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ABSTRACT

The Karasjok- and Central Lapland-Greenstone Belt of Norway and Finland define one of the largest
Palacoproterozoic greenstone belts in the Fennoscandian Shield and is characterised by sedimentary
sequences, numerous bodies of (ultra)mafic intrusions and plume-derived komatiitic to picritic lavas.
The intrusions, some with notable ore reserves, formed from mantle-derived melts during three
magmatic episodes at 2.44, 2.22 and 2.05 Ga. These bodies are commonly characterised as highly
dynamic systems that, in many cases, directly contributed to the anomalous metal concentrations.
Because of Central Lapland's importance as a metal supplier and resource base, considerable geological
research has been undertaken on the magmatic bodies in Finland. From this research, a metallogenic
provinciality has emerged, with mineralisation styles varying over time, space and at various scales.
However, there are few academic studies on the (ultra)mafic intrusions in the Karasjok area, inhibiting
the correlation with the regional models.

The Gallojavri ultramafic intrusion in northern Norway is part of a small cluster of mineralised bodies
in the Karasjok area, including the intrusions at Porsvann and Karenhaugen. Despite some interest from
prospecting companies, the intrusion(s) has received little academic attention and the magmatic
processes at work in the Gallojavri- and Karasjok-area are still largely unknown. This PhD thesis aims
to address the gap and examine the petrogenesis of the Gallojavri intrusion through three objectives: 1)
develop a petrogenetic model, 2) link the petrogenesis to established regional magmatic models and 3)
evaluate the ore-forming and post-cumulus processes of the mineralisation. The objectives are met using
a traditional petrological approach combined with trace element- and thermodynamic modelling. The
approach includes petrography, major to trace element data on bulk rock and minerals, geochronology,
bulk Nd-, Sr-, S- and Hf-isotopes in zircon. The results are reported in two peer-reviewed (published)
papers and one manuscript.

Bulk geochemistry of cumulate rocks shows uniform enrichments in LILE, LREE, Pb and U. Analysed
spinel exhibits a Fe-Ti trend characteristic of slowly cooled intrusive rocks. Mineral chemistries of
major silicate phases imply a polybaric evolution, with pressure estimates forming a trend between 400
and 700 MPa. Zircon U-Pb geochronology yielded an age of 2051 + 8 Ma. Radiogenic isotopes reveal
large variations, commonly over small distances (dm to m). For example, bulk initial eNd ranges from
-15 to +4 and initial zircon ¢Hf ranges from -14 to -1. Bulk concentrations show that the Gallojavri
intrusion is generally S-poor, with Cu/Pd ratios ranging from depleted to primitive mantle and 3**S
similar to mantle ratios. Primitive mantle-normalised Pt/Al and Pd/Al ratios show that unmineralised
samples are enriched compared to mantle background values.

The spatial and temporal links between the Gallojavri intrusion and komatiite lavas suggest a cognate
magma system. The uniform contamination indicated by bulk trace elements suggests that assimilation
occurred in a staging magma chamber. Polybaric phase equilibria similarly indicate that fractionation
took place in an earlier stage. The Fe-Ti trend exhibited by the analysed spinel is similar to compositions
documented in subvolcanic intrusions of continental flood basalts and it is hypothesised that the
Gallojavri intrusion represents a conduit to the coeval high-MgO plume-derived lavas in the Karasjok
area.

Paper one uses thermodynamic modelling to simulate the documented variation in bulk major, minor
and trace lithophile elements and major to minor element mineral compositions. The modelling shows
that the parental magma could be the coeval Karasjok-type komatiites. The parent magma first intruded
the Archaean lower crust where fractionation and assimilation yielded a hybrid melt. Second, the hybrid
melt migrated and pooled in a mid-crustal magma chamber where it continued to fractionate and
assimilate while remaining open to mantle-derived melt recharge(s).

Paper two reports and discusses radiogenic isotopes. The observed variation is largely consistent with
the petrogenetic model from paper one. However, the most evolved isotopic signatures cannot be
explained by interaction with the local Archaean basement, indicating the presence of unknown crustal
components at depth. The spatial variation suggests incomplete mixing between isotopically distinct
components. This variation is, therefore, in conflict with the initial thermodynamic models that assumes
complete mixing between components. Paper two ascribes the large variations in 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.

The Galluljavri mineralisation is discussed in manuscript three, which reports bulk chalcophile
elements, S isotopes and the chemistry of ore minerals. Petrography demonstrates that the
mineralisation comprises primary and post-cumulus features. The remobilisation of certain chalcophile
elements during alteration is indicated by variation in sulphide chemistry between primary and
secondary types. Considering the contamination signatures in trace elements and radiogenic isotopes
and the low S contents of the Gallujavri intrusion, the mantle-like 8**S indicate that the crustal
contaminants were S-poor. Modelling of bulk Cu/Pd ratios indicates minor fractionation of sulphide
liquids and low silicate-to-sulphide mass ratios (i.e., R factor of 100-1000). Combined with
petrography, these characteristics suggest late saturation of sulphides that is characterised by cotectic
proportions. Consequently, based on the observed variation, the intrusion is neither S-rich nor
sufficiently enriched in chalcophile elements to be an economic deposit.

Unmineralised samples, on the other hand, are enriched in chalcophile elements compared to the mantle
background and show that the system was fertile. The system's fertility suggests that one of the primary
reasons for not forming an economic deposit is the lack of early saturation of a sulphide liquid. This
contrasts with the parental komatiite lavas where previous studies have indicated uniform depletion of
chalcophile elements that suggests prior extraction of sulphide liquids. The volcanic plumbing system
as a whole, therefore, shows concurrent chalcophile enrichment and depletion, which indicates a
mineral potential in the cogenetic magmatic suite. This implies that the prospectivity for sulphide
deposits in the Karasjok area needs to be revised and suggests that intrusions with characteristics like
the Gallojavri intrusion should be considered potential exploration targets. Two potential prospective
analogues in the region are the intrusions at Porsvann and Karenhaugen. Both intrusions have Cu/Pd
ratios compatible with early S saturation and R factors large enough to promote economic metal
concentrations.
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1 INTRODUCTION

The Palacoproterozoic Karasjok Greenstone Belt (KGB) in Norway is a northward extension
of the Central Lapland Greenstone Belt (CLGB) in Finland. Together, the belts can be traced
all the way from the Norwegian coast in the north to the Russian border in the southeast, making
it one of the largest Palacoproterozoic greenstone belts in the Fennoscandian Shield (Hanski &
Huhma, 2005, Moilanen et al., 2021). The CLGB contains significant ore bodies of various
types, such as iron, gold and copper-nickel and the platinum group elements (PGE), some of
which are also found on the Norwegian side of the border (Eilu, 2012, Nilsson et al., 2016).
The strongly covered KGB has drawn the attention of gold panners and prospecting companies
throughout the twentieth century, with the Gallojavri Ni-Cu-PGE mineralisation, the focus of
this PhD project, being one of the most important targets (Nilsson ez al., 2016). Despite interest
from prospecting companies, the intrusion has received little academic attention, and the

processes that formed the Gallojavri intrusion are still largely unknown.

Considerable geological research has been conducted in the Finnish part of the Fennoscandian
Shield, partly because of its significance as a metal supplier and resource base (Lahtinen et al.,
2011). This body of research has led to many papers, chapters and books that discuss the
geological evolution and related metallogeny of the Fennoscandian Shield, such as Weihed et
al. (2005), Hanski and Huhma (2005), Lahtinen ef al. (2010), Lahtinen ez al. (2011), Maier et
al. (2015) and Makkonen et al. (2017). With a greater understanding of the distribution of ore
deposits in the Fennoscandian Shield, a metallogenic provinciality has emerged, with
mineralisation styles varying in time and space and at different scales (Hanski, 2015). The
extensive body of isotopic studies has been critical in resolving many of the uncertainties in
the timing of the formation of metal deposits and their host rocks (Hanski, 2015, Huhma et al.,
2018, Huhma et al., 2011). Along with a better understanding of crustal evolution in the
Fennoscandian Shield, the research has established a relationship between different classes of
ore deposits and their tectonic settings (Hanski, 2015). In Finland, for example, the ultramafic
to mafic bodies of the CLGB, some of which have significant ore reserves, formed during three
magmatic episodes at approximately 2.44, 2.22, and 2.05 Ga that has been linked to mantle
plumes and prolonged extension (c. 500 Ma) of the Archaean craton (Hanski & Huhma, 2005,

and references therein).

This PhD project arose from a desire to better understand the petrogenesis of the Gallojavri

intrusion and its associated mineralisation. Despite the local nature of this project, with a focus



on one small igneous body, it is one of the first detailed academic studies of ultramafic to mafic
intrusions in the KGB. Therefore, a sub-objective of this project is to evaluate the applicability
of regional petrogenetic and ore-formation models largely developed from the Finish part of

the CLGB.

The thesis consists of a collection of two peer-reviewed papers and one unpublished manuscript
that form the basis of the PhD project. This synthesis aims to summarise the findings, show
how the pieces of the thesis are interrelated and contribute to answering the overarching

research questions. To achieve the goal of this synthesis, the chapters are organised as follows:

e Chapter 2 provides context for the thesis and some theoretical considerations.

e Chapter 3 outlines the geological background required to understand the thesis.

o Chapter 4 outlines the objectives of the PhD project and how they will be realised.

e Chapter 5 summarises the papers and emphasises some of the most important findings.
e Chapter 6 provides a discussion focusing on the objectives.

e Chapter 7 presents the main conclusions.

e Chapter 8 provides some thoughts on limitations and direction of future research.



2 BACKGROUND (AND SOME THEORY)

2.1 Ultramafic-mafic intrusions

Ultramafic to mafic intrusions come in many shapes and sizes, from thin dykes and sills to
massive structures, such as the Dufek intrusion (50,000 km?) of Antarctica and the Bushveld
complex (66,000 km?) of South Africa (Frost & Frost, 2019, and references therein). Although
called into question (e.g., Cashman et al., 2017), the larger layered intrusions are commonly
believed to be melt-dominated chambers (e.g., Kruger & Latypov, 2020) that require a
substantial volume of magma in a short period of time (e.g., Annen et al., 2022). The larger
intrusions commonly preserve spectacular igneous textures and structures and provide
important insights into the differentiation processes of mantle-derived melts. These processes
are reflected in the igneous layering that commonly distinguishes these intrusions and is
thought to form from a combination of processes (reviewed by Namur et al., 2015), the most
important being fractional crystallisation. Other processes that can (and generally do) influence
the evolutionary histories of magmatic bodies include recharge, liquid immiscibility and crustal

contamination (Winter, 2013).

Magmatic conduit systems represent channels in the lithosphere that funnel mantle melts to
larger magma chambers (e.g., Uitkomst intrusion, South Africa; Maier et al., 2018) or the
crustal surface (e.g., Noril’sk and Talnakh type intrusions, Siberia; Naldrett ez al., 1995). The
conduits tend to be smaller and more irregular, with larger surface area-to-volume ratios, where
the effects of recharges and contamination have a more pronounced influence on the evolution.
Magmatic conduit systems inherently have higher melt fluxes and thereby represent more
dynamic environments that often involve complicated multistage and polybaric histories.
Additionally, the movement of magma through the continental lithosphere offers numerous
opportunities for thermal erosion and the subsequent addition of anatectic melt and country-
rock residue to a magma body (Arndt & Jenner, 1986, Ding et al., 2012, Fowler et al., 2004,

Orvik et al., 2022b), in that way increasing the efficiency and proportion of crustal assimilation.

Anatectic melts formed by crustal melting typically differ significantly from mantle melts in
their radiogenic and stable isotope compositions (Peate et al., 2008). Therefore, adding small
amounts of crustal melts can drastically alter the composition of the passing mantle-derived
magma. Furthermore, the chemical and isotopic effects of crustal assimilation on magmas that
move through the crustal column can reveal crucial details about the regional crustal

architecture and composition (Dickin & Durant, 2002, Orvik ef al., 2022b, Peate et al., 2008).



2.2 Mechanisms that contribute to magma diversity

2.2.1 Magmatic differentiation

Differentiation of a magmatic system requires the physical separation of two or more phases
in a multiphase system. The efficacy of fractionation is determined by differences in physical
properties such as viscosity, density, shape and size. As stated above, the most common
differentiation process is fractional crystallisation (liquid-solid), wherein crystals either settle
or float due to density contrasts. Although differentiation can also be caused by liquid-liquid

and liquid-vapour separation.

The thermodynamic properties of the system determine the phase or phases that crystallise or
exsolve from natural magmas, such as pressure and temperature and the major (>1 wt. %) and
minor (>0.1 wt.%) element composition. Conversely, that means that the crystallisation of
minerals, and subsequent formation of cumulate rocks, also record changes in the properties of

the magmatic system.

Trace elements (<0.1 wt.%), in general, are too diluted to be primary stoichiometric
constituents of magmatic phases and therefore do not affect phase equilibria (Hanson, 1989,
Hanson & Langmuir, 1978). However, because of their low concentration and greater
sensitivity to fractionation, they are critical in answering questions about magma generation
and evolution. They are typically found as impurities in all phases present in a system, and the
distribution is commonly described by a partition coefficient (Kp). For the relatively dilute
trace elements, partitioning during crystallisation can be formulated as follows:

Cs

K[l) = Ci
L

Where C is the concentration of element i in the liquid (L) and the solid (S) phase. However,
in fractionating magmatic systems, multiple phases are usually saturated simultaneously. In

these cases, the chemical fractionation is described by the bulk partition coefficient (D;):

D= > Wakh

Where W, is the weight fraction of phase 4 and K'p is the partition coefficient for element i

and phase 4.



2.2.2  Assimilation

Bowen (1928) recognised the crucial link between crustal assimilation and fractional
crystallisation. He understood that under the right conditions, the cooling and crystallisation of
magma could release latent heat that could raise the temperature of the wall rock above the
local solidus (Fowler et al., 2004). The partial melt of the wall rock (i.e., anatectic melt) is then
available to be added to the magma chamber, thereby contaminating the system.
Disequilibrium mineral assemblages, partially digested country-rock xenoliths, hybrid rocks
and crustal geochemical signatures in mantle-derived magmas can all be used to detect crustal
contamination. Isotopic signatures are likely the best way to identify assimilation, particularly

the contamination of mantle-derived magmas by continental crust.

With time, the continental crust becomes progressively enriched in %’Sr/**Sr and depleted in
Nd/'"“Nd and '®Hf/'""Hf. Therefore, primitive magmas with unusually high values of
87Sr/%6Sr and low values of **Nd/'**Nd and '7Hf/!”"Hf are probably contaminated by ancient

continental material (Winter, 2013).

For example, '“’Sm is a radioactive isotope that decays to '*Nd with a half-life of 1.06x10"!
years (decay constant (L)=6.54x10""?yr’!). The abundance of the non-radiogenic '**Nd isotope
is constant through time. Since '**Nd increases continuously with radioactive decay, the
3Nd/'*Nd ratio will increase with time as a function of the Sm/Nd ratio of the reservoir.
Samarium is more compatible in solid phases than Nd due to its slightly lower ionic radius.
The fractionation of Sm from Nd during melting and differentiation, therefore, modifies the
Sm/Nd ratio, which changes the relative abundance of the '**Nd isotope over time. The
continental crust, for example, is derived by partial melting of the mantle and therefore has a

lower Sm/Nd that translates to lower **Nd/'**Nd with time.

Knowing the age and measuring the present-day ratios of '**Nd/'**Nd and '*’Sm/'*Nd', one

can compute the initial **Nd/'**Nd ratio of a closed system by the equation:

14-3Nd to 14-3Nd 14—7Sm

— p!
( 14-4-Nd)sample T T 1saNg T 14ap(g (e*o—1)

where 7y is the time of system closure.

! If the Sm/Nd ratio is known, it can be calculated using mass balance.
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Measured isotopic signatures are often reported with the epsilon notation introduced by
DePaolo and Wasserburg (1976a, b) to facilitate the visualisation and interpretation of
43N d/"*Nd ratios. The epsilon parameter eNd compares the measured '“*Nd/'*Nd ratio of a
sample to the ratio of a hypothetical chondritic reservoir (CHUR) and is defined by the

equation:

(143Nd/144Nd)§ample

—1[x10*
(BN Ny

Sth- =

Where time (7) is usually chosen to be 7, the time the system separated from a source and closed
(typically the crystallisation age for a magmatic rock). Depleted by melt loss, the mantle will
progress towards more positive eNd with time, whereas the continental crust will progress

towards increasingly negative éNd values.

2.2.3 Magma replenishment (recharge and mixing)

In addition to fractional crystallisation and assimilation, the addition of new magma batches
(recharge), which are usually chemically and thermally distinct, also affects magma evolution
through mixing. Furthermore, if the specific enthalpy (heat) of the recharge is higher than that
of the host magma, it also provides extra energy for country-rock heating and anatexis (Fowler
et al., 2004). Significant changes in liquidus mineral assemblages, variations in mineral
compositions or trace element ratios that differ from what fractional crystallisation predicts or
changes in isotope compositions can all indicate the presence of new magma pulses (e.g.,

Davidson & Tepley, 1997, Ginibre et al., 2007, Latypov, 2015, Luolavirta, 2018).

How well a new injection of magma is mixed with a host magma depends on the contrasts in
physical properties (e.g., density and viscosity). If a new batch of magma has a lower density
than the resident magma, it could produce a plume-like feature. The new pulse will turbulently
mix during ascent, resulting in a density-stratified hybrid layer at the top of the chamber. In
contrast, if the density of the recharge is greater than the host magma, it might produce a
fountain-like feature, and mixing will be limited to a layer along the base of the chamber
(Campbel et al., 1983). However, the recharge of magma is not limited to melt-dominated
chambers. Injection and progressive through-flow of melt in chemical disequilibrium with pre-
existing crystal mushes can significantly modify the cumulates by preferentially removing or
depositing new minerals (Holness et al., 2007). In the Reinfjord Ultramafic Complex of

Norway, for example, the central dunites formed by a reaction between semi-consolidated



pyroxene-bearing cumulates and the late injection of olivine-saturated magma that dissolved

the pyroxenes to form replacive dunites (Grant et al., 2016, Larsen et al., 2018).

2.2.4 Combined processes

Two or more processes may operate concurrently or sequentially during the generation,
migration and solidification of mantle-derived magmas. Moreover, as indicated above, two
processes may operate cooperatively, like increased anatexis due to recharge. Because many
of the processes have similar effects, determining the relative contribution of each with any

degree of certainty may be difficult (Winter, 2013).

