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Northern Norrbotten, Sweden ts a key part of Baltic Shield and pro-
vides a record of magmatic, tectonic and related, superimposed,
Fe oxide—apatite and iron oxide—copper—gold (10CG) mineraliza-
tion, during the Svecokarelian orogeny. Titanite and allanite from a
range of mineral deposits in the area have been analysed for U—Pb
isolope systematics and trace element chemustry using laser ablation
quadrupole inductively coupled plasma-mass spectrometry (LA-
ICP-MS ). Analyses of a single sample from the regional scapolite—
albite alteration give an age of 1903+ 8 Ma (20) and may be con-
temporaneous with the early stages of e mineralization (1890—
1870 Ma). Analyses of titanite and allanite from undeformed
10CG deposits indicate initial alteration at 186216 Ma. In
many deposits subsequent metamorphic effects reset titanite isotope
systematics from 1790 to 1800 Ma, resulting in a spread of U—Pb
wsotope analyses along concordia. In some instances core regions may
record evidence of early thermal events at around 2050 Ma. Titanite
and allanite from deformed I0CG deposits on major shear zones
record ages from 1785 =21 Ma to 1777 =20 Ma, corresponding to
deformation, metamorphism and secondary hydrothermal alteration
as a resull of late orogenic movements. The lack of intracrystalline
vartations in litanite and allanite trace element chemistry suggests
that hydrothermal fluid chemistry and metal source were the main
controls on mineral trace element chemistry. Titanite from unde-
Jormed Fe oxide—apatite and 10CG deposits is typically light rare
earth element (LREE) enriched, and shows low U/Th ratios and
low Ni in both intermediate to acid and basic volcanic-hosted
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deposuits. This is consistent with a granitic source for metals. Minor
variations in trace element patterns are consistent with the influence
of aqueous complex _formation on relative REE solubility. Deposits
related to the Nautanen Deformation Zone have relatively heavy
REE (HREE)-enriched titanite, and LREE-depleted allanite,
with high U/Th ratios and elevated Nt contents, consistent with
leaching of metals_from the local basic volcanic rocks. All hydrother-
mal titanites are high field strength element enriched (Nb, 1a, r)
indicating their transport as a result of either high salinities or high
I contents, or both. The data overall support models of I0CG-type
mineralization as a result of regional circulation of saline hydrother-
mal fluids in association with major crustal structures, with at
least some metallic components derived from the granitoid rocks of
the area. All the deposits here show evidence of subsequent metamor-
phasm, although penetrative fabrics are restricted to regional-scale
deformation zones.

KEY WORDS: allanite; I0CG; Kiruna; titanite; U—Pb geochronology

INTRODUCTION

The iron oxide—copper—gold (IOCG) family of deposits,
originally proposed by Hitzman et al. (1992), has been the
focus of intense investigation in recent years, in terms of

defining both genetic (e.g. Barton & Johnson, 1996, 2000;
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Pollard, 2006) and exploration models (e.g. Smith, 2002).
The original definition of the deposit type included depos-
its dominated by iron oxides with accessory apatite, as
well as those with significant Cu mineralization, and led
to comparisons with deposits as wide-ranging as porphyry
coppers, carbonatites and sedimentary hosted Cu ores.
More recent reviews have tried to rationalize the definition
(Hitzman, 2000; Williams et al., 2005). Williams et al.
(2005) proposed as criteria the presence of Cu with or
without Au as economic metals, hydrothermal vein, brec-
cia and/or replacement ore styles, characteristically in spe-
cific structural sites, abundant magnetite and/or hematite,
low Ti contents in iron oxides relative to those in most
igneous rocks and the absence of clear spatial associations
with igneous intrusions. Common features, not always
present, also listed by Williams ef a/. (2005) included crustal
settings with exceptionally voluminous, generally perva-
sive, alkali metasomatism, and a suite of minor elements
including F, P, Co, Ni, As, Mo, Ag, Ba, light rare earth cle-
ments (LREE) and U. Shallower systems may show serici-
tic and carbonate alteration alongside widespread
hematite (e.g. Olympic Dam). This review paper also defi-
nitively stated that Kiruna-type Fe-oxide deposits and Fe
skarns are not IOCG deposits, but share many characteris-
tics and may be linked. Recent work has suggested a signif-
icant difference in the timing of the two deposit types
(Hitzman, 2000); however, the early stage magnetite alter-
ation in many IOCG deposits, the late-stage occurrence
of pyrite, chalcopyrite and gold in and near massive mag-
netite deposits, and the common alteration features asso-
ciated with both deposit types still support a link (Sillitoe,
2003). The overall genetic mechanisms of the deposits
remain a subject of debate, with current models ranging
from the circulation of brines derived from calc-alkaline
magmas along major tectonic structures (Pollard, 2006),
to mineralization related to the circulation of fluids
derived either from the dissolution of evaporites or from
continental surface brines (Barton & Johnson, 1996, 2000).
Williams et al. (2005) concluded that a range of processes
may give rise to the common characteristics, and that a
range of sources may contribute hydrothermal fluid com-
ponents in different settings, and therefore more research
is needed before it can be concluded that either a single
genetic mechanism, or a range of mechanisms in different
geological environments lead to the formation of deposits
with common characteristics.

