 610 with a Nd isotopic composition too juvenile to be consistent
with a hybrid melt that has experienced significant crustal contamina-
tion. Sample 610 also plots off the trend of the other magmatic samples
with a slightly lower 8Sr/%0Sr-ratio. It is also clear that our known wall-
rock reservoirs cannot fully describe the observed variation. Both sam-
ple 617 and 620 are MgO-rich rocks with very low eNd values that
require a more evolved crustal contaminant (Fig. 9).

8. Implications for crustal architecture, assembly of the
Gallojavri intrusion, regional considerations and prospectivity

The Gallojavri intrusion exhibits a large variation in initial eNd,
revealing the complexity of its composition, evolution and the variable
degree of interaction of the parental magmas with crustal material. The
isotopic variation is largely consistent with the previously suggested
multistage and polybaric petrogenetic model of Orvik et al. (2022).
Nevertheless, the lowest initial eNd values imply interaction with more
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evolved, unidentified continental crust in the KGB basement. This
finding is not a complete surprise. In Finland, the Archaean basement of
the western Karelian province contains compositionally diverse TTGGs
formed between 3.5 and 2.8 Ga (Holtta et al., 2012; Mutanen and
Huhma, 2003). If the wall-rock reservoir had a composition similar to
the c. 3.5 Ga Siurua tonalitic gneiss (Mutanen and Huhma, 2003), with
an eNd (2.05 Ga) ~ -23 (Fig. 9; TM—04-3.2; Lauri et al., 2011), the first
MCS model stage would result in a 143N d /144N ratio of 0.50893 (eNd =
—20.6; ES-8).

The simulated variation assumes complete mixing between the melt
in the resident magma chamber and the added anatectic- and recharged
melts. This assumption is unlikely to hold based on the downhole vari-
ation (Fig. 10) that shows large variations in isotopic signatures over
very small distances (decimetres to a few metres). The heterogeneity
implies incomplete mixing of isotopically distinct melts forming do-
mains in the Gallojavri stratigraphy. A growing body of evidence sug-
gests that several mid-to-upper crustal plutons are built by repeated
injections into a crystal mush (Barboni et al., 2013; Bartley et al., 2008;
Hepworth et al., 2020; Hepworth et al., 2017, 2018; Miller et al., 2011;
Mungall et al., 2016; Nebel et al., 2020). For example, many of the major
peridotite layers hosted in the Rum layered intrusion (NW Scotland)
show lateral discontinuity, have upward-oriented apophyses and show
cross-cutting relationships with the overlying troctolite, indicating that
they formed via incremental sill emplacement (Hepworth et al., 2020;
Hepworth et al., 2017, 2018). Geophysical imaging of active conduits
has also revealed how the stacking of sills makes up part of smaller
plumbing systems (Magee et al., 2018). For example, at various levels in
the crust beneath the Afar depression (Ethiopia; Ebinger et al., 2008;
Hammond, 2014), beneath the axis of the East Pacific Rise (Marjanovic¢
et al., 2014) and axial seamount in the northeastern Pacific Ocean
(Carbotte et al., 2020). Also, high-precision U-Pb geochronology has led
to the discovery of out-of-sequence layers in the Stillwater Complex
(USA; Wall et al., 2018) and the Bushveld Complex (South Africa;
Mungall et al., 2016). The zircon U-Pb geochronology recorded for the
Gallojavri intrusion suggests an age difference between the younger
isotopically evolved amphibolite samples and the older, more juvenile
gabbro (Fig. 5). However, we are unable to resolve this with our current
analytical precision.