2.3 Magma Chamber Simulator

Several thermodynamic tools, such as the MELTS engine family (Ghiorso & Gualda, 2015,
Ghiorso & Sack, 1995, Gualda er al., 2012), are available to compute the compositional
evolution of magmatic systems as governed by the principles of phase equilibria. However,
most tools are not well suited to model open systems characterised by mixed processes. The
Magma Chamber Simulator (MCS) represents a significant step forward in overcoming these
issues as it is designed to model the multicomponent and multiphase behaviours of magmatic
systems (Bohrson et al., 2014). More information on the use and design of the modelling tool
can be found in several papers introducing MCS (e.g., Bohrson ef al., 2014, Bohrson ef al.,
2020, Heinonen et al., 2020, Heinonen et al., 2021, Heinonen et al., 2019), on which this

section is based.

The MCS is a mass- and energy-constrained tool for modelling the magmatic evolution of open
systems experiencing concurrent fractional crystallisation, recharge(s) and assimilation. The
resident magma, recharge magma and wall-rock subsystems, for which the MCS calculates the
phase equilibria (MELTS engine) and geochemical evolution, are separated by boundaries
capable of transferring heat and mass. For example, if enough heat is transferred to the country
rock from the resident magma, it may exceed its solidus temperature and partially melt. In
simulations where the wall-rock melt fraction exceeds a pre-determined percolation threshold
(i.e., a critical melt-volume fraction), the surplus anatectic melt is added to the chamber and
mixed with the resident magma. Multiple recharges of melt or magma can also be added to the
resident magma chamber; each recharge with a specified mass, temperature and bulk chemical
composition. The progress variable of the MCS is the resident magma temperature, and the

wall-rock and magma chamber evolve due to mass and heat exchange, with phase equilibria



calculated at pre-determined temperature decrements. The simulation progresses until the

resident magma and wall-rock reach thermal equilibrium.

Trace elements are treated separately in MCS using the MCS-Traces tool as they are too dilute
to influence phase equilibria. However, information on the relative quantities of stable phases
in magmatic systems is required to calculate D;. As a result, it is impossible to model trace
elements (and isotopes) with MCS without first recording major and minor element phase
equilibria and mass fractions. The MCS-Traces tool reads the primary output as the stepwise
progression of the magmatic system and then calculates isotopic ratios and trace element
concentrations for each step. The Kp for each relevant phase and element, as well as initial
trace element concentrations and isotopic compositions for the resident chamber and wall-rock
subsystems, are required to complete these calculations. The exception is the recharge

subsystems, which only require initial trace element concentrations and isotopic ratios.

2.4 Orthomagmatic sulphide deposits

Magmatic Ni-Cu-PGE deposits are formed by accumulating immiscible sulphide liquids that
have scavenged chalcophile elements from a coexisting silicate melt (Barnes et al., 2017a,
Campbell & Naldrett, 1979, Naldrett, 2004). The deposits are naturally divided into two
groups: those valued primarily for their Ni (and Cu), which tend to be sulphide-rich, and those
valued primarily for their PGE, which tend to be sulphide-poor (Naldrett, 2011, Naldrett,
2004). The Ni-dominated deposits are often contained in small mafic to ultramafic intrusions
that are commonly identified as magma conduits (Lightfoot & Evans-Lamswood, 2015) or
komatiite flows and their subvolcanic counterparts (Barnes, 2006, Barnes et al., 2017a). The
PGE-dominated deposits are primarily stratiform accumulations within large layered mafic to

ultramafic intrusions (Barnes ef al., 2017a, Naldrett, 2004, Naldrett et al., 2008).

The formation of an economic sulphide deposit is contingent on both lithospheric-scale and
deposit-scale processes (Barnes et al., 2016). These processes include mechanisms of magma
generation, ascent and the formation of an immiscible sulphide liquid that collects metals and
becomes concentrated in an accessible part of the system (e.g., Barnes & Maier, 1999). This
review briefly aims to cover the main characteristics and features of orthomagmatic sulphide
deposits. An emphasis is made on Ni-dominated deposits hosted by mafic-ultramafic intrusive
bodies, although these processes broadly apply to PGE-dominated ore genesis (Naldrett, 2004).

While PGE-dominated deposits form a continuum of chemical compositions with Ni-dominant



deposits (Barnes et al., 2016, Naldrett, 2004), they call for specific process controls outside the

scope of this review.

2.4.1 Sulphide solubility

Sulphur solubility is simply the amount of sulphur required in a melt to achieve saturation. This
parameter controls how much S is dissolved during partial melting of the mantle and whether
an immiscible fraction develops in a given magma once it is separated from the source. The
sulphur solubility in silicate melts is commonly expressed as the sulphur concentration at
sulphide (S%) saturation (SCSS; Shima & Naldrett, 1975), representing the maximum amount
of sulphur a melt can dissolve before a sulphide phase segregates. The SCSS in mafic to
ultramafic magmas is influenced by several variables, including pressure, temperature, oxygen
fugacity and a set of major element oxides in the host silicate melt (Virtanen et al., 2022). For
example, the SCSS in a mafic magma increases as a function of increasing temperature and

FeO content but decreases with increasing pressure and SiO; content (Fig. 1A to C; reviewed

in Naldrett, 2011).

2.4.2 Generation and ascent of magmas

The primary source of the metals in magmatic ores is the transporting magma (Barnes et al.,
2016). Therefore, adequate metal concentrations in the parental magma is a prerequisite for
forming a magmatic deposit, which ultimately reflects the source of the melt. Because crustal
rocks are depleted in elements such as PGE and Ni, magmas that give rise to magmatic Ni—
PGE deposits are thought to have originated in the mantle (Maier, 2015). The major mineral in
the mantle is olivine, which hosts most of the Ni in its crystal lattice. Copper and Pd do not
partition into olivine, so their concentration in the mantle is controlled by sulphides (Barnes &

Lightfoot, 2005)

The degree of mantle melting must be relatively high for mantle magmas to be fertile in
chalcophile metals (Maier, 2015). When mantle olivine melts, Ni is released, with
concentrations increasing in the magma as the degree of melting increases. Because Cu and
PGE are primarily hosted by mantle sulphide, their concentration in the partial melt depends
on the solubility of S (Barnes & Maier, 1999). As mafic to ultramafic melts have relatively low
S solubilities at mantle pressures (Fig. 1B), experimental studies have indicated that a minimum
0f 20-40% partial melting would be required to absorb all of the sulphides (Barnes & Lightfoot,

2005, and references therein). Figure 1D reflects this relationship; palladium increases sharply



as the sulphide is dissolved and is diluted as the melt fraction increases, whereas Ni increases

throughout mantle melting as it is mostly supplied by olivine.

As noted by Barnes and Maier (1999), the required fraction of partial melt for dissolving
sulphides is very loosely constrained. Depending on assumptions about S concentrations in the
mantle and S solubility at high pressures, the required fraction of partial melt could be as low
as 12% or as high as 50% (Barnes, 1987). Nonetheless, most PGE and Ni deposits tend to be
associated with rocks that crystallised from magmas with >8—10 wt.% MgO, broadly consistent
with the theoretical considerations (Maier, 2015). Another point to consider is that if a large
deposit is to form, a large amount of mantle must undergo this high degree of partial melting.
The tectonomagmatic conditions that favour this type of melting are typically associated with

mantle plume events that generate large amounts of magma (Barnes & Lightfoot, 2005).

The spatial and temporal distribution of magmatic sulphide deposits suggest an empirical
relationship with major lithospheric boundaries, specifically craton margins (Begg et al.,
2010). In addition, most magmatic sulphide deposits occur within long-lived magmatic
pathways for mantle-derived magmas (Barnes et al., 2016). The pathways are believed to
facilitate rapid magma ascent, thereby delaying differentiation and metal loss due to the
segregation of olivine and sulphides (Maier, 2015). A mantle plume intersecting a continental
rift is an ideal location for all of these processes (Barnes & Lightfoot, 2005). The plume
provides a large volume of high-degree partial melts and the rifted lithosphere allows easy

access through the crust.
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Figure 1: (A) The temperature effect on the SCSS. (B) Experimental determination of sulphur solubility in basaltic melts with
varying FeO content as a function of pressure at 1,400°C. Data from Wendlandt (1982) and Mavrogenes and O’Neill (1999).
(C) SCSS of a contaminated mafic magma plotted against the mass fraction (f) of a S-free, Si-rich contaminant. The sulphide
saturation values for the end members are represented by points A and B. The contaminant S concentration (0 ppm) is
represented by point E. Sulphide saturation can be achieved by mixing a siliceous melt with a mafic magma that has a S
concentration greater than that represented by point D. (D) Palladium, Cu and Ni concentrations in partial mantle melts. Fig

A to C modified from Naldrett (2011); Fig D from Maier (2015).

2.4.3 Sulphide saturation

High-degree mantle melts are typically undersaturated in S in the mantle (Bekker ef al., 2009),
and the negative pressure feedback on SCSS limits sulphide saturation in mafic magmas as it
rises (Fig. 1B; Mavrogenes & O’Neill, 1999, Wendlandt, 1982). Closed magmatic systems may
reach sulphide saturation at crustal levels through cooling and crystallisation and crystallise
sulphide in cotectic proportions, which are generally not large enough to be economically
viable? (Ripley & Li, 2013, Virtanen et al., 2022). Furthermore, if sulphide saturation occurs

late in the crystallisation history of a magma, Ni and PGE may already have been extracted

2 This is not necessarily the case for large intrusions containing S-poor and PGE-dominated deposits (Maier, 2015,
Ripley & Li, 2013).
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(Robb, 2020). Therefore, a situation in which magmas become saturated early in the
crystallisation history is by many considered key for developing a Ni sulphide deposit (e.g.,
Barnes & Lightfoot, 2005, Li & Ripley, 2009, Ripley & Li, 2013). A process that can facilitate
sulphide saturation has already been indicated in Fig. 1C: the mixing of components, either by

recharge or contamination by country rocks.

Adding sulphur is probably the simplest method of promoting saturation (e.g., Li & Ripley,
2009, Ripley & Li, 2013). However, recent research has also indicated that some magmatic
sulphide deposits may have only contained mantle-derived S (e.g., Seat et al., 2009). The
importance of assimilation of S-bearing crustal rocks during ascent and emplacement of mafic-
ultramafic intrusions is commonly assessed using S isotopes (e.g., Barnes & Ripley, 2016,

Ripley & Chusi, 2007, Ripley & Li, 2003).

Because **S and 32S are the two most abundant S isotopes, these are the ones that are frequently
measured (Sharp, 2017). The isotopic ratio is commonly reported as §**S%o, relative to the

international scale Vienna-Canyon Diablo Troilite (V-CDT), expressed as:

(R)sample

x 1000
(R)V—CDT)

634Ssample = (

where R =3S/32S.

The mantle 3**S values are typically thought to range from 0+2%o (Ripley & Li, 2003), but
some studies suggest a wider range around 0%o (Seal, 2006). Significant deviations from the
mantle range indicate the addition of external sulphur. However, there are two things to
consider (Lesher, 2017): 1) The observation that the §**S%o value is similar to the mantle does
not prove that the S came from the mantle. It simply means that the S isotopes in the source or
contaminant have not fractionated from the mantle. 2) Sulphur isotopes are sensitive to
resetting in dynamic magmatic systems, where 3**S values can be shifted toward mantle values

as coexisting sulphide and silicate liquids interact (e.g., Lesher & Burnham, 2001).

2.4.4 Sulphide-silicate Kp and the collection of metals via sulphide exsolution

The ability of an immiscible sulphide melt to concentrate metals depends on the extent to which
metals partition themselves between the coexisting sulphide and silicate melts. Experimentally
determined partition coefficients (Ksulsit) for Ni and Cu lie in the 100 to 1000 range, whereas

the PGE range from c. 10* to 103 (reviewed in Barnes & Maier, 1999). Suppose an immiscible
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sulphide liquid equilibrates with an unlimited reservoir of magma. In that case, the
concentration of a trace metal in that sulphide liquid is just the product of the Ksur-sii and the
initial concentration of the metal in the coexisting silicate melt. This is not normally the case,
and the metal collected by a sulphide liquid will depend on the mass ratio of silicate-to-sulphide
liquids (R factor). Campbell and Naldrett (1979) provided the first mathematical formulation
that relates the R factor to the distribution of chalcophile metals between coexisting sulphide

and silicate liquids:
Cour = CoKsui—st(R+ 1)/ (R+ Kgi—si1)

where Cqu is the concentration in the sulphide liquid; Cy is the initial metal concentration in the
silicate magma; R is the mass ratio of silicate magma to sulphide liquid. When R>10Kuiil,

variations in R have relatively little effect on Csu (Campbell & Naldrett, 1979).

Late sulphide saturation, for example, may have a low R factor simply because the volume of
remaining silicate magma is small (Robb, 2020), whereas early saturation, in which a sulphide
liquid sinks through a column of magma (or turbulently mixes) equates to a high R factor

(Barnes & Maier, 2002, Briigmann et al., 1993).

2.4.5 Concentration and fractionation of sulphides

The immiscible sulphide liquid must be concentrated in a specific (and accessible) location
within the magmatic system to form a sulphide deposit. Otherwise, the rocks may contain
widely disseminated sulphides of too low grade to be considered economical (Barnes &
Lightfoot, 2005). Massive to semi-massive Ni-Cu-PGE mineralisations are frequently found in
footwall embayments, dyke dilations, magma conduit throats and horizontal segments of dyke-
chonolith and dyke-sill complexes, which act as fluid-dynamic traps for dense sulphide liquids

(Lesher, 2017, Lesher, 2019).

Many sulphide ore deposits are compositionally zoned with an Fe-rich component enriched in
Rh and IPGE (Os, Ir and Ru) and a Cu-rich component enriched in Pt, Pd and Au (Barnes &
Maier, 1999). This zonation is thought to occur when magmatic sulphide liquid crystallises
into an Fe-rich monosulphide solid solution (MSS) and a refractory Cu-rich liquid that later

crystallises intermediate solid solution (ISS) and possibly platinum group minerals (PGM).

As reviewed by Mansur ez al. (2021), upon cooling, a sulphide liquid (below 1190°C) will start
to crystallise MSS and incorporate elements such as Fe, Ni, Rh and IPGE, whereas Cu, Pt, Pd
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and Au are incompatible (Li et al., 1996, Liu & Brenan, 2015, Mungall, 2007, Mungall et al.,
2005, Sinyakova et al., 2016, Sinyakova et al., 2019). Below 950°C, the residual Cu-rich liquid
crystallises Cu-rich ISS (Cabri, 1973, Kosyakov et al., 2012). The trapped sulphide liquid may
become sufficiently enriched in incompatible elements (particularly Pt and Pd) to saturate

composite PGM (Dare et al., 2014, Liu & Brenan, 2015, Mansur ef al., 2020a).

At c. 650°C MSS exsolves into pyrrhotite + pentlandite + chalcopyrite, with MSS-compatible
elements (e.g., Rh and IPGE) partitioning between pyrrhotite and pentlandite (Kelly &
Vaughan, 1983, Mansur et al., 2020a). If the MSS is S-rich, pyrite can exsolve during cooling
at the expense of pentlandite (Kullerud & Yoder, 1959). Furthermore, pentlandite and pyrite
cannot coexsolve until 230°C, when the tie line in the ternary Fe-Ni-S system breaks down
(Naldrett & Kullerud, 1967, Naldrett ez al., 1967). Upon cooling, the ISS exsolves to either
(depending on the S content of the system) chalcopyrite + pyrite (high fS>), chalcopyrite +
pyrrhotite (intermediate fS2) or cubanite + pyrrhotite (low fSz; Lusk & Maxwell Bray, 2002,
Mansur et al.,, 2021). Additionally, the MSS and ISS may get saturated in PGE during
progressive cooling and PGM may exsolve from the MSS and ISS (Duran et al., 2017, Godel
& Barnes, 2008, Godel et al., 2007, Mansur & Barnes, 2020).

The development of magmatic sulphide deposits can be considered a series of igneous
processes, however, the final result may have been influenced by factors such as interaction
with late magmatic fluids, deformation and metamorphism (Mansur et al., 2021). For example,
pyrite is typically observed replacing magmatic sulphide assemblages (mainly pyrrhotite) as a
result of postcumulus re-equilibration with late magmatic fluids (Dare et al., 2011, Duran et

al., 2015, Holwell et al., 2017, Pifia et al., 2013, Pifia et al., 2016).
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3 GEOLOGICAL BACKGROUND

The Palaeoproterozoic tectonic evolution of the Karelian craton, the Archaean nucleus of the
Fennoscandian Shield, includes a long period of rifting (c. 2.5-2.0 Ga), which eventually led to
continental breakup (Lahtinen et al., 2005). The rifting caused significant mafic volcanism and
the formation of Palaecoproterozoic greenstone belts, including the CLGB (Fig. 2; Hanski &
Huhma, 2005). The final closure of the rift basins occurred by continent-continent collision

during the composite Svecofennian orogeny (c. 1.9-1.8 Ga; Lahtinen et al., 2005).

3.1 Central Lapland Greenstone Belt

The CLGB records depositional formation during a considerable period, starting with mafic
magmatism and sedimentation on top of the Archaean basement at c. 2.44 Ga and culminating
in orogenic deformation at c. 1.9 Ga (Hanski & Huhma, 2005). The belt is characterised by
thick sequences of sedimentary and volcanic rocks formed in various geotectonic environments
during the supracrustal evolution. In addition to the supracrustal rocks, three episodes of
intrusive magmatism produced ultramafic to mafic bodies at c. 2.44, 2.22 and 2.05 Ga (Hanski
& Huhma, 2005, and references therein). See Hanski and Huhma (2005), Hanski and Melezhik
(2013) and Hanski (2013) for detailed summaries of the Palacoproterozoic depositional and

magmatic evolution of the CLGB.

The onset of the evolution is marked by metavolcanic rocks and the formation of layered
intrusions in northern Finland. Ages of both extrusive and intrusive rocks converge to a narrow
range of about 2.45-2.43 Ga (Amelin et al., 1995, Hanski & Huhma, 2005, Mutanen & Huhma,
2001, Puchtel et al., 1997). The metavolcanic rocks belong to the Onkamo Group and have
been linked to an emerging mantle plume during the early stages of rifting. In this regard, the
metavolcanic rocks bear similarities to more recent continental flood basalts deposited in
intracontinental basins (Amelin et al., 1995, Hanski & Huhma, 2005, Hanski et al., 2001c,
Puchtel et al., 2001). Terrigenous arkoses and polymictic conglomerates are the associated
sedimentary rocks, likely reflecting a regional domal uplift related to the thermal anomaly

provided by the plume (Hanski & Huhma, 2005).