The Kiruna district in Sweden is the type area for Fe
oxide—apatite deposits, and hosts a number of actively or
historically mined deposits that have been linked to the
IOCG class. Geochronological data from the area have
not yet fully distinguished the IOCG and magnetite—
apatite deposits in time, and major debates remain about
the genetic mechanism of both deposit types. Equally, the
complex geological history of the district means that bulk

grain analytical techniques for phases such as zircon and
titanite do not adequately distinguish the multiple thermal
events that have affected rocks from the area (Storey
et al., 2007). Here we present an i situ study of the U-Pb
isotope systematics and trace element chemistry of titanite
and allanite from a range of deposits, carried out using
laser-ablation inductively coupled plasma-mass spectrome-
try (LA-ICP-MS). Despite the lower precision of this tech-
nique compared with isotope dilution thermal ionization
mass spectrometry (ID-TIMS), the increased spatial reso-
lution and capability for in situ analyses of texturally char-
acterized grains (Storey et al., 2006, 2007) means that this
technique is ideal for application in mineral deposits with
complex post-mineralization histories. The deposits
sampled cover a significant range in structural setting, but
similarities in alteration style, and hence potential genetic
mechanisms, indicate that it is pertinent to examine the
deposits together.

BACKGROUND GEOLOGY

The major iron ore province of northern Sweden is hosted
within Palaeoproterozoic rocks, mainly Karelian (2:5-2-0
Ga) and Svecofennian (19-188 Ga) in age, which extend
from northern Sweden into Finland and parts of northern
Norway (Fig. 1). The geology and metallogeny of the
Norrbotten area have recently been reviewed by Carlon
(2000) and Bergman et al. (2001). The Palacoproterozoic
rocks of the area were deposited between 2:5 and 185 Ga
and are now preserved in deformed metamorphic belts,
intruded by a range of granitoid plutons. The Greenstone
Group (>19 Ga) consists of tholeiitic to komatiitic volcanic
rocks (Ekdahl, 1993; Martinsson, 1997) and is overlain first
by the Middle Sediment Group (Witschard, 1984), then by
the dominantly andesitic Porphyrite Group, which
consists of volcanic and sub-volcanic rocks, and then
by the Kiirunavaara Group (Martinsson, 2004). The
Kiirunavaara Group consists of syenitic and quartz-
syenitic igneous rocks and intercalated sediments, which
host the Kiirunavaara magnetite—apatite deposit. The sye-
nitic character of these rocks may be the result of alteration
overprinting an original calc-alkaline signature. The
Haparanda and Perthite calc-alkaline and alkali—calcic
monzonite granite suites intruded these rocks between 19
and 1-8 Ga (Skiold, 1987) followed by the Lina suite grani-
toids at around 179 Ga (Skiold, 1988; Bergman et al.,
2001). A period of deformation and metamorphism of the
supracrustal sequence accompanied the intrusion of these
granitoids, with conditions peaking at upper greenschist
or lower amphibolite facies (Bergman et al., 2001). The
youngest plutonic rocks in the area are TIB 2 granitoids,
at around 171 Ga in age, exposed at the Swedish—
Norwegian border (Romer et al., 1992).