In the case of the Gallojavri intrusion, the observed phase equilibria
and the cumulate sequence can be satisfactorily replicated with ther-
modynamic modelling founded on classical ideas of magma chamber
processes (Orvik et al., 2022). Therefore, we do not advocate a model
where the random stacking of sills built the Gallojavri intrusion. How-
ever, this does not negate incomplete mixing with later magma in-
jections, variable contamination by country rocks or local dissolution or
melting of xenolithic blocks, which depends on rheological differences
(e.g. Namur et al.,, 2015). If we exclude magma recharge, xenolith
melting is the most efficient and quickest process leading to the
hybridisation of a magmatic system (Robertson et al., 2015). It is also
consistent with the presence of xenoliths in the hybrid zone (Fig. 4J) and
the zircon xenocrysts distinguished in the U-Pb isotopic data (Fig. 5D).
However, the lowest eéNd values still require a crustal component
different from what is documented in this study and suggest that some
xenoliths derived from presently unexposed or unidentified crustal do-
mains. The distance a xenolith can be transported would be contingent
on the xenolith’s lithology and the carrier magma’s composition
(McLeod and Sparks, 1998). If a xenolith is buoyant and takes a day to
melt, the carrier magma could have flowed tens of kilometres (Barnes
and Robertson, 2019).

Still, this does not explain the local juvenile isotope compositions
observed in sample 622. Considering that most of the magmatic samples
show signs of crustal interaction with an interquartile eNd range from
—6.2 to —1.3, the local positive values suggest another mechanism
leading to the juvenile domains. However, it is not uncommon for
magmatic conduits to experience pulses of more primitive melt resulting
in reverse compositional trends (Chistyakova and Latypov, 2012;
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Latypov, 2015; Yudovskaya et al., 2015). This interpretation would be
in-line with the MCS conduit model that requires recharge(s) of primi-
tive, uncontaminated komatiite (Orvik et al., 2022).

We propose that the variability in the isotopic signature is the result
of local dissolution or melting of xenoliths and incomplete mixing of late
melt pulses injected into the hot and semi-consolidated Gallojavri
chamber. We note that our interpretation is based on the variation
observed in one drill core. To determine the spatial extent of the isoto-
pically distinct domains would require a comprehensive drilling
campaign and systematic sampling.

A possible KCLGB analogue is the contemporary Kevitsa Complex (c.
2.06 Ga; Mutanen and Huhma, 2001) that hosts an important Ni-Cu-PGE
deposit. During the exploration and development of the Kevitsa mine
(production began in 2012), the intrusion has benefited from multiple
drilling campaigns (Santaguida et al., 2015). Luolavirta (2018), working
with the extensive lithochemical database and drill cores, proposed a
similar multistage and polybaric petrogenetic model. The intrusion
represents a sub-volcanic conduit that, in the first stage, fed subaerial,
contemporary picritic lavas (c. 2.06 Ga; Hanski et al., 2001). In the
second stage, basaltic melt — fractionated in a staging magma chamber
from the initial picrite, intruded through the same pre-established
Kevitsa conduit (Luolavirta et al., 2018b, c). These stages resulted in a
body of ultramafic cumulates that record a simple lithological stratig-
raphy with fairly constant 875r/86sr compositions (Luolavirta, 2018;
Luolavirta et al., 2018a; Luolavirta et al., 2018c) and average eNd (2.05
Ga) of —3.5 + 0.5 (Huhma et al., 2018). The Ni-PGE ores hosted by the
intrusion occur as irregular and discontinuous lens-like bodies (Yang
et al., 2013). The ores are distinctly different to the surrounding cu-
mulates, with complex internal architecture, cryptic variation and
crustal isotopic signatures with high 8”Sr/%°sr 0.709-0.711 (Luolavirta
etal., 2018a) and low eNd —6.4 (Huhma et al., 2018). Luolavirta (2018)
proposed a third stage of formation with repeated melt injections
following a different route into the semi-consolidated Kevitsa magma
chamber, which assimilated different and unidentified country-rock
material and gave rise to the Ni-PGE ore (Luolavirta et al., 2018a;
Luolavirta et al., 2018c).