Following the brief mantle plume magmatism, a lengthy period of cratonic sedimentation
resulted in thick sequences of quartzites, mica schists and sporadic mafic volcanism. The
sedimentary rocks grade transgressively to phyllites and graphite- and sulphide-bearing schists

of the Savukoski Group, indicating a deepening of the basin (Hanski & Huhma, 2005).
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Common for the quartzites are c. 2.2 Ga mafic sills (Hanski ez al., 2001b) that form concordant
and density-differentiated sheets that may reach several hundred metres in thickness and can

commonly be traced for several kilometres (Hanski & Huhma, 2005).

The metasedimentary rocks are overlain by c. 2.05 Ga primitive high-MgO volcanic rocks
described as the upper komatiites, or the komatiite-picrite association of northern Finland and
Norway (Fig. 2; Barnes & Often, 1990, Hanski & Huhma, 2005, Hanski et al., 2001a, Krill,
1985a, Puchtel ef al., 2020). These rocks can be followed for more than 400 km from the
Russian border in the east through the CLGB and KGB to the Norwegian coast in the north
(Barnes & Often, 1990, Hanski e al., 2001a, Puchtel et al., 2020). Similarly aged mafic
intrusions can be found in many parts of northern Finland, especially in the Savukoski Group
(Hanski & Huhma, 2005, Rastas et al., 2001). Such as the Savukoski Group hosted 2058+4 Ma
Kevitsa intrusion (Mutanen & Huhma, 2001), the host of a significant Cu-Ni-PGE sulphide
deposit (Luolavirta et al., 2018c, Mutanen, 1997, Santaguida et al., 2015).

The U-Pb and Sm-Nd data available on mafic rocks in the Fennoscandian Shield show several
stages of Palacoproterozoic lithospheric rifting (Huhma ez al., 2018), although the exact
moment of breaking up is unknown (Hanski & Huhma, 2005). According to Korsman et al.
(1999), a marginal sea developed between 2.10 and 2.06 Ga in Fennoscandia (Hanski &
Huhma, 2005). However, the best evidence for the final breakup comes from ophiolite
complexes, which demonstrate that by c. 2.00 Ga, continental fragmentation had progressed to

sea-floor spreading (Hanski & Huhma, 2005).

3.1.1 The Karasjok Greenstone Belt

The northernmost section of the CLGB, the KGB, is a c. 160 km-long and 20-40 km-wide
linear feature (Barnes & Often, 1990, Krill, 1985b, Melezhik ef al., 2015, Often, 1985). To the
north, the KGB is overlain by autochthonous Ediacaran to Cambrian sedimentary successions
of the Dividal Group and allochthonous Caledonian nappes (Barnes & Often, 1990, Siedlecka
& Roberts, 1996). To the west, the volcano-sedimentary succession of the KGB unconformably
overlies and is partly thrust over the tonalite-trondhjemite-granodiorite-granite (TTGG)-
dominated Archaean Jergul Gneiss Complex (Bingen et al., 2015, Melezhik ef al., 2015, Often,
1985). To the east, the belt dips under the Tanaelv Migmatite Complex, which in turn is
overthrust by the Lapland Granulite Belt (Fig. 2; Krill, 1985b, Often, 1985).
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In the Lakselv area, the volcano-sedimentary succession of the KGB has no significant tectonic
breaks and therefore is likely to represent a coherent lithostratigraphical succession (Fig. 3;
Braathen & Davidsen, 2000). Several lithostratigraphic subdivisions have been proposed for
different parts of the KGB (e.g., Often, 1985, Siedlecka, 1985, Siedlecka et al., 1985); Here,
the subdivision proposed by Davidsen (1994) and Braathen and Davidsen (2000) for the
Lakselv valley (Fig. 3B) is adopted, where we find the most complete sections through the
KGB. From bottom to top, the lithostratigraphy consists of the Lavtevarri Formation, the
Corgas Formation, the Briitagielas Formation and the Fossestrand Formation. In the following
review of the geology, the prefix 'meta’ is omitted, however, it should be noted that the KGB
lithostratigraphy underwent greenschist- to amphibolite-facies metamorphism during the
Svecofennian orogeny (Braathen & Davidsen, 2000, Melezhik ef al., 2015) and has since

undergone variable low-temperature alteration.

The lowest unit in the KGB lithostratigraphy is the Lavtevarri Formation (50—-150 m thick),
which rests unconformably on the Jergul Gneiss Complex (Braathen & Davidsen, 2000,
Melezhik et al., 2015). The Lavtevarri Formation consists of carbonate-bearing feldspathic to
mica schists (locally fuchsite-bearing), intervals of basal conglomerates, amphibolites and
psammites with subordinate komatiites, high-MgO amphibolites, rhyolites, mica-schists and

marbles (Braathen & Davidsen, 2000, Davidsen, 1994).

The Corga§ Formation (250-700 m) comprises (bottom to top) quartzitic, quartzofelspathic
and mica schists, conglomerates and marbles (Braathen & Davidsen, 2000). The Lavtevarri
Formation is missing locally and the Corga$ Formation lies conformably on the Jergul Gneiss
Complex in parts of the belt (Often, 1985). Ultramafic to mafic intrusions are common in the
Corgas Formation, including the Gallojavri intrusion. There are no published ages for these
intrusions, however, carbonate isotope chemostratigraphy in the Corga$ Formation suggests a
depositional age of c. 2.22 and 2.14 Ga (Melezhik et al., 2015), suggesting that the intrusions
are part of the c. 2.05 Ga group of magmatic rocks in the CLGB.

A 300-700 m-thick marble unit marks the lower contact of the Briitagielas Formation with the
Corga$ Formation (Braathen & Davidsen, 2000). Above the marble, the formation consists of
kyanite-bearing garnet-mica schists and calc-alkaline dacitic volcanites with intervals of
graphite-bearing schists (Braathen & Davidsen, 2000, Davidsen, 1994). The dominant rock

assemblage in this formation is tholeiitic basalts with four interlayered units, each up to 70 m
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thick, of pillowed and volcaniclastic komatiite (Braathen & Davidsen, 2000). The formation

contains several sulphide-rich intervals (Melezhik et al., 2015).
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The Fossestrand Formation has a minimum thickness of 250-300 m (Melezhik et al., 2015).
The lower contact towards the Briitagielas Formation consists of two thick pillow lava flows
and coarse-grained mafic rocks. Upwards, the formation is dominated by lava flows and
agglomerates (Braathen & Davidsen, 2000). The presence of pillows indicates a subaqueous
environment, whereas the presence of vesicles in the same pillows and the abundance of
pyroclastic material suggest a relatively shallow-water setting (Melezhik ez al., 2015, Often,
1985).

Braathen and Davidsen (2000) interpreted the lithostratigraphy to have been deposited in an
intracratonic setting, as suggested by the pyroclastic rocks, graphite schists and depositional

contacts against the Archaean basement. In addition, the extensive metasedimentary units are

dominated by material from granitoid sources, suggesting cratonic source areas (Braathen &

Davidsen, 2000, Davidsen, 1994).
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3.1.2 Palacoproterozoic komatiite and picrite lavas

The Paleoproterozoic high-MgO magmatism of the CLGB occurs at two stratigraphic levels
designated as the lower and upper komatiites by Hanski et al. (2001a). The inferred c. 2.44 Ga
lower komatiites (c. 250 m thick), which belong to the Onkamo Group, are found near the
bottom of the succession and locally rest directly on the Archacan TTGG basement (Hanski &
Huhma, 2005, Heggie et al., 2013, Puchtel et al., 2020). The Onkamo Group eNd; signatures
range from -9 to -0.2 and indicate strong interaction with continental crust (Hanski & Huhma,
2005). As mentioned above, these komatiites have been linked to impingement of a c. 2.45 Ga
mantle plume (Hanski & Huhma, 2005) and the start of rifting of the Archaean craton.
Although not directly dated, the lower komatiites can be correlated stratigraphically to
komatiitic lavas of the Vetreny Belt in the SW part of the Fennoscandian Shield, with Sm-Nd
isochron ages of 2449+35 and 2410+34 Ma (Hanski & Huhma, 2005) and a Re-Os isochron
age of 2407+6 Ma (Puchtel et al., 2020, Puchtel ef al., 2016). Similarly, one can speculate that
the lower komatiites are represented by the subordinate komatiites and high-MgO amphibolites

of the Lavtevarri Formation in the KGB.

The upper komatiites are associated with phyllites and black schists of the Savukoski Group in
northern Finland (Hanski ef al., 2001a) and the upper Briitagielas- and the Fossestrand
Formation in the KGB (together designated as the Bahkilvarri Formation by Barnes & Often,
1990). These highly magnesian rocks are unusually enriched in TiO> compared to other
komatiites and are largely volcanoclastic in origin (Barnes & Often, 1990, Hanski et al.,
2001a). These unusual characteristics later led to the term "Karasjok-type" komatiites (Arndt,

2008, Barley et al., 2000) after the KGB, where Barnes and Often (1990) first described them.

The age for the Karasjok-type komatiite sequence in Finland is indicated with an average Sm-
Nd magmatic pyroxene-whole rock isochron of 2056 + 25 Ma (Hanski et al., 2001a) and a Re-
Os isochron age of 2049+13 Ma (Puchtel et al., 2020). A similar Sm-Nd whole-rock errorchron
age of 2085+85 Ma has been obtained for the sequence in Karasjok (Krill, 1985a).

While it is unknown whether the Archaean craton had already been completely disaggregated
at this point, most ultramafic to mafic magmas do not have isotopic signatures indicating
interaction with continental crust (Hanski, 2015, Hanski, 2013). The Sm-Nd analysis of Hanski
et al. (2001a) showed that the Light Rare Earth Elements (LREE)-depleted komatiites and
LREE-enriched picrites have similar positive eNd; values (+4), indicating derivation from a

depleted mantle. The same characteristics have been documented for the Karasjok sequence,
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with (La/Sm)n of 0.2-1.4 and average eNd: of +4.5 £ 0.5 (Krill, 1985a). To explain the REE
characteristics and large spread in trace-element ratios, Hanski er al. (2001a) proposed a
heterogeneous mantle source region formed by dynamic depletion and enrichment processes
and put forth a mantle plume model for their genesis (Hanski et al., 2001a), similar to the model

argued by Barnes and Often (1990) for the Karasjok komatiites.

3.1.3 Orthomagmatic mineral deposits

The Fennoscandian Shield in Finland contains a diverse suite of ore deposits, with over 50
mines in operation over the last century (Hanski, 2015). Several reference works with
summaries of mineral deposits and their petrogenesis have been published, including Mineral
Deposits of Finland by Maier et al. (2015) on which this section is based. Here, the emphasis

will be on orthomagmatic deposits linked to the Palaecoproterozoic magmatism in the CLGB.

The c. 2.45 Ga mantle plume activity and the beginning of rifting were accompanied by the
formation of large, layered ultramafic to mafic intrusions of major economic significance
(Hanski, 2015, Hanski, 2013). A large volume of mafic magma rose through the fracture
network of the rift and ponded close to the unconformity between the Archaean basement and
the earliest supracrustal rocks (Hanski & Huhma, 2005, Hanski, 2013). Interaction between
mantle-derived magmatism and the continental crust appears to have been crucial in ore
formation (Hanski, 2015). The intrusive bodies appear as layered gabbro-noritic intrusions in
several areas of the Fennoscandian Shield, such as the Tornio- Nérédnkévaara belt (TNB; Fig.
2) that hosts intrusions with stratiform Cr and Fe-Ti-V deposits, PGE-enriched reefs and Ni-
Cu-PGE contact and offset mineralisations (Hanski, 2015, Hanski, 2013, and references
therein). This age group of intrusions in the CLGB are represented by the 243943 Ma
Koitelainen and 2436+6 Ma Akanvaara intrusions (Fig. 2; Hanski & Huhma, 2005, Mutanen
& Huhma, 2001). Although currently uneconomic, both intrusions contain magnetite-rich

cumulates and PGE-enriched stratiform chromite deposits (Hanski, 2015, Mutanen, 1997).

Despite a common association with sulphide-bearing supracrustal rocks, a favourable
environment for assimilating external sulphur, the upper komatiites and picrites have no known
economic deposits in the CLGB (Hanski, 2015). However, the Hotinvaara and Lomalampi
komatiites show that this magmatic episode has some Ni potential (Hanski, 2015, Konnunaho
et al., 2015, Makkonen et al., 2017). The significant 2063+£35 Ma Sakatti deposit, whose
intrusive versus extrusive nature is still debated, may be added to this list (Brownscombe ef al.,

2015, Moilanen et al., 2021).
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Unlike the extrusive upper komatiites, the similarly aged intrusive rocks have shown much
more promise for orthomagmatic sulphides, with examples such as the Ni-Cu-PGE Kevitsa
deposit and possibly the Sakatti deposit (Fig. 2). This list may also include the Hietakero mafic
intrusion (but no isotopic age data are available), which is host to an unusual Co-enriched Cu-
Ni sulphide mineralisation (Konnunaho et al., 2018). Multistage petrogenetic models have
been proposed for all these deposits and appear to have played an important role in ore
formation (e.g., Brownscombe et al., 2015, Konnunaho et al., 2018, Luolavirta et al., 2018a).
For example, Luolavirta ef al. (2018b) proposed a model of multiple injections based on
spatially confined but strikingly different drill core lithological and compositional profiles
inside and outside the Kevitsa ore domain. The Ni-PGE ores of the intrusion were proposed to
be the result of the assimilation of proto-ores deposited early in the evolution by later magma

recharges (Luolavirta, 2018).

3.2 Previous work on the Gallojavri intrusion

The following presents a summary of the information that was available on the Gallojavri
intrusion before onset of the PhD project. This section is based on the summary report of
Nilsson and Often (2006), the derived works of Boyd and Eilu (2012) and Nilsson ef al. (2016),

and the references therein.

The Gallojavri ultramafic intrusion (Fig. 4) is located about 20 km NNW of Karasjok and 3.5
km east of Lake Iddjajavri. The intrusion is at least 500 m thick, striking roughly N-S for at
least 5 km, and is hosted by east-dipping Proterozoic psammitic rocks. Lake Gallojavri covers
much of the northwestern part of the intrusion, with most exposures found along the lake's
eastern bank. According to aecromagnetic and gravity data, the exposed part of the Gallojavri
intrusion is only the northern extension of an intrusion that may be much larger and plunges at

a shallow angle to the southeast (Fig. 4B, C; Skaar, 2014).

The initial investigations included minor core drilling, geochemical sampling, ground
geophysics, geological mapping and mineralogical studies on sulphide-bearing samples.
According to outcrop and core logs, the intrusion is dominated by olivine-pyroxene cumulates,
which are at least partially recrystallised at amphibolite facies. The distribution of ultramafic
components and mineralisation in the body is described by Nilsson and Often (2006), who
argued that the base of the intrusion coincides with its western contact. Four different areas of
mineralisation, one exposed along a strike length of 500 m, reveal the presence of up to 5

modal% disseminated sulphides. Pentlandite, pyrrhotite and chalcopyrite have been found in
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ore petrographic studies, but no distinct PGM. The highest recorded noble metal grade is 2.45
ppm Pt+Pd+Au, pointing to high metal-in-sulphide tenors.

A combined geophysical (IP and magnetic) anomaly linked to a Ni-Cu-(PGE) sulphide
occurrence was the target of three holes drilled by Tertiary Minerals in 2003 (DDH 03GD001—
003; Fig. 4A). While the drilling campaign did not come across PGE grades comparable to
earlier surface sampling, anomalous PGE intersections were made in all three holes, with broad
intersections of anomalous values in composite samples (e.g., 4m at 0.26 ppm Pt+Pd+Au) and
higher values in narrow sections (e.g. 0.55m at 0.69 ppm Pt+Pd+Au; Bradley, 2003,
confidential until 2018). The results were deemed inconclusive by Bradley (2003) until

additional assaying and mineralogical analysis could be undertaken.
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Figure 4: Geological map and geophysical anomaly maps from Skaar (2014). All three maps cover the same area. The
geological map is based on Henriksen (1986). The location of drill holes 03GD001, 03GD002 and 03GD003 are marked with
crosses. (A) Geological map of the Gallujavri intrusion. (B) Magnetic tilt anomalies and (C) gravity tilt anomalies

superimposed on the geological map. Slightly modified from Orvik et al. (2022a). GI, Gallojavri intrusion.
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4 PROJECT OUTLINE

The primary aim of this PhD project is to understand the petrogenesis and develop a geological
model for the Gallojavri intrusion. However, because this project is the first academic study on
the Gallojavri intrusion, the project has a broad scope. As such, the primary aim is subdivided
into three separate objectives. The first objective is to develop a petrogenetic model; the second
objective is to evaluate the link to the magmatic evolution of the CLGB; the third objective is
to characterise the mineralisation and evaluate the ore-forming mechanisms. Although listed

as separate objectives, these topics are naturally interconnected.

The first objective of this thesis will be addressed by defining a petrogenetic model for the
Gallojavri intrusion based on a traditional petrographic approach combined with
thermodynamic modelling. The traditional approach involves core logging, microscopy,
electron probe microanalysis (EPMA), mineral trace element analysis and whole rock
geochemistry. By simulating the magmatic evolution with the MCS, the formulated hypothesis
will be tested against the observations, thus facilitating the development of a consistent

petrogenetic model.

The second objective of the thesis is to provide a link to the regional evolution of the belt.
Previous geochronological and isotopic data are scarce in the Karasjok area, inhibiting
correlation between the Norwegian and Finnish parts of the belt. Consequently, achieving this
objective involves collecting geochronological data, determining isotopic signatures and
interpreting them in the evolutionary framework of the CLGB. In addition, radiogenic isotopes
provide important information on the nature of the source of magma and the characteristics of

potential crustal contaminants. Therefore, the findings will also contribute to the first objective.

The third objective of this thesis is to characterise the mineralisation and provide an evaluation
of the ore-forming processes. Like the first objective, the third objective will be approached
with traditional petrographic methods, including core logging, microscopy, EPMA and mineral
trace element analysis. This approach is aided by bulk chalcophile element geochemistry and
S isotopes, which provide information on the processes leading to saturation as well as the

source of sulphur.
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S SUMMARY OF PAPERS

This thesis is based on two published, peer-reviewed papers and one manuscript. Here is a short
summary of the work that emphasises the parts that answer the objectives outlined in the
preceding chapter. As is customary for NTNU theses, the original papers and the manuscript
are included at the end of this synthesis. The underlying data are available in the respective
papers and online supplementary materials. The unpublished manuscript has the supporting

data included in the text and the attached appendix.

Paper 1: Orvik, A.A., Slagstad, T., Hansen, H., Nilsson, L.P., Serensen, B.E., 2022. The
Palacoproterozoic Gallujavri ultramafic intrusion, Karasjok Greenstone Belt; petrogenesis of a

trans-crustal magma system. Journal of Petrology 63, 28.