The volcanic sequence is affected by scapolitization and
albitization at both the regional and deposit scale,
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Fig. 1. Simplified geological map of northern Norrbotten county, Sweden, showing the location of the mineral deposits and prospects studied.
Main map coordinates refer to Swedish National Grid (RT90). Rectangles show locations for Figs 2 and 3. Adapted from Bergman et al. (2001).

in association with both iron oxide and Cu—(Au) mineral-
ization (Frietsch et al., 1997). The Fe oxide—apatite bodies
are typified by the Kiirunavaara—Luossavaara body,
dominated by magnetite, and the Per Geiger ores, with
both hematite and magnetite (Getjer, 1910, 1931
Martinsson, 2004). The deposits are accompanied by sodic
and potassic alteration (albite-K-feldspar—biotite), in
some instances including scapolite. Potassic alteration typi-
cally overprints sodic alteration, but multiple events do
occur in some deposits (e.g. Rakkurjarvi, Smith et al.,
2007). The IOCG-type deposits occur both as relatively
undeformed bodies hosted by the Greenstone, Porphyrite
and Kiirunavaara Groups (e.g. Pahtohavare; Lindblom
et al., 1996) and as strongly deformed bodies associated

with major deformation zones [e.g. Nautanen and Aitik
on the Nautanen Deformation Zone (NDZ); Martinsson
& Wanhainen, 2004]. Chalcopyrite mineralization is typi-
cally spatially associated with early magnetite and scapo-
lite—albite alteration and later potassic and finally
carbonate alteration, although major Cu-mineralization is
typically later than the development of magnetite. The
NDZ is a NNW-trending tectonic structure in which
strongly schistose or mylonitic rocks occur in several high-
strain branches in a zone up to 3 km wide. The Nautanen
deposit is hosted in sheared quartz veins associated with
K-feldspar—epidote alteration, scapolitization, tourmalini-
zation, sericitization and the development of metasomatic

garnet (Martinsson & Wanhainen, 2004).
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The samples used in this study are described in Table 1
and the sample site geology is shown in Figs 2 and 3. The
sites include Fe oxide—apatite bodies (Kiirunavaara—
Luossavaara; Malmberget; Gruvberget), relatively unde-
formed IOCG deposits [Rakkurjarvi (Smith et al., 2007);
Kallosalmi (Wigman & Ohlsson; 2000); Gruvberget
(Martinsson & Virrkunen, 2004)] and deposits hosted by
the NDZ. Samples were also taken from massive scapolite
skarn-hosted Cu—Mo mineralization at Sarkivaara
(Wagman & Ohlsson, 2000), and from the footwall sodic
altered granodiorite at the actively mined Cu—Au deposit
at Aitik (Wanhainen et al., 2003). These samples both had
very low U concentration and high *?°Pb/***Ph contents,
and so did not yield reliable U-Pb ages but are included
for their trace element data. U—Pb isotope and REE com-
positional data from samples from Luossavaara,
Malmberget and Gruvberget were previously reported by
Storey et al. (2007); here we present an expanded range of
trace element analyses and compare these samples with
those from other deposit types.

METHODS

Rock samples were cut into polished sections ¢. 150 pm
thick revealing large crystals of titanite exposed at the sur-
face. These were studied optically and as uncoated speci-
mens using a JEOL 5900LV scanning electron microscope
(SEM) at the Natural History Museum, London (NHM)
operating at low vacuum conditions to minimize charging
effects. U-Pb isotope analyses were then undertaken by
LA-ICP-MS at the NHM. Samples were then very lightly
polished and cleaned to removed excavated material from
the vicinity of laser ablation (LA) pits, then carbon
coated for electron microprobe analysis (EMPA). This was
done after the U-Pb analyses to ensure that the coating
process did not add contamination to sample surfaces.
EMPA sites were made as close as possible to the U-Pb
LA pits. After this the coating was carefully removed for
trace element analysis by LA-ICP-MS, which was per-
formed at each EMPA site. Samples were finally gently
polished and cleaned before being re-coated for further
high-quality electron imaging.

U-Pb isotope analysis

Sample surfaces were cleaned by rinsing with dilute
(¢. 5% ) HNOj; and deionized water. Once fully dry, the
samples were mounted in a specially adapted laser cell for
thick sections, and loaded into a NuWave UP213 Nd:YAG
laser (A =213 nm) port, linked to a PlasmaQuad 3 quadru-
pole ICP-MS system (Storey et al., 2006). Operating condi-
tions are listed in Table 2. Laser beam diameter and line
scan length are listed for each analysis in Table 3 and
Electronic Appendix 1, which is available for downloading
at http://www.petrology.oxfordjournals.org/. Line raster
scans were performed within areas of distinct

backscattered  electron ~ (BSE)  image  contrast.
Normalization to zircon geostandard 91500 (Wiedenbeck
et al., 1995) and age calculation were performed off-line
using  the  macro  spreadsheet-based  procedure
LAMTRACE, developed by S. Jackson of Macquarie
University, Australia. Storey et al. (2006) demonstrated
that when using rastered lines matrix matching was not a
prerequisite for precise and accurate U—Pb analyses of tita-
nite. Plotting of U-Pb data was performed using
ISOPLOT v. 3 (Ludwig, 2003). The time-resolved plot of
Pb/Pb and Pb/U ratios from each analysis was studied
and only analyses, or coherent parts of analyses, that
showed no mixed age data, secondary phases or poten-
tially contaminated fractures encountered during analysis
were chosen for final age calculation. All analyses were
corrected for common Pb by measurement of the ***Pb
isotope, corrected for isobaric interference from Hg aided
by the use of inline gold traps on the carrier gas lines
(Storey et al., 2006). Pb/U ratios were corrected using
model terrestrial Pb composition values (Stacey &
Kramers, 1975) at the age of crystallization.