The KCLGB contains numerous (ultra)mafic intrusive bodies and is
considered highly prospective for Ni-Cu-(PGE) sulphides, with discov-
eries such as the Kevitsa and Sakatti deposits (Brownscombe et al.,
2015). Orvik et al. (2022) noted that multiple injections of melt frac-
tionated at various depths are probably widely applicable to the petro-
genesis of Palaeoproterozoic Fennoscandian (ultra)mafic intrusions and
a potentially effective mechanism for forming viable economic Ni-Cu-
(PGE) deposits. In the Kevitsa intrusion, the high tenor Ni-PGE ores
are interpreted to result from the assimilation of proto-ores (Mutanen,
1997; Yang et al., 2013), deposited with the ultramafic cumulates in the
initial stages, by the repeated magma injections of the third stage
(Luolavirta, 2018; Luolavirta et al., 2018a), similar to models proposed
for ore mineralisations in Voisey’s bay (Li and Naldrett, 1999), Noril’sk
(Barnes and Lightfoot, 2005; Naldrett, 2004), Santa Rita (Barnes et al.,
2011) and Kabanga (Maier and Barnes, 2010; Maier et al., 2010). The
largest mafic layered intrusion on Earth, the Bushveld Complex in South
Africa, contains significant quantities of Cr, Ni, V, Ti, Co and PGE.
Despite the immense difference in size between the 2.3 km? Gallojavri
intrusion and the ca. 60,000 km? Bushveld Complex, some tectono-
magmatic aspects (plume related) and age (ca. 2050 Ma) appear to be
similar (Cawthorn and Walraven, 1998; Scoates and Friedman, 2008).
Several similarities also exist in terms of magmatic processes. In
particular, the Bushveld Complex displays a range of isotopic composi-
tions suggesting derivation from primitive mantle as well as enriched,
subcontinental lithospheric sources, followed by variable interaction
with lower cratonic crust and later by interaction with upper-crustal
pelitic lithologies (e.g., Maier et al., 2000; Wilson et al., 2017). The
existence of variably disaggregated xenolith of country rock also attest
to interaction with the mafic magmas, with incomplete mixing and
recharge of variably sourced and contaminated melts resulting in a lack
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of simple progressions in terms of magma evolution and stratigraphic
control (Wilson et al., 2017). Studies of layered mafic intrusions
invariably find evidence of extensive interaction with crustal rocks;
however, although assimilation of S-rich rocks can be an important
parameter for attaining sulphur saturation and, in turn, form a sulphide
mineralization, the relationship between contamination and the for-
mation of a deposit can be complex and in some cases dilute the metal
tenors (Ihlenfeld and Keays, 2011).

This study and that of Orvik et al. (2022) have shown that the
magmatic processes that operated in the Gallojavri intrusion are similar
to those observed in similar, layered mafic intrusions of different age
worldwide. In many cases, these intrusions carry significant occurrences
of critical metals. Our work on the Gallojavri intrusion has provided new
information about the magmatic evolution of the KGB and the compo-
sition of its Archaean substrate, and further work on the other ca. 2050
Ma mafic intrusions in the KGB, involving diamond drilling combined
with petrographic, geochemical and isotopic studies, is likely to provide
new information on the regional tectonomagmatic evolution and pro-
spectivity of the region.

9. Conclusions

The data and modelling presented above lead to the following
conclusions:

e Zircon U-Pb dating shows that the Gallojavri intrusion was emplaced
at 2051 + 8 Ma, suggesting it is part of a similarly aged group of
(ultra)mafic intrusions in the KCLGB. Lower discordia intercept ages
are consistent with Caledonian lead loss.

The variation observed in the Sr-Nd-Hf isotopic data reveals the
complexity of the magmatic evolution and aligns with the previously
proposed multistage, polybaric petrogenetic model of the Gallojavri
intrusion.

The modelled isotopic variation is consistent with a previously pro-
posed Karasjok-type komatiite parental magma; however, the
strongly unradiogenic Nd compositions observed in ultramafic rocks
suggest interaction with more evolved, unidentified crust in the KGB
basement.

Large variation in isotopic signatures over small distances suggests
local dissolution or melting of xenoliths and incomplete mixing of
isotopically distinct melts forming domains in the Gallojavri
stratigraphy.
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