The first paper focuses on developing a petrogenetic model for the Gallojavri intrusion based
on newly acquired petrological and geochemical data. Defining a model includes
distinguishing the parental melt and processes affecting the magmatic evolution of the
intrusion, which in part relies on previously published data from the KGB. This paper addresses
the possible genetic links between the Gallojavri intrusion and the spatially associated 2085485
Ma Karasjok-type komatiites. A petrogenetic model is developed using the MCS tool to
simulate the magmatic evolution of the Gallojavri intrusion. The model is then validated by

comparing its results to the reported petrological and geochemical data.

Bulk geochemistry revealed clear evidence of contamination, such as Large-lon Lithophile
Element (LILE), LREE, Pb and U enrichment (Fig. 5A). Furthermore, the contamination is
largely uniform, with no clear spatial variations. For example, the cumulate rocks have
uniformly low Nb/Th ratios with an interquartile range from 0.4 to 2.4 (Fig. 5B), similar to
average crustal values (c. 2.3). These characteristics suggest that assimilation occurred early,
potentially in a staging chamber. In addition, the analysed spinel showed a Fe-Ti trend similar
to the trends documented for subvolcanic intrusions to continental flood basalts (Fig. 5C).
Polybaric crystal fractionation was indicated by geobarometric estimates that cluster at 400
MPa and tails towards 700 MPa (Fig. 5D), which again suggests some diversification in a
staging magma chamber. Additionally, the stratigraphic placement of the Gallojavri intrusion
suggests that it is not only spatially but also temporally associated with the Karasjok-type

komatiites.
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Figure 5: Slightly modified figures from Orvik et al. (2022a). (A) Multi-element primitive mantle-normalised (Sun &
McDonough, 1989) diagram showing average compositions of the different rock types. (B) MgO wt.% versus the Nb/Th ratio
for cumulate rocks and late dykes. (C) Ternary diagram relating analysed spinel compositions to the Fe-Ti trend (green arrow)
and compositional fields defined by Barnes and Roeder (2001) for spinels from mafic-ultramafic igneous rocks. (D)
Amphibole, orthopyroxene and clinopyroxene thermobarometry. Mineral pairs from peridotites in light blue. Mineral pairs
from olivine websterites in grey. Diamonds: amphibole thermobarometer (Ridolfi ez al., 2009), circles: weighted averages of
the two-pyroxene thermometer of Brey and Kéhler (1990) and the two-pyroxene thermobarometers of Putirka (2008).
Reference lines: anhydrous solidus for peridotite (sPrd; Hirschmann, 2000), hydrous peridotite solidus (sPrd(w); Boettcher et
al., 1975), and hydrous garnet websterite solidus (sGrtWbs(w); Mysen & Boettcher, 1976).

The results led to the following hypothesis: 1) The Gallojavri intrusion and Karasjok-type
komatiites form a cognate magma system; 2) The intrusion represents part of the volcanic
plumbing system; 3) Significant crustal contamination occurred in a staging magma chamber;

4) Crystallisation ensued at depth.

The MCS tool was used to test the hypotheses, which served as the foundation for developing
an overarching petrogenetic model for the Gallojavri intrusion (Fig. 6). The model revealed
that magma transport via a two-stage polybaric plumbing system could explain several of the
phase equilibria and bulk geochemical characteristics observed in the Gallojavri intrusion. In
the model, LREE-depleted 2085 + 85 Ma Karasjok-type komatiitic melt first intruded the lower
crust with a liquidus temperature of 1698°C (stage 1; Fig. 6). The komatiitic melt heated the
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surrounding TTGG country rock, leading to anatexis and contamination of the melt in the lower
crustal chamber. Assimilation and fractional crystal continued until the melt had evolved into
a komatiitic basalt (c. 12 wt.% MgO; like the Gallojavri chilled margin). The evolved and
hybridised melt separated from the lower crustal reservoir and migrated to shallower crustal

levels where it intruded with a liquidus temperature of 1273°C (stage 2; Fig. 6).

Once the hybrid melt intruded the middle crust, the assimilation and fractional crystallisation
processes continued. In this stage, the country rocks were modelled with a composition like the
metasedimentary rocks hosting the intrusion (Fig. 6). The modelling suggested that the middle
crustal chamber remained open, requiring primitive melt recharge(s) to explain the observed
phase equilibria (step 7; Fig. 6). In addition to recharge(s), the modelling suggested an
anomalous thermal gradient in the middle crustal chamber, hypothesised to be due to the pre-

heating of the country rock by previous magma pulses.

As with all modelling-based studies, the results depend on various assumptions and choices of
conditions and parameters. Some of the ambiguities in the model are highlighted and discussed
in this paper. For example, there is uncertainty about the relative proportion of crustal
contamination at the different stages of the model. The host metasedimentary rocks are likely
derived from the TTGG crust, giving them similar chemical compositions and therefore making
them hard to distinguish. The number and composition of the recharge(s) are also uncertain.
The model includes one large recharge event of primitive Karasjok-type komatiitic melt.
However, one might achieve similar results with several smaller injections of varying

compositions.

In addition to the petrogenetic model, this paper presents some results that have implications
for the mineralisation potential of the Gallojavri intrusion, such as linear variation in whole-
rock MgO versus Ni and high Ni contents in olivine (2700-3500 ppm) that are considered
characteristics inconsistent with crystallisation from a previously sulphur-saturated or Ni-
depleted melt. This observation suggests that the system has some Ni potential and that
cogenetic intrusions of the same type as Gallojavri are appealing targets for further

investigation into the petrogenesis and ore potential of the system.
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Paper 2: Orvik, A.A., Slagstad, T., Serensen, B.E., Millar, 1., Hansen, H., 2022. Evolution of
the Gallojavri ultramafic intrusion from U-Pb zircon ages and Rb-Sr, Sm-Nd and Lu-Hf isotope

systematics. Precambrian Research 379, 106813.

The second paper presents radiogenic isotope signatures and zircon U-Pb geochronological
data for the magmatic rocks of the Gallojavri intrusion and the country rock. The isotopic study
adds to the petrogenetic discussion of the first paper, being better suited to constrain the
characteristics of crustal contamination and recharge. Furthermore, being one of the first
radiogenic isotope studies on magmatic rocks of the KGB, combined with the reported
geochronology, forms a natural basis for discussing the magmatism in light of regional models

developed for the CLGB.

The CLGB contains multiple ultramafic to mafic intrusions, some with significant ore reserves,
that are thought to have formed during three episodes at c. 2.44, 2.22 and 2.05 Ga. This paper
reports a magmatic zircon U-Pb age of 2051+8 Ma (Fig. 7A), interpreted to reflect the
crystallisation age of the Gallojavri intrusion. Discordia lower-intercept ages indicate
Caledonian lead loss. The magmatic rocks exhibit a large range of isotopic signatures, with
zircon gHf; ranging from -14 to -1 and bulk &Nd; ranging from -15 to +4 (Fig. 7B, C). In
addition, bulk (¥’Sr/**Sr); shows an apparent range from 0.504 to 0.707. A Rb-Sr errorchron
yield an age of 1691+11, interpreted to reflect low-temperature alteration and Rb-Sr mobility,
supported by petrographic observations and XRD analyses suggesting significant alteration.
The errorchron age broadly corresponds to Svecofennian hydrothermal activity, deformation
and intrusion of pegmatite elsewhere in northern Fennoscandia. The less mobile Nd and Hf
systems were interpreted to represent primary magmatic signatures. In addition, this paper
reports large variations in isotopic signatures over decimetres to metres in core profiles (Fig.
7C). For example, the full range in eNd; (i.e., -15-4) is represented within a core interval of c.

4 m, all in rocks with more than 20 wt.% MgO.

The Traces extension of the MCS is used in this paper to test the petrogenetic model presented
in the first paper with the newly reported isotopic signatures (Fig. 8). The modelling results
were mostly consistent with the initial petrogenetic model but also revealed flaws and
inconsistencies. Additionally, the observed spatial variation in isotopic signatures points to a

more complex magmatic evolution and suggests that the MCS model is oversimplified.
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Figure 7 Slightly modified figures from Orvik ez al. (2022b). (A) U-Pb zircon geochronology results. The figure shows a Tera-

Wasserburg diagram with a discordia calculated from magmatic zircon without significant lead loss. The Tera-Wasserburg

diagram was created with Isoplot 4.15.11.10.15 using decay constants A238=1.55125%10"'% and A235= 9.8485x101° (Steiger &

Jager, 1977). (B) Hf isotope evolution plot for the Gallojavri zircons. The isotope trajectories of continental crust (formed at

c. 2.9 and 3.5 Ga with '7°Lu/""Lu = 0.015) and depleted mantle (DM) are shown for reference. (C) Downhole variation in
MgO wt.%, Nb/Th ratio, eNd (2.05 Ga) and *’Sr/*6Sr (2.05 Ga) for drill core 03GD002. Crustal average Nb/Th from Weaver

and Tarney (1984). GB, gabbro; MS, metasediments; PX, pyroxenite; OLPX, olivine-pyroxene cumulates.

The most evolved crustal (or supracrustal) rock documented had an €Ndzosca of c. -9.

Therefore, the most unradiogenic samples from the Gallojavri intrusion had to be contaminated

by a more evolved and unidentified crustal component. Furthermore, the assumed chilled

margin, proposed to be the mid-crustal parental melt in the first paper, had an gNd; of +2.5,

inconsistent with significant contamination in a staging chamber (Fig. 8).
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The magmatic evolution simulated with the MCS assumes complete mixing of the evolved
melt in the chamber and the added anatectic- and recharged melts. This assumption is unlikely
to hold based on the spatial variation in isotopic signatures reported in this paper (Fig. 7C). The
heterogeneity implies incomplete mixing of isotopically distinct components of the system.
The large variations in isotopic signature were, therefore, attributed to local xenolith melting
and influx of variably contaminated melt into the semi-consolidated Gallojavri chamber. For
example, the local juvenile domains indicate that the system was recharged with
uncontaminated mantle-derived melt. It does, however, potentially imply that the recharge

occurred late, resulting in isolated domains rather than mixing with the magma in the chamber.

The first two papers in the thesis point to petrogenetic similarities between the Gallojavri
intrusion and the c¢. 2.05 Ga ultramafic to mafic bodies in Finland, such as the Kevitsa and
Sakatti. The reported zircon U-Pb age further strengthens the hypothesis that the Gallojavri
intrusion formed during the c. 2.05 Ga magmatic episode. A characteristic feature of this age
group of intrusions is a multistage and polybaric evolution, coupled with variable
contamination, which appear to have played an important role in ore formation. Identifying this
type and age group of intrusions in the KGB suggests that they occur throughout the CLGB,

which also carries implications for the prospectivity of the Karasjok region.
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Manuscript 3: Orvik, A.A., Mansur, E., Slagstad, T., Serensen, B.E., Drivenes, K., Nilsson,
L.P.,, In preparation. The PGE sulphide mineralisation from the Gallojavri intrusion:
implications for the formation of magmatic sulphide deposit in the Karasjok Greenstone Belt,

Norway, Unpublished, 52 pp.

The third manuscript presents the first detailed petrographic description of the Gallojavri
mineralisation, reported together with ore mineral chemistry, bulk chalcophile elements and S
isotope ratios. The petrographic description, mineral chemistry and trace element zoning of ore
mineralogy were used to characterise the mineralisation and evaluate the genesis and the effects
of post-cumulus alteration. The bulk chalcophile concentrations and S isotope data were used
to assess the nature of magma chamber processes and the contribution of crustal contamination

to the formation of mineralisation.

This manuscript is the first to evaluate the ore genesis of a conduit-like intrusion in the KGB.
Therefore, it provides important considerations for properly assessing the regional mineral
potential. To this end, this manuscript compares the Gallojavri intrusion to bulk geochemical
data from the Karasjok-type parental komatiite and the stratigraphically correlatable

Karenhaugen- and Porsvann intrusions.

Petrography shows that the mineralisation consists of primary and post-cumulus features (Fig.
9). The primary sulphide association consists of pyrrhotite, pentlandite and chalcopyrite (Fig.
9A, B). These occur as up to 10 modal% internally differentiated disseminations and larger
blebs (<1 cm). However, the Gallojavri rocks are commonly S-poor and characterised by
accessory sulphide proportions that align with cotectic fractionation. Sulphur saturation
seemingly occurred late in the magmatic evolution, as reflected by the internally differentiated
sulphide disseminations association with trapped silicate liquid phases, such as plagioclase and
phlogopite (Fig. 9D). The disseminated pyrrhotite is commonly characterised by an outer
peritectic reaction zone comprising coarse pentlandite or a thin loop texture of chalcopyrite and
pentlandite (Fig. 9B). Sulphur supersaturation is indicated locally. For example, one thin (5
cm) vein of massive sulphide (c. 9:1 pyrrhotite-chalcopyrite) is associated with a country rock

xenolith.
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Figure 9: (A) Disseminated sulphides in olivine-pyroxene cumulate rocks. The intercumulus sulphides are composite and

consist of chalcopyrite, pyrrhotite and pentlandite. (B) Pyrrhotite with loop-textured pentlandite and chalcopyrite. (C) Large
recrystallised bleb of chalcopyrite in amphibolite (websterite). The chalcopyrite has some pentlandite exsolutions and
encompasses a rounded pyrite. (D) Plane-polarised zoom of the area indicated in (A) showing the association with trapped
interstitial phases. (E) LA-ICP-MS elemental maps showing the chalcophile element distribution in chalcopyrite, pyrite and
pentlandite. The relative concentration of the elements is semi-quantitative and normalised to 1 wt.% Fe. Silicates, holes and
cracks have been masked in the element maps. Amp, amphibole; Bt, biotite; cp, chalcopyrite; Ol, olivine; Phl, phlogopite; P1,
plagioclase; pn, pentlandite; po, pyrrhotite; Px, pyroxene; LA-ICP-MS, laser ablation inductively coupled plasma mass

spectrometry.
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The recrystallised post-cumulus sulphides consist of chalcopyrite and pyrite, commonly with
serrated margins in pervasively altered rocks (Fig. 9C). However, there is a continuum between
primary magmatic and recrystallised styles, with pyrite preferentially replacing pyrrhotite. The
pyrite is zoned in Co, As, Se, IPGE and Pt (Fig. 9E), attributed to boundary-layer effects during
the fluid-assisted replacement of primary pyrrhotite. In addition to the primary and post-
cumulus styles, there are multiple examples of hydrothermal veins with fluid-precipitated

sulphides.

Various noble metal minerals are associated with the primary magmatic to recrystallised
sulphides, dominated by Pt-Pd-Ag-Ni bismuth tellurides. These are commonly found included

in pentlandite and chalcopyrite, on the margins of chalcopyrite and in silicates near sulphides.

There is a large variation in the trace element composition of the various sulphide species and
mode of occurrence (Fig. 10). For example, magmatic pentlandite has an average Pd content
of ¢. 20 ppm, which drops to c. 3 ppm for recrystallised pentlandite. In contrast, vein-hosted
pentlandite has an average Pd content of c. 0.03 ppm (Fig. 10A). Similar or inverse
relationships were observed for many of the analysed elements for most of the sulphide species
(Fig. 10). The observed variations are most likely due to relative elemental mobility when the
sulphides interacted with late hydrothermal fluids. Additionally, the evident variation in
solubility raises concerns about binary discrimination diagrams for hydrothermally modified

sulphides.

The &**S values obtained in this study largely overlap with mantle values (Fig. 11A), implying
that the crustal contaminant had a §**S close to the mantle range, was sulphur deficient, or both.
Another consideration is that crustal 5**S signatures may be modified by high R factors,
masking the effect of external S addition. However, high R factors are unlikely in the case of
the Gallojavri mineralisation, with the observed bulk Cu/Pd ranging from depleted to primitive
mantle ratios (Fig. 11B). This is corroborated by a simple R factor model that shows that most
Pd-enriched samples can be modelled by low R factors (100-1000) and sulphide concentrations
close to cotectic proportions (0.1-1%). This suggests that externally derived S was not

substantial, which is also supported by the generally low S contents of the Gallojavri intrusion.
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Figure 10: Box and whisker diagram of trace element concentrations in chalcopyrite (cp), pentlandite (pn), pyrite (py) and

pyrrhotite (po), for magmatic (m), recrystallised (r) and vein (v) sulphides.

The S concentrations and sulphide modality increase towards country rock material, which also
accounts for the thin layer of massive sulphide. However, these areas are typically characterised
by depleted Cu/Pd ratios suggesting low R factors. This relationship provides evidence that
local assimilation can produce more sulphides, but, in our case, without chemical interaction

with large amounts of silicate magma.

The research does not support the notion that the Gallojavri intrusion represents an economic
deposit. The intrusion does not exhibit high R factors and metal grades, nor is it enriched in S.

However, evaluating unmineralised (without S or Ni excess) samples after correcting for
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silicate fractionation (normalising to a silica-incompatible element) shows that the Gallojavri
rocks are enriched in chalcophile elements relative to background mantle values (Fig. 11C).
This suggests that the system has not experienced significant sulphide extraction en route. In
contrast, the parental Karasjok-type komatiites are more uniformly depleted (Fig. 11C).
Consequently, the system as a whole shows concurrent anomalous depletion and enrichment
trends that are considered a hallmark of a prospective system and should be seen as positive

for the mineral potential of the KGB.

This manuscript points to the Karenhaugen and Porsvann bodies as potential Gallojavri-type
intrusions. The Pd grades and indicated endowments of both intrusions are consistent with early
S saturation with sufficiently high R factors (Fig. 11B). Modelling under the assumption that
they are cogenetic conduits indicates that both intrusions have apparent R factors at least one

order of magnitude larger than the Gallojavri intrusion.
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Figure 11: (A) The 8**S%o of the Gallojavri intrusion and its host rock. The kernel density violins include vertical lines showing
the median (thick) and quartiles. (B) Cu/Pd versus Pd plot for samples from the Karasjok komatiites and the Gallojavri,
Karenhaugen, and Porsvann intrusions. The tie lines depict model sulphides crystallising from a komatiitic melt that has been
slightly metal depleted at R factors ranging from 1000 to 100,000 (assuming Keuisi™® = 100000 and Ksulsi“ = 1000). (C)
Unmineralised Gallojavri samples and Karasjok komatiites plotted in a (Pt/Al)x versus (Pd/Al)N diagram to identify sulphide-
related depletion and enrichment. References — Porsvann and Karenhaugen: Kingsrose (2021); Karsjok komatiites: Fiorentini

et al. (2011); Primitive mantle normalisation factors: Becker ez al. (2006).
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6 DISCUSSION AND IMPLICATIONS

The work presented in this thesis focuses on the Gallojavri intrusion in northern Norway and
how it relates to the Palaeoproterozoic magmatism of the CLGB. The primary aim of this PhD
project was to develop a geological model for the intrusion, which can be subdivided into
specific objectives. The first objective is to develop a petrogenetic model, the second is to
evaluate the relationship to the magmatic evolution of the belt, and the third is to understand

the genesis of the mineralisation.