The main measured ratio contributing to discordance
after applying a “*Pb common Pb correction was the
297Ph/*U ratio. This is due to the much lower concentra-
tion of these isotopes. In this study we chose to propagate
measured uncertainty from only the *'Hg/*"*Hg(Ph)
onto the *”Pb/*’U uncertainty and not the more precisely
measured 2°Pb/**U ratio. The result in nearly all cases is
that the error ellipses overlap concordia, implying that all
relevant sources of uncertainty have been taken into
account. We report the age based on the *°Ph/*®U ratio
corrected for common Pb based on these factors, apart
from where discussed separately below. Pb/U and Pb/Pb
isotopic data are presented in Table 3 alongside common
Pb-corrected ages based on the *’Ph/*"*Ph mathematical
approach (Williams, 1998) for comparison with ***Pb cor-
rected ages. The full dataset is available in Electronic
Appendix 1.

SEM characterization and electron
microprobe analysis

Tollowing LA-ICP-MS U-Pb isotope analysis, samples
were carbon coated and examined using the backscattered
electron (BSE) mode of a JEOL 6310 SEM at the
University of Brighton to accurately locate the ablation
sites. The titanites were then chemically analysed using a
Cameca SX50 electron microprobe housed at the NHM.
Run conditions were 15 kV accelerating voltage and a
beam current of 20 nA. The instrument was calibrated
using natural mineral and pure material standards includ-
ing perovskite for Ca and Ti, jadeite for Na, wollastonite
for Si, corundum for Al, monazite for Th, synthetic oxides
for Fe, Mg and U, pure metals for Ta, Mn, and Nb, and a
range of synthetic single REE-bearing glasses (prepared
by P. Hill, Edinburgh). Element—element interferences for
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Fig. 2. Geological map of the Kiruna area showing the locality of the mineral deposits studied, and other deposits mentioned in the text. Map
coordinates refer to Swedish National Grid (RT90). Adapted from Sveriges Geologiska Undersokning (1967), Martinsson & Wanhainen (2000)

and Bergman et al. (2001).

the REE were corrected using analyses of these glasses and
the method outlined by Williams (1996). A second set of
analyses was also run including F and using topaz as a
standard. Results are shown in Tables 4 and 5.

Trace element analysis

Trace element analyses of titanite and allanite were carried
out using the same analytical equipment as that for U-Pb
analysis, except that the in-line Au traps were removed.
All analyses used NIST 612 glass as an external standard,
and used Ca determined by electron microprobe as an
internal standard to convert element ratios to absolute con-
centrations. The 1o precision on NIST 612 glass from this

study is typically around 2-4%. Accuracy was monitored
using a glass prepared from Colombia River Basalt
(USGS sample BCR-2G). The results are compared with
accepted values for BCR-2 rock powder and previous anal-
yses of BCR-2G in Table 6. Our results are within error of
the accepted values for BCR-2 or within the published
range of analyses of BCR-2G (Jochum et al., 2005) for
most elements. Our values are significantly different for
Mn, U, Ti, Mo and Sr, but it has been noted that the glass
has heterogeneities for some elements (notably Mo) intro-
duced by the glass preparation procedure (Norman et al.,
1998). The cross-comparison between glass secondary
standards and minerals is valid as numerous studies have
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Fig. 3. (a) Geological map of the Malmberget—Nautanen area showing the locality of the mineral deposits studied. (b) Geological map of the
Gruvberget area showing the locality of the deposits studied and other sample sites. Map coordinates refer to Swedish National Grid (RT90).

Adapted from Bergman et al. (2001).

shown that matrix matching is not necessary for precise
and accurate standardization of LA-ICP-MS trace element
analyses (Jeffries, 2004). We are therefore confident that
our analyses reflect both relative and absolute variation in
trace element concentrations in titanite.