The first paper (Orvik et al., 2022a) primarily addresses the first objective and presents a
detailed petrogenetic model for the Gallojavri intrusion. However, both paper two (Orvik et
al., 2022b) and manuscript three (Orvik ef al., In prep.) show that the model does not resolve

all aspects of the magmatic evolution.

A growing body of evidence suggests that several mid- to upper-crustal plutons are formed by
repeated injections into a crystal mush (e.g., Nebel ef al,, 2020) or by incremental sill
emplacement (e.g., Mungall et al., 2016). These models contrast with the traditional view of
melt-dominated intrusions characterised by gravity-driven accumulation of crystal mushes on
chamber floors and margins (e.g., Kruger & Latypov, 2020). As indicated by Nilsson and Often
(2006) and Orvik et al. (2022a), the spatial differentiation trend of the Gallojavri intrusion
follows the foliation of the surrounding country rock, suggesting that it is sill-like and

characterised by gravity-driven crystal settling or flotation.

There is strong evidence that the Gallojavri intrusion represents an open system with, for
example, phase equilibria requiring at least one recharge. In addition, the uniform trace element
signatures reported by Orvik et al. (2022a) suggest that any recharged melt was efficiently
mixed (Fig. 5B), thus implying a melt-dominated chamber. The thermodynamic modelling
supports this notion, which satisfactorily replicates the observations and intrinsically assumes

that the system is melt-dominated (Orvik et al., 2022a).

The variation in radiogenic isotopes paints a different picture, with large spatial variations in
isotopic signatures (Orvik ef al., 2022b). The local evolved and juvenile excursions indicate
inefficient mixing and homogenisation of isotopically distinct components (Fig. 7C), implying
that the system was melt-poor or characterised by physical properties that inhibited mixing.
Orvik et al. (2022b) interpreted that the large variations in isotopic signatures resulted from

local dissolution or melting of xenoliths and incomplete mixing of isotopically distinct melts
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injected into the hot and semi-consolidated Gallojavri chamber. It should be noted that this
interpretation is based on variation in one core; to draw more definitive conclusions, a better

definition of the spatial variation is required.

However, one process does not exclude the other. That is, the natural evolution of a melt-
dominated chamber would be into a crystal-loaded mush. Therefore, it is not unlikely that the
intrusion evolved in line with the model presented by Orvik er al. (2022a), followed by
subsequent and smaller recharges into the semi-consolidated chamber (Orvik et al., 2022b).
This interpretation would be similar to the model for the Rum Layered Suite, Scotland
suggested by Hepworth er al. (2020b), where they argued for repeated injections into pre-

existing cumulates resulting in large-scale isotopic heterogeneity (Hepworth et al., 2020a).

The second objective was to link the petrogenesis of the Gallojavri intrusion to the magmatic
evolution of the CLGB. This is primarily treated in papers one and two. In paper one, based on
stratigraphy and the spatial link with the upper komatiites, Orvik ef al. (2022a) hypothesise that
the Gallojavri is cogenetic and part of the volcanic plumbing system. This hypothesis was
strengthened with the thermodynamic modelling suggesting that the Karasjok komatiites
represent analogues to the parental melt, although significantly hybridised by lower-crustal
assimilation (c. 15%; Orvik et al., 2022a). The age of the parental Karasjok komatiites

indirectly shows that Gallojavri intrusion formed as part of the c. 2.05 Ga plume magmatism.

The c. 2.05 Ga link is confirmed in the second paper that reports a zircon crystallisation age of
205148 Ma (Fig. 7A). In addition, the more depleted mantle-like Nd signatures of the
Gallojavri (eNd; <+4) samples are consistent with the juvenile Karasjok-type komatiites (Fig.
8; Krill, 1985a, Orvik et al., 2022b). However, the most evolved Nd compositions of the
Gallojavri (eNd; as low as -15) require a more evolved continental crust than has been

documented in the KGB (Orvik et al., 2022b).

There is an ongoing debate surrounding the crustal architecture beneath the CLGB (Hanski,
2015) based on a clear negative correlation between age and initial eNd for the extrusive
magmatic rocks in the belt. For example, the Onkamo Group lower komatiites to felsic
extrusive rocks are characterised by initial ENd2.44Ga values of c. -9 to 0 (Hanski & Huhma,
2005), while the c. 2.05 Ga upper komatiites consistently have positive initial eENd similar to
depleted mantle values (Hanski ef al., 2001a, Krill, 1985a). The decreasing level of crustal
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interaction implied by the eNd values suggests that the continental lithosphere was significantly

thinned or possibly completely disaggregated by c. 2.05 Ga (Hanski, 2013).

As stated above, Orvik et al. (2022a, b) link the Gallojavri intrusion to the Karasjok-type
komatiites and show that the magmatic evolution is influenced by significant crustal
contamination. In addition, identifying highly unradiogenic Nd compositions in MgO-rich
rocks suggests the presence of old and evolved components in the lithospheric column at the
time. Therefore, it indicates that the continental crust underlying the KGB was intact and of

large enough thickness to facilitate extensive contamination of the Gallojavri rocks.

Unlike the KGB, the Finnish part of the CLGB is characterised by a transgressive deepening
of the basin, as exemplified by the deep-water sedimentary rocks of the Savukoski Group
(Hanski & Huhma, 2005). This deepening could indicate attenuation of the crust, which again
could explain the juvenile komatiites and picrites. However, the 2058+4 Ma Kevitsa intrusion
(Mutanen & Huhma, 2001), hosted by the Savukoski Group, has recently been interpreted as a
conduit for coeval and juvenile picrite lavas (Luolavirta et al., 2018b). Like the Gallojavri, the
Kevitsa intrusion has heterogeneous isotopic signatures with initial eNd as low as -7 (Hanski
et al., 1997), in part lower than those of the hosting metasediments (Huhma et al., 2018).
Therefore, it seems interaction is identifiable throughout the CLGB, which is inconsistent with

a completely rifted craton.

The third objective was to characterise the mineralisations and evaluate the ore-forming
processes. This topic is primarily treated in manuscript three. However, the concentration of
metals from background levels in the mantle source to economic levels in the accessible crust
depends on lithospheric-scale processes (Barnes et al., 2016). Therefore, both of the first two
papers offer constraints and conditions for developing a mineralisation model and evaluating

the implications for regional prospectivity.

The c. 2.05 Ga magmatism in the CLGB is considered highly prospective for orthomagmatic
sulphides, especially when considering the Savukoski Group, which hosts the Kevitsa and
Sakatti deposits. These ultramafic to mafic bodies are interpreted as open systems characterised
by at least two pulses of melt that directly contributed to the concentration of metals
(Brownscombe et al., 2015, Luolavirta ef al., 2018b). In both Kevitsa and Sakatti, later magma
pulses assimilated, remobilised and concentrated the sulphides crystallised in the initial stages

to economic levels.
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Crustal contamination is considered an important factor in the formation of orthomagmatic
sulphide deposits in ultramafic and mafic systems (Barnes & Lightfoot, 2005, Li et al., 2003,
Ripley & Li, 2003). This is especially true for deposits linked to high-temperature magmas like
komatiites (Bekker et al., 2009), which have S contents well below the SCSS in their mantle
sources and become more undersaturated during ascent (Barnes et al., 2016, Mavrogenes &
O’Neill, 1999). Magmatic conduits to mantle-derived melts are therefore regarded as
favourable environments for forming economically viable sulphide deposits. A feature
exemplified by that channelised sills, tubes, or blade-shape dykes with prolonged high-volume
flow accounting for most known host igneous bodies to significant ore deposits worldwide

(Barnes et al., 2016, Lesher, 2019).

Considering the indicated metal enrichment in the Gallojavri intrusion (Nilsson et al., 2016),
the conduit model (Orvik et al., 2022a) and the link to the prospective c. 2.05 Ga plume
magmatism (Orvik ef al, 2022b), the intrusion seems to represent a highly prospective
magmatic body in the KGB. However, as Orvik et al. (In prep.) conclude, the intrusion is

neither S-rich nor characterised by high R factors (Fig. 11B).

The low R factors and S content is most likely due to the melts being undersaturated in S. For
example, S isotope compositions are mantle-like (Fig. 11A), whereas both trace element and
radiogenic signatures indicate significant contamination (Fig. 7C). This suggests that the
contaminant was S-poor or had a mantle like §**S composition, or both. The former is the more
realistic considering the low S contents of the Gallojavri rocks. This interpretation would also
be in line with the apparent late exsolution of a sulphide liquid, commonly cotectic proportions

of sulphide and apparent low R factors.

If we compare the Gallojavri intrusion to the Lomalampi and Kevitsa deposits, the biggest
difference appears to be accessible external S. Both Lomalampi and Kevitsa are associated with
the S-bearing supracrustal rocks of the Savukoski Group, which is also reflected in the S-
isotope signatures (Fig. 12; Grinenko et al., 2003, Térménen ef al., 2016). In contrast, the KGB
lithostratigraphy is dominated by granitoid-derived clastic rocks, with no identifiable S-rich
intervals below the Briitagielas Formation (Melezhik et al., 2015), stratigraphically above the

Gallojavri intrusion.
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also seems to be the case for the Sakatti
deposit, which is characterised by mantle-like S signatures (Fig. 12; Brownscombe, 2015).
Brownscombe ef al. (2015) proposed that the proto-ores were formed by mantle-derived S
before later being cannibalised and concentrated to economic levels in the current silicate host.
This suggests that, whether or not external S is present, a conduit system should be highly
dynamic and capable of assimilating, remobilising and concentrating S in order to form a

deposit.

In the petrogenetic model of Orvik et al. (2022a), significant fractionation and assimilation
occurred in a staging lower-crustal magma chamber to the Gallojavri intrusion. The hybrid
melt migrated from the lower crust after it attained a composition like a komatiitic basalt (c. 12
wt.% MgO) with a significantly lower liquidus temperature. The lower temperature, narrower
liquidus-solidus interval and higher viscosity suggest that the hybrid magma was less

competent in forming channelised flows capable of efficient country-rock assimilation (Lesher,

2019).

Empirically, conduit mineralisations are commonly associated with the highest degree partial
melts and the least fractionated magmas within any given magmatic province (Barnes et al.,
2016). In addition, conduit mineralisations are commonly associated with thickened
adcumulate intervals characterised by high-volume flow of primitive melts (reviewed in
Lesher, 2019). These features are in contrast to the observed lithological differentiation in the
Gallojavri intrusion that suggests a less dynamic system, which, despite being described as

open, shows no signs of thickened intervals of primitive adcumulates. In addition, late juvenile
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melt injections may have been small as they formed local domains in the Gallojavri chamber

(Orvik et al., 2022b).

It should be noted that the interpretation that the Gallojavri intrusion does not contain a deposit
is based on the variations in three short (c. 125 m) cores intersecting an intrusion that
geophysical anomalies indicate is much larger. Skaar (2014), for example, interpreted that the
intrusion might be 30 km long, plunging shallowly to the southeast, where it reaches a depth
of c. I km (Nilsson et al., 2016). Although rather speculative, it is not uncommon that sulphide
ores form regular vertical sequences, with massive sulphides underlying net textured ores that
transition upwards into disseminated sulphides (Barnes ez al., 2017b). Considering that the base
of the Gallojavri intrusion is unconstrained, where dense sulphide liquids are likely to be
concentrated, the possibility of larger sulphide accumulations in the conduit cannot be ruled

out.

The results presented in this thesis indicate that the system did not reach extensive early
sulphide saturation, including the earlier differentiation en route. For example, in the R factor
model of Orvik et al. (In prep.), the parental melt is estimated to only have experienced c.
0.15% cotectic removal of sulphides prior to emplacement. Considering the high Ni in olivine
(Orvik et al., 2022a), this early sulphide fractionation was not enough to significantly deplete
the system in chalcophile elements. Moreover, unmineralised Gallojavri samples suggest the

enrichment of chalcophile elements compared to mantle background values (Fig. 11C).

Therefore, the volcanic-plumbing system, including the Gallojavri intrusion, should be
considered prospective. This interpretation is strengthened by the general chalcophile element
depletion of the cogenetic Karasjok-type komatiites, which strongly suggests sulphide
extraction before subaerial emplacement (Heggie et al., 2013). Orvik et al. (In prep.) propose
that the stratigraphically correlatable Karenhaugen and Porsvann intrusions represent cogenetic
conduits. Both intrusions have more uniformly enriched Cu/Pd ratios (Fig. 11B), which, unlike
in the Gallojavri intrusion, indicates that sulphides were not removed cotectically prior to
emplacement. These undifferentiated signatures imply that the parental melts to the
Karenhaugen and Porsvann intrusions did not undergo significant fractionation in a staging
magma chamber and thus represent more primitive, less fractionated and more prospective

members of the volcanic plumbing system.
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7 CONCLUSIONS

Based on the data and modelling discussed above, the following conclusions can be drawn:

e The Gallojavri intrusion represents part of a magmatic plumbing system that funnelled
Karasjok-type komatiites to shallower crustal levels. The parental komatiite intruded
the lower crust (c. 700 MPa), where it fractionated and assimilated Archacan TTGG
country rocks. Thermobarometric estimates and phase equilibria require a second stage
of assimilation, recharge and fractional crystallisation at mid-crustal levels (c. 400
MPa). The two-stage polybaric model suggests that the Gallojavri intrusion forms part
of a transcrustal conduit system.

e The variation observed in the Sr-Nd-Hf isotopic data reveals the complexity of the
magmatic evolution. It shows that the system remained open, with local melting of
country-rock xenoliths and injections of juvenile melt resulting in large range in
juvenile to evolved isotopic signatures over small distances.

e Zircon U-Pb dating demonstrates that the Gallojavri intrusion was emplaced at 2051 +
8 Ma, suggesting it is part of a group of Karasjok-type komatiites and ultramafic to
mafic intrusions of similar age in the CLGB. This magmatism has been linked to rifting
and an incipient mantle plume.

e The evolved radiogenic signatures show that the Gallojavri intrusion was emplaced in
an intracratonic environment and was contaminated by evolved and unidentified crustal
components in the KGB basement. The contamination implies that the continental crust
was intact and not completely rifted at the time.

e The Gallojavri intrusion underwent alteration and metamorphism during the
Svecofennian- and Caledonian orogeny, as suggested by the Rb-Sr errorchron and
zircon lead loss, respectively.

e The Gallojavri mineralisation displays both primary and secondary (post-cumulus)
features. Primary features comprise intercumulus sulphides with primary magmatic
assemblages of pyrrhotite, pentlandite and chalcopyrite, whereas secondary features
include assemblages where pyrite has replaced pyrrhotite. The primary magmatic
intercumulus sulphides are internally differentiated and commonly associated with
refractory silicate phases in proportions that suggest late cotectic fractionation.

o The Gallojavri mineralisation, as observed in this study, is not economically viable. The

intrusion is neither S-rich nor sufficiently enriched in PGE. Modelling shows that the
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most PGE-enriched rocks of the Gallojavri intrusion can be simulated with low R
factors (100-1000) and cotectic fractionation.

Sulphur isotopes have mantle-like signatures. Combined with low S concentrations and
cotectic sulphide fractions, external S addition does not appear to have played a
significant role in ore formation.

Unmineralised samples show that most rocks are enriched in chalcophile elements,
indicating that the system was fertile with negligible loss of chalcophile elements
during ascent from the mantle source. Overall high Ni-in-olivine concentrations
corroborate this interpretation.

Our findings suggest that dynamic conduit-like systems in the KGB, like the Gallojavri
intrusion, should be considered potential exploration targets. The Karenhaugen and
Porsvann intrusions, also in the KGB, are likely analoguous to the the Gallojavri

intrusion but with higher prospectivities suggested by the available chemical data.

46



8 THOUGHTS ON FUTURE RESEARCH DIRECTIONS

Despite being a local study on one small intrusion in the north of Norway, this PhD project
partly tries to answer regional questions. This range of scales reflects the strengths of some of
the chosen methods (e.g., radiogenic isotopes) but also points to uncertainties because of
limited data. This reasoning similarly applies to the Gallojavri intrusion, with few drill cores

in a poorly constrained geometry.

As stated above, the research presented in this thesis is based on three short drill cores in an
intrusion that may be much larger than the bedrock maps suggest. Therefore, the interpretations
and conclusions of this thesis is likely based on only a small part of a larger intrusion.
Considering the variation observed in the cores, it is not unlikely that an expanded drilling
campaign would paint a different picture. Luolavirta (2018), for example, demonstrated that
different evolutionary histories might be inferred from different locations within the Kevitsa
intrusion. Therefore, in the case of the Gallojavri intrusion, efforts should be made to constrain
its geometry by detailed geophysical modelling supplemented by a drilling campaign that

penetrates the intrusion's basal contact.

The validity of the petrogenetic model presented in this study should be tested by its ability to
explain additional data from a larger part of the intrusion. Furthermore, the model should be
compared to the petrogenesis of other, similar conduit-type intrusions in the KGB. For
example, this study hypothesises that the stratigraphically correlatable Karenhaugen and
Porsvann intrusions are cogenetic. This should be tested by isotopic dating and the
development of petrogenetic models similar to what has now been done for the Gallojavri
intrusion. If the intrusions are of similar age and the parental melts are consistent with
Karasjok-type komatiite (or derived thereof), the hypothesis may be accepted. In addition, since
both Karenhaugen and Porsvann have sulphide concentrations and metal contents that suggest
early saturation, a detailed study might highlight critical processes for forming a sulphide

deposit in the KGB.

Based on mantle-like 5**S signals, this study interpreted that external S did not contribute
significantly to the Gallojavri mineralisation. However, data on possible mass-independent S
fractionation is still lacking for the Gallojavri intrusion and the KGB at large, which could shed

light on potential Archaean sources of contamination.
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The Fennoscandian Shield is characterised by a complicated magmatic history that reflects a
highly dynamic mantle source. For example, the 2.44, 2.22 and 2.05 Ga magmatic pulses have
all been linked to anomalous mantle activity (Barnes & Often, 1990, Hanski & Huhma, 2005,
Hanski, 2013, Stepanova et al., 2021). This study leaned on the plume model presented by
Barnes and Often (1990) and Hanski et al. (2001); however, Pt-Re-Os isotopic studies might
provide valuable insights into the characteristics, evolution and metal content of the mantle
through time. For example, Puchtel et al. (2020) documented Re-Os and Pt-Os signatures for
the upper komatiites at Jeesiorova and Kevitsa. The initial y'3’Os and u'°Os were estimated to
be -0.2 and +29, respectively, which indicates suprachondritic Pt/Os in the mantle source. The
2.05 Ga Kevitsa komatiites were estimated to be derived from a mantle source with a Pt+Pd
content between 115 and 125% relative to present-day Bulk Silicate Earth. Coupled with initial
W (c. -10), they attributed the enriched mantle to either late grainy accretion
(heterogeneously distributed extraterrestrial material) or the addition of chemically

fractionated core material (Puchtel et al., 2020).

Future research should focus on both mineralised and barren intrusions in the KGB to identify
key differences. For example, in contrast to the 2.44 and 2.05 Ga group of intrusions, the c.
2.22 Ga group in the Fennoscandian Shield does not seem to have produced significant mineral
deposits outside of Pechenga (Hanski, 1986, Hanski & Huhma, 2005). This group of intrusions
might be represented by the barren Coalbmejavri and Skoganvarre layered intrusions in the
northern part of the KGB (Hansen, 2008, Hansen et al., 2020). Detailed studies into these
intrusions might reveal differences that can explain why one age group is prospective for
magmatic sulphides while the other is not. Are there differences in critical processes or
characteristics, such as source, magma pathways or sulphur saturation? For example, there are
no known volcanic counterparts to the 2.22 Ga group intrusive rocks in the supracrustal
sequences of the CLGB (Hanski, 2013). Does the lack of extrusive rocks reflect a lower

production of mantle melts and lower melt fluxes in the continental crust?

One key question is whether the differences in geological processes translate to mappable
features (McCuaig et al., 2010). Like the rest of the CLGB, the KGB is largely covered and
poorly exposed. Therefore, studies that can relate the magmatic processes of a magmatic suite
to mappable targets, such as differences in geophysical response or geochemistry, would
facilitate the identification of unknown examples in the poorly exposed terrain. For example,

this study interprets the Gallojavri intrusion as part of a trans-crustal conduit system in an
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intracontinental rift. In this model, melt fluxes greatly control the mineral potential of the
system. Is it possible to link high-flux conduits to other geological features indicative of such
a process? Felsic volcanic rocks coeval with komatiite rocks, for example, are widely reported
in world-class komatiite nickel sulphide camps (reviewed in McCuaig et al., 2010). Viscous
felsic lavas, lava domes and accompanying autoclastics are a good proxy for volcanic vent sites
compared to less viscous komatiite flows. The spatial distribution of felsic volcanic rocks can
be established using geological mapping proxies, such as gravimetric data, and requires age

information for komatiite and felsic volcanic rocks (McCuaig et al., 2010).

Such studies may facilitate the development of regional prospecting tools, especially if the
indirectly mapped process is critical for forming an ore deposit. For example, the spinel
compositions documented in Orvik et al. (2022) are consistent with a sub-volcanic
environment. Can spinel compositions in surficial sediments be used as an indicator in mineral
exploration targeting? Similarly, can the documented Ni-rich olivine, PGM and magmatic

sulphides be used as indicator minerals?

The KGB remain poorly studied compared to the rest of the CLGB, and this chapter on future
research directions is by no means exhaustive. However, many of the research questions
outlined above should be of equal interest to exploration geoscientists and geoscientific
researchers. Collaboration between academia and industry can be advantageous to both, adding
to the body of pure and applied knowledge and facilitating the development of regional

exploration models.
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Abstract

The modern concepts of magmatic plumbing systems have evolved from simple models of melt-
dominated crustal magma chambers to magmatic systems that span the continental crust. The
geochemistry of these systems is challenging to model numerically because of a complex polybaric
and multiphase evolution, which is not well described by mathematic end-member formulas. We
propose that a recent modelling tool, the Magma Chamber Simulator (MCS), can reveal part of
the petrological complexities of such systems. The MCS numerically models phase equilibria,
mineral chemistry and major and trace elements in multicomponent-multiphase systems by
finding the extremes of the appropriate state functions. This study presents new petrographical
and geochemical data from the Palaeoproterozoic Gallujavri ultramafic intrusion in the Karasjok
Greenstone Belt, Arctic Norway. Our data indicate that (1) the intrusion is affected by crustal
assimilation, (2) phase equilibria require polybaric crystallisation and (3) spinel compositions are
similar to sub-volcanic intrusions of continental flood basalt provinces. We utilise the MCS to
simulate the petrogenesis of the intrusion and test the model by comparing it against our reported
petrological and geochemical data. Our modelling shows that the parental magma of the intrusion
is consistent with coeval Karasjok-type komatiites observed at various places throughout the
greenstone belt. First, the komatiitic primary magma intruded Archaean lower crust (c. 700 MPa),
where fractionation and assimilation resulted in a hybrid melt. Second, the hybrid melt migrated
and accumulated in a mid-crustal magma chamber (c. 400 MPa), where it continued to fractionate
and assimilate while remaining open to recharge of mantle-derived komatiitic melts, forming the
Gallujavri intrusion. We interpret the Gallujavri intrusion as part of a Palaeoproterozoic trans-crustal
magma plumbing system, with many similarities to other Fennoscandian ultramafic-mafic layered
intrusions.

Key words: magma plumbing systems; magma evolution; Magma Chamber Simulator; Karasjok Greenstone Belt; Gallujavri intrusion

Paper 1

OXFORD

INTRODUCTION

Interaction between Earth’s crust and mantle-derived melts passing
through or ponding at its base is key in controlling the chemical
evolution of such melts (Ganne et al., 2018). Classically, the observed
petrological diversity of igneous rocks is attributed to mechanisms
of melt generation, differentiation and assimilation en route to the

© The Author(s) 2022. Published by Oxford University Press.

surface. Of critical importance to igneous petrology is deciphering
the melt storage location(s) and the routes taken towards the surface
(Magee et al.,2018). In the past two decades, innovations in geophys-
ical methods have allowed imaging of zones of melt accumulation
and magma migration (Magee et al., 2018, and references therein).
Together with accumulating evidence from geochemical, petrologi-
cal, volcanological and geological observations, these data fuel an

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits 1
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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emerging consensus that melts are stored and transported in complex
and vertically extensive magmatic systems (e.g. Annen et al., 2006;
Blundy et al., 2008; Cashman et al., 2017; Hildreth & Moorbath,
1988; Sinton & Detrick, 1992; ; Tarasewicz et al., 2012). In light of
this knowledge, a major obstacle to geochemical modelling is that
the complex and polybaric nature of the system causes chemical
variations that are not easily described by classical mathematical
descriptions of melt differentiation and assimilation (Cashman et al.,
2017). However, a recently developed tool, the Magma Chamber
Simulator (MCS), quantifies concurrent recharge, assimilation and
crystallisation via mass and enthalpy balance in multicomponent
and polyphase systems (Bohrson et al., 2014), thus representing a
significant step forward in overcoming these issues.

In this contribution, we report petrographic and geochemical data
from the Palaeoproterozoic Gallujavri ultramafic intrusion in Arctic
Norway. The intrusion is part of the Karasjok and Central Lapland
Greenstone Belt (KCLGB), extending from Norway, through Finland,
into Russia, containing several types of (ultra)mafic plutonic bodies
and coeval extrusive rocks (Fig. 1). The MCS tool allows us to model
the petrological evolution of the Gallujavri intrusion and compare the
model results against our reported petrological and geochemical data.
The model reveals that magma transport via a two-stage polybaric
plumbing system can be used to explain several of the phase equi-
libria and major and trace element characteristics of the Gallujavri
intrusion. Our findings are consistent with recent models of trans-
crustal magma systems developed from active conduits (Farrell ez al.,
2014; Huang et al., 2015; Magee et al., 2018) and show that these
concepts can likely be extended to Palaeoproterozoic magmatism in
Fennoscandia.

REGIONAL GEOLOGY

The Karasjok Greenstone Belt (KGB) lies in the northwestern portion
of the Fennoscandian Shield (Fig. 1) and, along with the Kautokeino
Greenstone Belt, constitutes the northernmost part of a nearly 100-
km-wide Palaeoproterozoic tectonic belt that extends from north-
western Russia, through northern Finland, into northern Norway
(Braathen & Davidsen, 2000).

The KGB has a north-south trend and is ~160 km long and
between 20 and 40 km wide (Krill, 1985b; Barnes & Often, 1990)
and continues into Finland, where it is named the Central Lapland
Greenstone Belt, which gives a total length of ~310 km (Barnes &
Often, 1990).

The KGB lithostratigraphy comprises supracrustal and intrusive
rocks metamorphosed to medium grade (Fig. 25 Braathen & David-
sen, 2000). To the west, the KGB nonconformably overlies and
is partly thrust over the tonalite—trondhjemite-granodiorite (TTG)-
dominated Archaean Jergul Gneiss Complex (Fig. 2a; Bingen et al.,
2015, Hansen et al., 2020). It is bounded to the east by the overthrust
Tanaelv Migmatite Complex (Siedlecka, 1985; Braathen & Davidsen,
2000). To the north, the belt is overlain by sedimentary rocks and
allochthonous Caledonian nappes.

The lowest unit in the KGB stratigraphy is the Lavttevarri forma-
tion (Fig. 2b). This 50-150-m-thick formation consists mainly of fine-
grained foliated amphibolites, metapelites and metakomatiites. Rocks
above the basal unconformity include mica schists with carbonates
and locally conglomerates consisting of granite and granitic gneisses
from the basement (Braathen & Davidsen, 2000).

The Corgas formation (Fig. 2¢) is 250-700 m thick with a lower
portion comprising conglomerates, psammites and metapelites and
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an upper section consisting of shallow-marine sedimentary rocks and
subaerial to shallow-water mafic volcanic rocks (Barnes & Often,
1990; Braathen & Davidsen, 2000; Stokmo, 2020). Carbon isotope
chemostratigraphy on carbonates within the formation indicates
a depositional age between 2220 and 2140 Ma (Melezhik et al.,
2015). The isotope chemostratigraphy provides a likely maximum
age of the ultramafic and mafic intrusions that are common in this
formation, including the Gallujavri intrusion, which is the topic of
this contribution. Considering that the (ultra)mafic layered intrusions
of the KCLGB are interpreted to have formed in discrete magmatic
episodes at 2440, 2220 and 2050 Ma (Hanski & Huhma, 2005),
the intrusions within the Corga$ formation, including Gallujavri, is
likely part of the last pulse. Previous studies have also highlighted
many lithological similarities between the Gallujavri intrusion and
the ¢. 2.06 Ga Kevitsa intrusion in Finland (Nilsson & Often, 2009),
further corroborated by recent unpublished U-Pb geochronological
data (Orvik et al., in preparation).

Tholeiitic basalts represented by banded amphibolites dominate
the 300 to 700 m-thick Briittagielas formation (Fig. 2d). The lower
part of the formation includes calc-alkaline dacitic metavolcanic
rocks and kyanite-bearing garnet-mica schists. The basal contact
towards the underlying Corga§ formation is marked by an extensive
marble unit (Braathen & Davidsen, 2000). The Briittdgielas forma-
tion is also distinguished by four 70-m-thick units of metakomatiite
(Barnes & Often, 1990; Braathen & Davidsen, 2000).

The Fossestrand formation (Fig. 2e) appears in the core of a
regional-scale isoclinal fold with an across-strike thickness of 250-
300 m (Stokmo, 2020). Metakomatiitic and volcanoclastic rocks
dominate the formation. The lower section consists of two thick pil-
lowed lava flows, while the upper portion consists of lava flows and
agglomerates. Coarser-grained mafic rocks have also been identified
within this formation (Braathen & Davidsen, 2000).

Palaeoproterozoic komatiites and picrites occur at various strati-
graphic levels in the KCLGB (Fig. 1; Barnes & Often, 1990, Hanski &
Huhma, 2005, Puchtel ez al., 2020) and consist of both Munro-type
komatiites, Karasjok-type (Ti-enriched) komatiites and ferropicritic
compositions (Barnes & Often, 1990; Puchtel et al., 1997; Hanski et
al., 2001a; Heggie et al., 2013). In Finland, the Palaeoproterozoic
ultramafic volcanic rocks extruded on the fine-grained metasedi-
mentary rocks of the Savukoski group and consist of Karasjok-
type komatiites and picrites (Barnes & Often, 1990; Hanski et al.,
2001a; Heggie et al., 2013). The Savukoski group has a minimum
age of deposition provided by cross-cutting intrusive bodies, such
as the 2058 =4 Ma Kevitsa layered intrusion (Mutanen & Huhma,
2001).

Recently, Puchtel et al. (2020) determined a Re-Os isochron age
of 2049 + 13 Ma for komatiite whole-rock and olivine and chromite
separates from the Kevitsa and Jeesiorova area. Pyroxene and whole-
rock Sm—Nd pairs yielded an isochron age of 2046 22 Ma. These
ages are comparable to the Sm—-Nd isochron age for the Jeesiorova
and Kittila komatiites (2056 +25 Ma; Hanski ez al., 2001a) and
komatiites of the KGB (2085485 Ma; Krill, 1985a). Puchtel et
al. (1998) noted that the age determinations from the Karasjok
komatiites use whole-rock Sm-Nd on geochemically heterogeneous
samples, cautioning the significance of this age. However, the
komatiites in different parts of the belt can still be correlated
based on similar stratigraphic position, lithology and geochemistry
(Puchtel et al., 1997; Hanski et al., 2001a; Heggie et al., 2013),
implying vast and contemporaneous outpourings of mafic—ultramafic
magmas over much of the Fennoscandian Shield (Puchtel et al.,
1998).
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Fig. 1. Simplified map of northern Fennoscandia, modified from Bingen et al. (2015), Hanski et al. (2001a), Hanski & Huhma (2005), and Puchtel et al. (2020), based
on Koistinen et al. (2001). Red bodies mark layered ultramafic-mafic intrusions and anorthosite, and black bodies mark occurrences of the Palaeoproterozoic
komatiite—picrite association of Norway and northern Finland. The red box shows the location of Fig. 3 and the location of the ultramafic Gallujavri intrusion.

THE GALLUJAVRI ULTRAMAFIC INTRUSION geophysical maps (Fig. 3b,c; Skaar, 2014), suggesting it is larger than
implied by the surface expression.

The Gallujavri intrusion is a small sill-like ultramafic body covering a The intrusion is hosted by the 45-70° eastward-dipping quartzitic

surface area of c. 2.3 km? (Fig. 3). As for the rest of the KGB, exposure and quartz-feldspathic schists of the Corgas Formation (Nilsson &

is limited and the intrusion shows a clear eastward continuation on Often, 2009, and references therein). The metasedimentary rocks are
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Fig. 2. The lithostratigraphy of the Karasjok Greenstone belt, modified from
Hansen et al. (2020).

fine grained, light grey with a quartz and feldspar content of ¢. 80%,
followed by micas, amphibole and accessory garnet (Bradley, 2003).
The eastern contact of the intrusion consists of a variably altered
olivine pyroxenite that grades to gabbro with ¢. 30% intercumulus
plagioclase. Despite the alteration, primary features are locally pre-
served, including pristine magmatic mineralogy. The intrusion hosts
mineralisations of disseminated sulphide consisting of up to 5%
interstitial and intergrown chalcopyrite, pyrrhotite and pentlandite.
The mineralisations are found in the ultramafic parts and gabbros
but are also associated with alteration, faulting and contact zones
(Bradley, 2003).

SAMPLING, ANALYTICAL AND MODELLING
METHODS

Eleven holes have been drilled—eight pack-sack holes and three
diamond drill holes (03GD001-003; Fig.3) —together with
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geophysics, geological mapping and geochemical sampling (Boyd
et al., 2016). The sampling and analytical procedures reflect the
exploratory nature of prior studies. Therefore, the three diamond
drill cores were relogged, sampled and analysed. From the three
cores, we extracted 66 samples, from which 60 samples were sent for
geochemical analysis and 59 polished thin sections were made.

Major and trace element abundances

The sixty whole-rock samples from the three re-analysed drill holes
were analysed at the ALS laboratories in Pited, Sweden (Supplement
1). Major, minor and trace elements were analysed with fused bead,
acid digestion using inductively coupled plasma atomic-emission
spectroscopy (ICP-AES) and inductively coupled plasma mass spec-
trometry (ICP-MS). Base metals were analysed by ICP-AES follow-
ing four-acid digestion.

Analysis of mineral compositions

Electron probe micro-analysis

Electron probe micro-analysis (EPMA) analyses were conducted
on eight thin sections at the Norwegian University of Science and
Technology (NTNU), Trondheim, using a JEOL JXF-8530F PLUS
field-emission (FE) microprobe, set to 15 keV and 10 nA for all
analyses. Counting times varied from 5 s on peak and 2 s on high
and low background for Na in plagioclase to 50 s on peak and 25 s
on each background for F in mica and amphibole. Most elements had
counting times of 20 and 10 s on peak and backgrounds, respectively
(Supplement 2). 4 wt% H, O was added as matrix correction to the
mica analyses and 2 wt% in the amphibole analyses. The mass-based
model of Ridolfi et al. (2018) was later used to accommodate the
volatile content in the amphiboles.

Laser-ablation inductively coupled plasma mass spectrometry

Minor and trace element concentrations in Fe-Ti oxides were anal-
ysed by laser-ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS; Supplement 3) using an ELEMENT XR at the Geolog-
ical Survey of Norway, Trondheim. A total of 14 grains were analysed
located in three thin sections.

The ELEMENT XR is a double-focusing sector-field inductively
coupled plasma mass spectrometer linked to a New Wave UP193FX
ESI excimer laser probe. The concentrations of trace elements were
measured on polished thin sections (30 um thickness). Iron concen-
trations determined by EPMA were used as the internal standard.
The material used for external multi-standard calibration was the
National Institute of Standards and Technology reference glasses
NIST SRM 612 and NIST SRM 614 and the US Geological Survey
references GSD-1G, GSE-1G, MASS-1 and BCR-2G.

Magma chamber simulator

The MCS is an energy and mass constrained thermodynamic tool
for modelling magmatic evolution by fractional crystallisation (FC),
assimilation and fractional crystallisation (AFC), recharge and frac-
tional crystallisation (RFC) and recharge, assimilation and fractional
crystallisation (RAFC) (Bohrson et al., 2014). With this simulation
tool, thermodynamic boundaries capable of transferring heat and
mass separate the resident magma, recharge magma and wall-rock
subsystems, for which the MCS calculates phase equilibria and
geochemical evolution. The overall petrological and geochemical
evolution is linked by the resident magma and wall-rock temperatures
as the two advance towards thermal equilibrium. The resident magma
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(with possible recharges) transfers enthalpy to the host rock so that
the latter (potentially) exceeds its solidus temperature and thereby
contaminates the initial melt. Assimilation of anatectic melts occurs
only after exceeding a pre-determined critical melt-volume fraction
defined as the percolation threshold (FmZero). The wall-rock and
magma subsystems evolve due to mass and heat exchange, calculated
at pre-determined temperature decrements with a selected MELTS
engine (pMELTS or rhyolite-MELTS versions 1.0.x, 1.1.x, or 1.2.x;
Ghiorso & Gualda, 2015, Ghiorso et al., 2002, Ghiorso & Sack,
1995, Gualda ez al., 2012).

Definitions of subsystems and initial conditions

Only a brief outline of the MCS modelling parameters and boundary
conditions is given here. For more information on these topics, we
refer to several articles introducing MCS (e.g. Bohrson et al., 2014;
Heinonen et al., 2019; Bohrson et al., 2020; Heinonen et al., 2020;
Heinonen et al., 2021).
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The progress variable of the MCS is magma temperature (AT),
and each simulation is isobaric. Oxygen fugacity can be constrained
to a specified redox buffer (e.g. QFM), providing a fixed fo2 as
a function of temperature. Otherwise, the initial FeO and Fe, O3
concentrations can be specified for each subsystem.

The initial resident-magma subsystem (M) has specified bulk
composition (XM ;), where i refers to the ith chemical component
and mass (M™). The initial magma is completely molten at the time
of intrusion, as the magma (T™)) temperature must be initialised at
the liquidus temperature.

The next subsystem is the cumulates (C; solids=volatiles) that
are transferred adiabatically in incremental batches from M to C.
The mass transferred from M to C is determined by the mass of
solids=volatiles formed (if any) in the temperature step (AT). The
solids=volatiles form in thermal and chemical equilibrium with M,
but no further chemical interaction is allowed once transferred to C.

The wall-rock (WR) subsystem thermally interacts and supplies
anatectic melt (i.e. if above the percolation threshold) to M. The
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wall rock (WR) is initialised with the specification of mass (M%),
composition (X"R ;) and initial temperature (T¥®) that is required
to be below the solidus temperature. The MR can be thought of as
the proportion of wall rock capable of interacting with the resident
magma.

Melt recharges (R;) can be added to M in j mass increments
(M";}), each with a defined initial bulk composition (X*;;) for
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i chemical components and temperature (T¥;). Unlike M, the R
magma temperature can be specified above or below the liquidus
so that superheated melt or melt+crystals+volatiltes can be added
to M. The specification of T®; under the liquidus leads MCS
to calculate the internal thermodynamic equilibrium (i.e. mineral
modes and compositions) of the R; subsystem before addition
to M.
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Fig. 5. Images and micrographs of common rocks of the Gallujavri ultramafic intrusion. (a) Image of a typical peridotite in drill core 03GDO001. Serpentinisation
and Fe-oxide alteration of primary olivine result in the black appearance in hand specimens. The white to light-green areas consist of orthopyroxene and
clinopyroxene with tremolite, chlorite and serpentine alteration. (b) Micrograph showing a dunitic olivine adcumulate with interstitial plagioclase. (c) Micrograph
showing a peridotite consisting of cumulate olivine and coarse-grained oikocrystic orthopyroxene. The clinopyroxene occurs as chadacrysts in orthopyroxene
and as an anhedral interstitial phase. Red arrows point to examples of clinopyroxene inclusions in orthopyroxene. The intercumulus phases, together with
clinopyroxene, consist of accessory phlogopite and plagioclase—the latter not visible in this image. (d) Image showing a typical olivine websteritic section in
drill core 03GD003. (e) Micrograph showing an olivine, orthopyroxene and clinopyroxene mesocumulate with intercumulus clinopyroxene and hornblende. (f)
Micrograph showing an olivine, clinopyroxene and oikocrystic orthopyroxene mesocumulate with intercumulus plagioclase. Clinopyroxene occurs as a cumulus
phase and as chadacrysts in orthopyroxene. (g) Image of a typical websterite in drill core 03GD003. Pyroxenes and their alteration products are white to yellowish
white; the dark phase is olivine. (h) Micrograph showing extensive amphibole-phlogopite alteration of a websteritic sample. Note the sizeable relict pyroxene
in the upper right-hand corner replaced by amphibole. Also, note biotite with characteristic pleochroic haloes. (i) Micrograph of a large chalcopyrite grain in a
groundmass of secondary amphibole. (j) Micrograph showing a coarse-grained intergranular gabbro. The spaces between the plagioclase crystals are occupied
by heavily altered granules of pyroxenes and opaques. (k) Micrograph showing sagenitic-textured biotite in gabbro. (I) Micrograph showing intergranular
dolerite, where the granules consist of pyroxenes and secondary Ca-amphibole. Abbreviations: cross-polarised light (XPL), plane-polarised light (PPL), reflected
light (RL), plagioclase (Pl), clinopyroxene (Cpx), orthopyroxene (Opx), olivine (Ol), phlogopite (Phl), tchermakite (Ts), biotite (Bt), chalcopyrite (Ccp), pyrrhotite
(Po), amphibole (Amp), rutile (Rt) and hornblende (Hbl).
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RESULTS

Petrography

The three drill holes studied are oriented 45°/270° and consist of a
lower section of peridotite, a middle section of pyroxenite and an
upper section of gabbro (Fig. 4). The apparent internal lithological
layering is perpendicular to the orientation of the drill holes, making
the layering concordant or semi-concordant to the foliation of the
surrounding metasedimentary rocks.

The lower part of the drilled section comprises lherzolitic to
harzburgitic cumulates with variable intercumulus plagioclase (c. 0—
3 modal%) and accessory hornblende and phlogopite (Fig. Sa—c).
Primary olivine (50 to 80 modal%) has mesh textures consisting
of serpentine and fine-grained oxides, making them black in hand
specimen (Fig. 5a). In combination with accessory, primary dark-
brown hornblende, there is moderate to severe amphibole alteration
of clinopyroxene, whereas orthopyroxene (c. 20 modal%) generally
shows more resistance to alteration. Orthopyroxene (c. 20 vol%) is
generally coarse grained and unaltered and found in a ground-mass
of serpentine, amphibole and chlorite.

Despite widespread alteration, many less-altered examples allow
for the examination of primary igneous textures. These samples typ-
ically show considerable variation in the pyroxene-to-olivine ratio.
Olivine is commonly anhedral and rounded with an average grain
size of ¢. 2 mm. The second most abundant mineral is coarse-grained
(c. 2-3 mm), commonly poikilitic orthopyroxene. Clinopyroxene (c.
0-20 modal%) occurs both as an anhedral interstitial phase and
chadacrysts in olivine and orthopyroxene (Fig. 5c).

In drill holes 03GD002 and 03GD003 (Fig. 4b,c), the peridotite
is interlayered with olivine websterite. These layers, however, cannot
be correlated between the cores. The olivine websterite is composed
primarily of cumulus orthopyroxene (5-45 modal%), clinopyrox-
ene (6-52%) and olivine (4-20%), with interstitial plagioclase (0—
5%), hornblende (0-4%) and phlogopite (0-3%) (Fig. 5d—f). Cumu-
lus olivine and orthopyroxene both have average grain sizes of
about 2 mm. Olivine is inequigranular, anhedral and rounded, while
orthopyroxene generally is subhedral and equigranular. Clinopy-
roxene grains are less bounded by crystal faces and show greater
variation in grain size than orthopyroxene. Clinopyroxene is com-
monly subordinate to orthopyroxene and seemingly crystallised at
various melt-evolution stages, suggested by clinopyroxene appearing
as cumulus grains, inclusions in orthopyroxene and as an intercum-
ulus phase (Fig. Se,f). Plagioclase occurs as a late interstitial phase
(Fig. 5f).

The modal amounts of olivine in the peridotite and olivine
websterite interlayers gradually decrease towards the top of the drill
holes, becoming websteritic. The websterite is severely altered to
a mineral association of green amphibole, tremolite, chlorite and
mica, making most modal and textural evaluations of the primary
mineralogy impossible (Fig. Sg—i). Some relicts of pyroxene indicate
a coarse grain size of around 3.5 mm. Pleochroic haloes characterise
secondary biotite (Fig. Sh). Examples of coarse-grained chalcopyrite
(c. 6 mm) disseminations is found with minor pyrrhotite and pent-
landite (Fig. 5i). In the top sections of drill holes 03GD002 and
03GDO001 (Fig. 4a,b), the websterite grades into gabbro. The gabbro
changes in texture and modal proportions from base to top. At
the base, the gabbro is melanocratic with interstitial plagioclase (c.
20%) with an average grain size of ¢. 1 mm. The plagioclase is
partly recrystallised, with rounded grain boundaries indicating post-
magmatic reworking and grain-size reduction. The ferromagnesian
minerals throughout this section are wholly recrystallised to green

80

amphibole and chlorite. Pyrite, pentlandite, pyrrhotite and chalcopy-
rite are commonly present as fractionated products within millimetre-
scale sulphide blebs.

Upsection, gabbros become coarser grained with almost unaltered
cumulus plagioclase (Fig. 5j). The mafic minerals have suffered severe
amphibole-biotite alteration—the biotite with rutile and titanite
exsolution (Shau ez al., 1991)—giving them a beautiful and charac-
teristic sagenitic texture (Fig. 5k). In drill hole 03GD002, a repetition
of gabbro, separated by the arenitic host, represents the intrusion’s
chilled margin (CM; 25-28 m; cf. sample 199 610; Fig. 4b).

Throughout the magmatic stratigraphy, there are multiple exam-
ples of sheet intrusions of dolerite. These microgabbro dykes consist
of plagioclase laths measuring ~500 pm along the c-axis with
intergranular diopside, augite, olivine and orthopyroxene (Fig. 5l).
The mafic minerals are moderate to severely altered, with green
amphibole constituting 30 to 70%. At the mesoscale, these sheet
intrusions have clear CMs. However, at the microscale, the fine-
grained material is deformed and entirely replaced by alteration
products.

Mineral chemistry

Below, we report our mineral chemical data acquired with EPMA
(Table 1) and Fe-Ti oxide LA-ICP-MS (Table 2). Because of the
large dataset, the ranges reported exclude outliers that are more
than 1.5 times larger or smaller than the upper and lower quartiles,
respectively. The complete dataset is available in Supplement 4.

Olivine from the different lithologies is homogeneous with no
evidence of zoning (Fig. 6a,b). The olivine websterites have the
most primitive forsterite content, with Fogy—g>. The plagioclase-
bearing olivine websterite follows with Fo79—g1 . The peridotites have
forsterite contents spanning slightly lower values, with Foyg—79 more
reminiscent of olivine from a gabbroic host (Burns & Brown Jr.,
1982). The forsterite content in the gabbro ranges from Foz4 to
Fo77. Depletion of CaO (<1000 ppm) is characteristic for olivine
in all rock types except for the olivine websterite, which has elevated
concentrations (>4500 ppm). The olivine has high Ni concentrations,
with NiO in the range 2800-3500 ppm (Fig. 6b). Slightly lower
values are seen in the gabbro, with NiO in the range 2700-2800 ppm.

The clinopyroxene of the intrusion is dominated by augite with
a smaller amount of diopside (Fig. 6a). The peridotite hosts the
most primitive clinopyroxene with xMg (Mg/Mg + Fe') in the nar-
row range 0.89-0.90. These samples also have the most Ca-poor
clinopyroxenes with a CaO concentration of 12 +0.5%. The xMg
of the clinopyroxene hosted by the olivine websterite ranges between
0.86 and 0.89, plagioclase-bearing olivine websterite between 0.81
and 0.86 and gabbro between 0.76 and 0.86 — all of them with CaO
ranging from 17 to 22%. Most of the clinopyroxene has higher xMg
relative to the olivine in a sample. The feature of xMgcpy > Fo is
typical for high-T peridotites. It indicates an equilibrium distribution
of Fe and Mg between the two phases (Fig. 6¢; Barsdell, 1988, Grant
et al., 2016, Jagoutz et al., 2007, Perkins & Vielzeuf, 1992). The dis-
equilibrium seen in the peridotite could indicate that orthopyroxene
crystallised at the expense of olivine (Jagoutz et al., 2007).

The olivine pyroxenite hosts the most primitive orthopyroxene
with xMg in the range of 0.84-0.86. Orthopyroxene in the peridotite
ranges in xMg from 0.82 to 0.85 and the plagioclase-bearing olivine
websterite from 0.78 to 0.83. The gabbro has the largest range
of orthopyroxene compositions with xMg 0.74-0.83. There is an
inflection point at xMg ~ 0.8, suggesting the beginning of plagioclase
fractionation (Fig. 6d).
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Table 1: EPMA mineral averages for the different lithologies. All oxides and totals are given in wt%

Olivine

Gabbro Pl OIWeb OlWeb Peridotite

N=2 2 N=7 20 N=14 2 N=9 20
SiO, 38.47 0.32 39.01 0.77 39.26 0.58 38.96 0.81
TiO, bdl n/a 0.05 n/a bdl n/a bdl n/a
AL, O3 bdl n/a bdl n/a 0.05 0.01 bdl n/a
FeO" 21.64 0.65 17.83 1.16 17.36 1.37 19.15 1.71
MnO 0.31 0.04 0.27 0.05 0.26 0.05 0.31 0.07
MgO 39.01 0.85 41.75 1.21 42.44 1.44 40.60 1.70
CaO bdl n/a 0.06 n/a 0.19 0.37 0.05 0.04
NiO 0.27 0.01 0.33 0.05 0.31 0.05 0.29 0.04
Total 99.76 0.51 99.27 1.12 99.85 0.79 99.40 0.95
Fo 76.02 0.97 80.40 1.49 80.95 1.73 78.77 2.19
Fo=100«Mg/(Fe" + Mn + Mg+ Ca)

Clinopyroxene

Gabbro Pl OIWeb OlWeb Peridotite

N=35 20 N=66 20 N=47 20 N=6 20
SiO, 52.66 2.42 52.89 222 52.83 1.59 54.91 1.07
TiO, 0.49 0.67 0.38 0.44 0.32 0.39 0.10 0.04
AL O3 2.29 1.61 2.11 1.32 2.02 1.09 2.70 1.07
FeO" 7.22 3.02 5.98 1.73 5.19 1.85 4.49 0.34
Cry03 0.52 0.61 0.69 0.37 0.99 0.43 0.12 0.03
MnO 0.20 0.08 0.19 0.07 0.17 0.06 0.15 0.04
MgO 17.05 4.10 17.46 4.22 17.73 4.00 21.49 0.74
CaO 18.90 3.94 19.03 4.34 19.58 5.88 12.05 0.52
Na, O 0.46 0.23 0.39 0.16 0.46 0.19 0.82 0.25
K,O bdl n/a 0.06 n/a bdl n/a 0.07 0.03
NiO 0.07 n/a 0.08 0.02 0.08 0.01 0.09 0.03
Total 99.85 0.34 99.17 1.80 99.36 1.51 96.95 1.11
Wo 39.19 8.52 39.72 10.09 40.59 12.52 26.51 1.21
En 49.09 10.50 50.53 10.55 51.05 10.39 65.77 1.65
Fs 11.72 5.22 9.74 2.93 8.37 2.79 7.72 0.66
Wo = 100%Ca/(Ca + Mg + Fe")
En=100xMg/(Ca+ Mg+ FeT)
Fs=100xFe"/(Ca+ Mg+ Fe')

Orthopyroxene

Gabbro Pl OlWeb OlWeb Peridotite

N=4 20 N=355 20 N=39 20 N=6 20
SiO, 54.02 2.09 54.61 1.48 55.15 1.56 55.50 1.56
TiOy 0.33 0.33 0.23 0.18 0.17 0.17 0.24 0.36
AL O3 1.93 0.75 1.76 0.96 1.38 0.76 1.42 0.55
FeO" 13.49 4.69 12.17 3.98 9.36 1.81 10.14 2.24
Cr,03 0.23 0.19 0.30 0.18 0.54 0.18 0.50 0.29
MnO 0.32 0.07 0.28 0.08 0.24 0.06 0.25 0.07
MgO 27.27 3.30 27.77 2.51 30.19 1.44 29.74 1.17
CaO 2.04 0.58 2.06 1.67 2.24 0.73 1.77 1.42

Continued
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Table 1: Continued

Orthopyroxene

Gabbro Pl OIWeb OlWeb Peridotite

N=4 20 N=355 20 N=39 20 N=6 20
Na, O 0.07 0.01 0.06 0.05 0.06 0.03 0.08 0.03
K;0 bdl n/a 0.03 n/a 0.05 n/a bdl n/a
NiO 0.07 0.00 0.10 0.04 0.10 0.03 0.10 0.03
Total 99.74 0.79 99.33 1.36 99.42 1.62 99.66 1.02
Wo 4.04 1.00 4.10 3.33 4.36 1.37 3.47 2.78
En 75.31 6.45 76.99 5.61 81.98 2.33 81.02 1.86
Fs 20.65 7.45 18.92 6.47 13.65 2.80 15.52 3.59
Wo =100%Ca/(Ca + Mg + Fe")
En=100xMg/(Ca+ Mg+ FeT)
Fs=100xFe"/(Ca+ Mg + Fe”)

Plagioclase

Gabbro Pl OIWeb OlWeb Peridotite

N=3 20 N=31 20 N=0 20 N=0 20
SiO, 56.05 1.10 55.55 1.91
TiO, 0.07 0.03 0.07 0.03
Al O3 27.70 0.72 27.95 1.25
FeO" 0.21 0.19 0.22 0.23
MgO 0.03 0.00 0.04 0.01
CaO 9.90 0.82 10.32 1.56
Na, O 5.88 0.46 5.64 0.93
K,0 0.14 0.27 0.11 0.15
SrO 0.12 0.06 0.11 0.07
Total 100.11 1.22 100.00 1.09
An 47.85 4.08 49.97 7.72
An=100%Ca/(Ca+ Na+K)

Amphibole

Gabbro Pl OIWeb OlWeb Peridotite

N=0 20 N=10 20 N=2 20 N=0 20
Si0, 45.63 4.95 42.66 0.45
TiO, 1.63 3.04 5.48 1.04
Al O3 11.20 2.72 11.58 1.03
Cr,03 0.20 0.22 0.84 0.13
FeO* 7.78 0.84 7.59 0.96
MnO 0.14 0.11 0.19 0.17
NiO +ZnO 0.12 0.04 bdl n/a
MgO 16.41 0.93 14.90 0.80
CaO 11.67 0.43 11.30 0.32
Na, O 2.20 0.69 2.66 0.07
K,O 0.86 0.72 1.31 0.07
F 0.05 0.04 0.02 0.02
Cl 0.10 0.08 0.05 0.01
Total 97.93 0.53 98.66 0.19

Continued

82



Journal of Petrology, 2022, Vol. 63, No. 3

Paper 1

1

Table 1: Continued

Spinel

Gabbro Pl OlWeb OlWeb Peridotite

N=3 20 N=15§ 20 N=2§ 20 N=27 20
SiO, 0.13 n/a 0.43 n/a bdl n/a bdl n/a
TiO, 0.37 0.19 1.62 1.32 3.79 13.66 0.96 0.78
AL O3 9.29 1.22 6.22 4.56 12.08 4.99 7.33 8.62
Cry 03 39.12 7.17 28.46 15.27 34.97 14.58 33.71 11.20
FeO" 44.78 5.97 55.54 17.90 40.55 13.42 49.46 18.42
MnO 0.52 0.02 0.56 0.15 0.45 0.17 0.55 0.12
MgO 2.11 0.15 1.37 0.79 3.95 4.19 1.83 2.52
CaO bdl n/a 0.06 0.07 0.03 n/a 0.06 0.04
Na, O 1.00 n/a 0.09 0.09 0.10 0.16 0.11 0.19
NiO 0.09 0.03 0.13 0.08 0.15 0.10 0.15 0.09
Total 96.70 0.62 94.01 1.75 95.98 1.40 94.11 2.18
apfu
Ti 0.010 0.005 0.046 0.038 0.102 0.371 0.027 0.024
Al 0.391 0.053 0.272 0.192 0.501 0.200 0.315 0.359
Cr 1.104 0.199 0.838 0.425 0.972 0.379 0.985 0.276
Fe?* 0.833 0.129 0.944 0.081 0.853 0.359 0.896 0.144
Fet 0.505 0.131 0.797 0.532 0.393 0.255 0.649 0.543
Mg 0.113 0.009 0.076 0.042 0.206 0.211 0.099 0.130
xFe? 0.88 0.01 0.93 0.04 0.80 0.22 0.90 0.13
xFe’ 0.25 0.07 0.42 0.29 0.20 0.13 0.33 0.29
xCr 0.74 0.06 0.76 0.05 0.66 0.11 0.78 0.21

xFe? = Fe/(Mg + Feé?)
xFe’ =Fe’/(Cr+ Al+ Feé’)
xCr=Cr/(Cr+ Al)

End-member mole fractions or percentages in italics. 20 represent the population’s standard deviation; if N < 2, o is not applicable (n/a).
Pl OlWeb, Plagioclase bearing olivine websterite; OIWeb, olivine websterite; bdl, below the detection limit; An, anorthite; Fo, forsterite; Wo, wollastonite; En,

enstatite; Fs, ferrosilite; apfu, atoms per formula unit.

The intercumulus plagioclase in the ultramafic rocks ranges from
Anys to Ansjy. The plagioclase of the melanocratic gabbro primarily
lies within the andesine field with An33—49. The amphiboles have
xMg concentrations ranging from 0.77 to 0.80 and plot in the field
of magnesio-hornblende and pargasite, together with a lesser amount
of sadanagaite (Hawthorne ez al., 2012).

The ferric iron content of the spinels in this study is calculated
according to stoichiometry (Deer et al., 2013). The ferrous and
ferric iron contents were estimated from the total FeO using the
sum of charges in the ideal XY,Oy4 formula, where X = (Fe**, Ni,
Mn, Co, Zn), Y = (Cr’**, Fe’*, Al) and Ti allocated to an ulvospinel
component.

The spinels classify as Al-chromite, ferrian chromite and Cr-
magnetite, with the majority in the ferrian chromite field. Together,
they show a trend of increasing ferric iron and evolve towards
magnetite (Fig. 6¢e), correlated with a slight increase in TiO,. The
spinels are depleted in Al, Ni, Mg and Sc and show positive Ti and
Zn anomalies when normalised to MORB chromites (Fig. 6f; Page &
Barnes, 2009).

Oxy-thermobarometry

The pressure and temperature were estimated based on the single-
phase (amphibole) empirical thermobarometric formulation (£22°C
and c. +40 MPa) of Ridolfi ez al. (2009), the two-pyroxene
thermobarometric formulations (c. +42°C and +280 MPa) of
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Putirka (2008) and the two-pyroxene thermometer (£50°C) of Brey
& Kaohler (1990). The individual estimates together with standard
deviations can be found in Supplement 5.

There is a substantial variation in pressure and temperature
estimates based on mineral chemistry (Fig. 7a). The densest locus in
P/T space is around 400 MPa and 1000°C, with a tail of estimates
along the dry peridotites solidus of Hirschmann (2000). The highest
estimated pressures and temperatures are for the two-pyroxenes in
the peridotites (~900 MPa, ~1250°C). However, as Fig. 6¢ shows, a
slight Fe-Mg disequilibrium might affect this estimate.

Even disregarding the peridotites, there is still a considerable
variation in pressure and temperature, which could indicate that
crystallisation commenced in a staging magma chamber at depth.
Geothermometers calibrated on Mg-Fe*t exchange in olivine-spinel
mineral pairs (Ashchepkov et al., 2008) yield higher temperature
estimates (Fig. 7b). Spinel commonly occurs as inclusions in olivine
and likely was the first phase to crystallise and, therefore, is expected
to record higher temperatures.

The spinel-olivine-orthopyroxene oxygen sensor (Ballhaus ez al.,
1990) estimates fugacities between ~3.3 and 3.5 log fo2 AQFM
(Fig. 7b; Frost, 1991). Such high oxygen fugacities are uncommon
and primarily documented in xenoliths entrained in ocean island
basalts (Cottrell ez al., 2021). We note that our estimates must be
viewed as semi-quantitative as the spinel Fe>*/Y"Fe-ratio is calculated
by ideal stoichiometry without any calibration standards (Birner et
al., 2018).
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Table 2: Spinel LA-ICP-MS averages for the different lithologies in parts per million (ppm)

Pl OIWeb OlWeb Peridotite

N=2 20 N=4 20 N=38 20
Li bdl n/a 7 n/a 8 2
Mg 15028 3451 50789 13211 14738 46259
Al 61245 9901 62200 3091 64525 17463
Ca 302 n/a 381 227 bdl n/a
Sc 2 1 3 1 2 7
Ti 3144 1814 5609 1007 4827 2727
\Y 1434.6 52.5 1368.6 360.0 1878.5 314.7
Cr 327398 88288 321372 37114 262530 47710
Mn 4077.3 1585.7 2567.0 604.8 3902.5 1432.4
Fe 353676 23319 237080 20195 390599 110954
Co 615.4 34.1 508.2 122.5 657.4 272.6
Ni 654 200 1091 402 1317 844
Cu 2 n/a bdl n/a 2 1
Zn 8072 2985 1056 186 4619 7045
Ga 51.5 10.6 48.4 6.2 92.2 451
As 0.3 n/a 1.0 1.5 0.3 n/a
Nb 0.18 0.06 0.20 0.05 0.15 0.06
Cd bdl n/a bdl n/a 0.3 0.1
Sn bdl n/a 0.3 0.2 0.2 0.7
Sb bdl n/a bdl n/a 0.07 0.04
Re bdl n/a 0.02 n/a bdl n/a
Ir 0.09 0.07 0.04 0.01 0.02 0.02
Pt 0.04 n/a 0.03 0.07 0.02 0.02
Tl 0.02 n/a bdl n/a 0.01 n/a
Pb 0.38 0.71 0.04 0.01 1.81 3.72
Bi 0.03 n/a bdl n/a 0.02 n/a

20 represent the population’s standard deviation; if N <2, o is not applicable (n/a).
Pl OIWeb, Plagioclase bearing olivine websterite; OlWeb, olivine websterite; bdl, below the detection limit.

Whole-rock major, minor and trace elements

Table 3 gives a summary of the whole-rock results acquired in this
study. The ranges reported here are the groups’ statistical variation
with outliers excluded (cf. section on mineral chemistry). The com-
plete dataset is presented in Supplement 6.

Selected major element oxides are presented in Fenner diagrams
in Fig. 8 and downhole in Fig. 4. There is only minor variation in
the major element oxide concentrations of the ultramafic rocks. The
most primitive peridotites have major and minor element concen-
trations like the orthopyroxene average (Fig. 8b—f) and the group
lies along a clinopyroxene—orthopyroxene mixing line. There is an
inflection point between 20 and 25% MgO in the major and minor
element data. The olivine websterites first show this change towards
higher aluminium, alkalis and lower calcium with decreasing MgO
(Fig. 8c—e), consistent with plagioclase accumulation. Biotite, amphi-
bole and Fe-Ti oxide likely control the inflection in the TiOy vs
MgO diagram (Fig. 8f), consistent with common rutile exsolutions
in biotite (Fig. 5j,k). The dolerites are not distinct from the evolved
gabbro major and minor element compositions (Fig. 8). However,
these two rock types are distinctly different when considering the
Rare Earth Elements (REE) and other trace elements (Figs 9 and 10).
The dolerite and gabbro have similar LREE (La/Sm)y; trends, but the
dolerites consistently have lower HREE (Gd/Yb)y. The dolerites have
Nb/Th ratios between 5.2 and 6.0, close to the primitive mantle ratio
(~8.4; Sun & McDonough, 1989), while the other lithologies have
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Nb/Th ratios ranging from 0.4 to 2.4 (Fig. 9¢). The latter ranges are
more consistent with average crustal values (~2.3; Weaver & Tarney,
1984). The difference in Nb/Th ratio between the dolerites and the
other lithologies could be related to the extent of crustal assimilation
(Pilet et al., 2004), although isotopic data are needed to verify this
assertion. Another feature to note is the near linear drop in Ni with
decreasing MgO (Fig. 9d).

Figure 10 shows primitive mantle- and chondrite-normalised
averages for the lithologies of the intrusion and arenitic host
rock, as well as the average of two granodiorite samples from
the Jergul Complex. All the lithologies of the Gallujavri intrusion
show many similar features in the multi-element diagram, such as
large-ion lithophile (LILE) and LREE enrichment, positive W, U
and Pb and negative Nb-Ta, P, Eu and Ti anomalies normalised
to primitive mantle (Fig. 10a). The dolerites break up this pattern
with a more pronounced negative Ta and less pronounced positive
Pb and negative P anomalies. All the ultramafic cumulates of the
Gallujavri intrusion have similar REE patterns when normalised
to chondrite (Fig. 10b; Sun & McDonough, 1989) with average
(La/Yb)y ranging from 2.5 to 3.2. With respect to the REEs, the
gabbros are most fractionated with average (La/Yb)n=4.9 and
the least fractionated are the dolerites with (La/Yb)x=2.1. The
igneous rocks mimic many features present in the arenite and
Jergul Complex, most evident in the Th, U, Nb, Ta, K and Pb
anomalies.
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Fig. 6. Mineral chemistry and classification diagrams. (a) Pyroxene trapezoid with (end)members diopside (Di), enstatite (En), ferrosilite (Fs) and hedenbergite
(Hd). Augite dominates the clinopyroxene compositions, with a small high-Ca fringe classified as diopside. Orthopyroxene clusters around Engy with Wog_s.
Olivine (triangles) is included in the diagram and plot along the En-Fs join. (b) Olivine NiO vs Fo%. (c) Graph of xFe (Fe/(Fe + Mg)) in olivine (Ol) and clinopyroxene
(Cpx) relative to the equilibrium curves of Barsdell (1988) and Perkins & Vielzeuf (1992). Olivine websterites in grey follow the curve of Barsdell (1988), the olivine—
clinopyroxene pair from the peridotite (light blue) plots separately and slightly above the curve of Perkins & Vielzeuf (1992). (d) Al,03 vs xMg% variation diagram
for orthopyroxene showing a weak negative and positive correlation for xMg% > 80 and <80, respectively. (e) Ternary diagram relating our analysed spinels to
the Fe-Ti trend (green arrow) and compositional fields as defined by Barnes & Roeder (2001) for spinels from mafic-ultramafic igneous rocks. (f) Analysed spinel
major, minor and trace elements normalised to MORB chromites (Page & Barnes, 2009).

DISCUSSION

Modelling assumptions and parameters

Komatiitic and basaltic volcanism in the KCLGB coeval with the
Gallujavri intrusions suggests that the intrusion may represent
a magma conduit in an intracontinental rift (Often, 1985; Krill,
1985b; Barnes & Often, 1990). This hypothesis is consistent with
previous models proposed for the Palaeoproterozoic komatiite—
picrite association of the Fennoscandian Shield (Krill, 1985a; Barnes
& Often, 19905 Hanski et al., 2001a), and the spinel compositions
yield similar trends to those documented for subvolcanic intrusions
in the Siberian and Karoo flood basalt provinces (Barnes & Roeder,
2001). This spinel Fe-Ti trend likely results from the co-fractionation
of spinel with olivine or pyroxene from the parental melt (Fig. 6¢;
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Barnes & Roeder, 2001, Irvine, 1967). In combination with the
parental melt evolution, the variation of xFe’* in spinel likely
results from the temperature-dependent partitioning of Mg and
Fe*™ (Kp(Mg-Fe*")) between spinel and silicates. This equilibrium
favours increased xFe?* in spinel with decreasing temperature, an
effect that is most pronounced in rocks that cooled slowly (Irvine,
1965; Irvine, 1967; Barnes & Roeder, 2001). The major, minor and
trace element trends are characteristic and comparable to spinel
compositions documented for continental mafic intrusions and
subvolcanic mafic intrusions from continental flood basalt terrains
(Fig. 6f; Barnes & Roeder, 2001). The most commonly proposed
model for forming these large igneous provinces is the partial
melting of a mantle plume or the impingement of a mantle plume
at the base of the crust (Lightfoot et al., 1993; Duncan et al., 1997;
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Ernst & Jowitt, 2013, consistent with the proposed models for the
Palaeoproterozoic komatiites in the KCLGB (Barnes & Often, 1990;
Puchtel et al., 1998; Hanski et al., 2001a; Puchtel et al., 2020).

The high potential temperature of komatiitic melts makes
them highly susceptible to contamination by crustal material

(Huppert & Sparks, 1985). As noted previously, the KCLGB
komatiites are characteristic in that they are enriched in Ti and other

high field strength elements relative to typical komatiites (Barnes &
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Often, 1990; Hanski et al., 2001a). Barnes & Often (1990) dismissed
crustal assimilation to explain the Ti- and LREE enrichment of the
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Table 3: Whole-rock averages for different lithologies in weight percent (wt%) oxides (+LOI) and parts per million (ppm) elemental traces

Arenite Dolerite Gabbro Websterite OlWeb Peridotite

N=7 20 N=11 20 N =10 20 N-=8 20 N=6 20 N=18 20
SiO, 65.5 10.7 48.9 1.3 48.3 5.4 49.5 5.5 48.0 2.5 48.0 5.7
Al O3 15.82 3.74 12.97 0.46 11.09 8.10 4.55 5.12 4.48 4.45 3.07 1.95
Fe, 037 6.80 3.43 15.77 1.48 12.28 4.13 9.97 3.30 10.45 1.26 10.78 2.59
CaO 2.60 3.12 9.82 1.68 9.64 3.39 10.79 4.23 9.76 1.96 9.56 6.29
MgO 2.10 1.92 6.01 0.82 11.27 10.12 19.09 3.58 21.46 4.87 23.97 8.07
Na, O 3.27 2.39 2.75 0.69 223 2.12 0.67 0.64 0.62 1.07 0.47 0.48
K0 1.88 1.24 0.81 0.69 1.14 1.50 0.75 2.51 0.65 2.35 0.12 0.17
Cr,03 0.029 0.010 0.011 0.004 0.173 0.429 0.502 0.320 0.453 0.249 0.562 0.218
TiO, 0.72 0.58 1.37 0.10 0.91 0.98 0.36 0.23 0.33 0.22 0.28 0.19
MnO 0.06 0.07 0.25 0.06 0.16 0.05 0.16 0.02 0.17 0.07 0.18 0.03
P05 0.06 0.05 0.11 0.01 0.08 0.09 0.02 0.01 0.02 0.02 0.02 0.03
LOI 1.27 0.46 0.76 1.06 1.45 1.09 2.54 1.55 3.01 2.90 2.54 4.39
Total 100.18 1.01 99.62 1.71 98.75 3.22 98.89 1.69 99.38 1.16 99.54 1.85
Cs 2.38 1.50 0.26 0.17 1.83 5.06 1.17 3.80 1.62 6.20 0.23 0.22
Rb 80 38 24 27 43 81 28 98 30 121 4 6
Ba 514 457 228 170 275 218 137 400 98 313 36 45
Th 7.73 3.60 0.90 0.13 1.85 1.81 0.93 2.63 0.36 0.36 0.38 0.36
U 1.87 1.06 0.30 0.04 0.56 0.35 0.33 0.26 0.19 0.19 0.12 0.10
Nb 6.8 3.6 5.0 0.6 2.3 2.2 0.8 1.1 0.7 0.8 0.7 2.0
La 26.6 18.7 7.2 0.5 8.6 8.8 2.6 5.1 2.5 4.8 22 2.3
Ce 51.2 34.1 16.7 1.3 17.9 16.2 5.6 9.9 4.7 6.9 4.6 4.7
Pb 5 6 4 4 9 19 4 7 4 8 5 11
Pr 6.06 3.81 247 0.16 2.40 2.03 0.83 1.13 0.65 0.68 0.67 0.64
Sr 252 126 152 31 171 226 21 27 42 81 33 40
Nd 22.7 13.9 11.9 1.1 10.9 8.9 4.0 4.0 3.1 2.3 3.2 2.8
Sm 3.80 2.17 3.21 0.35 2.63 2.28 1.15 0.83 0.95 0.53 0.85 0.71
Zr 197 131 76 6 85 73 27 36 41 98 18 16
Hf 5.4 3.4 2.3 0.3 2.4 2.0 0.7 0.9 1.1 22 0.6 0.5
Eu 1.02 0.49 1.12 0.22 0.91 0.74 0.33 0.22 0.30 0.21 0.27 0.23
Gd 3.29 1.85 3.80 0.54 3.07 2.79 1.35 0.78 1.06 0.44 1.04 0.70
Tb 0.47 0.22 0.67 0.08 0.48 0.44 0.22 0.10 0.19 0.06 0.17 0.11
Dy 2.62 1.55 4.11 0.41 2.76 2.30 1.36 0.64 1.07 0.34 1.01 0.69
Li 13 9 15 13 14 10 20 28 15 10 10 n/a
Y 14.5 8.1 23.4 2.2 14.7 12.5 7.1 4.1 59 2.4 52 3.3
Ho 0.53 0.26 0.92 0.07 0.54 0.46 0.29 0.17 0.22 0.08 0.20 0.13
Er 1.43 0.72 2.56 0.30 1.48 1.28 0.77 0.51 0.60 0.19 0.54 0.34
Tm 0.21 0.09 0.37 0.05 0.21 0.18 0.12 0.07 0.08 0.03 0.08 0.06
Yb 1.28 0.44 2.33 0.21 1.17 0.75 0.60 0.56 0.52 0.23 0