RESULTS
U-Pb geochronology of titanite and allanite

U-Pb isotopic data from morphologically complex titanite
grains from Luossavaara, Gruvberget and the Valkommen

body at Malmberget have previously been discussed by
Storey et al. (2007). BSE imaging of these titanites revealed
low mean atomic number (Z) cores and high mean Z over-
growths. REE analyses indicated in two out of three sam-
ples that the core and rim zones are distinct and support
a model for two-stage growth. In situ U—Pb analysis reveals
that the titanite cores in all three samples retain distinct
older ages of ¢. 2050 Ma, whereas the rims have either dis-
tinct younger or strongly reset ages. The older cores were
interpreted as representing the first alteration or metamor-
phism of the volcanic pile. In the case of the rims,
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Table 2: Machine conditions and protocols for LA-ICP-
MS U—Pb and trace element analyses

Laser parameters

Laser NewWave Research UP213
Wavelength 213 nm
Pulse width 3 ns

Energy distribution Homogenized, flat beam, aperture

Pulse energy 0-01-0-1 mJ per pulse

Energy density 4 J/cm?

Focus Fixed at surface
Repetition rate 20 Hz

Raster scan speed 10 pm/s

Nominal spot diameter 30-60 um (unknowns), 60 um (standard)

ICP-MS parameters

ICP-MS system
Forward power 1350 W

Gas flows

Thermo Elemental PlasmaQuad 3 with ‘Soption’

Coolant (plasma) Ar 13 I/min

Auxiliary Ar 0-8 I/min
Sample transport He c. 1:1 I/min
Sample transport Ar c. 0:9 I/min

Analysis protocol
Scanning mode Peak hopping, 1 point/peak
Acquisition mode Time-resolved analysis
Analysis duration 180s (c. 60s background, 120s signal)

Dwell times

21Hg, 2%%Hg/Pb 10 ms
206Pb, ZOSPb, 232Th, 238U,
207pp, 238y 30 ms

a sample from Luossavaara records a U-Pb age of
1870 £24 Ma (20), whereas in a sample from Gruvberget
the rims record a U-Pb age of 1820 10 Ma (20), consis-
tent with previous studies (Romer et al., 1994). In the
sample from Malmberget U-Pb ages spread along concor-
dia from ¢. 1920 to 1708 Ma, attributed to metamorphic
rehomogenization of primary metasomatic titanite in
accordance with the strong deformation and metamor-
phism of the deposit.

For the new data presented here a number of samples
display a spread of analyses along concordia, and in one
instance record discordant ages. We have utilized cumula-
tive probability plots based on ***Ph/**U ages to identify
normally distributed ages, where a weighted mean of anal-
yses may have real significance, and samples where there
is significant spread along concordia to identify peaks in
the probability distribution. Lead loss as a result of subse-
quent metamorphism or weathering may explain this;

however, the textures in many examples, including cores
with infilled microporosity at the junction with the
rim (Fig 4a), BSE light core remnants with darker over-
growths and fracture fills (Fig. 4b) and chemically homog-
enous, porous grains, strongly indicate that coupled
dissolution—reprecipitation (Putnis, 2002) is the most
likely and kinetically favourable mechanism for chemical
and isotopic rehomogenization of titanite. Indicative tex-
tures of this recrystallization mechanism have now been
reported from zircon in a number of settings (e.g.
Tomaschek et al., 2003). Because of this we interpret multi-
ple peaks in most cumulative probability plots as indicat-
ing discrete events rather than continuous diffusive
lead loss.

Greenstone Group diorite samples from the Nunasvaara
area are scapolitized and brecciated, with large amounts
of actinolite forming the matrix and locally large crystals
of titanite (Table 1). BSE imaging of one grain ¢. 1cm in
diameter revealed that it comprises BSE dark areas over-
printed by BSE lighter areas around grain rims and along
fractures. The dark areas have lower U concentrations
and higher *”’Pb/**°Pb ratios, and the light areas provide
a group of concordant (or near concordant) homogeneous
ages (Table 3, Fig. 5). The analyses from the BSE dark
areas did not result in reliable ages and are omitted here.
The whole crystal appears to have undergone some degree
of recent Pb loss resulting in discordance, and so the rim
analyses are regressed through 0 Ma. The result is a well-
constrained age of 1903 £8 Ma from the young group of
BSE bright analyses.

Sample KR1 was taken from the hanging wall to the
main magnetite—apatite mineralization at Kiirunavaara
(Table 1), where titanite with a grain size up to Imm in
diameter occurs in the quartz—calcite matrix of a metavol-
canic breccia. Of 24 analyses, 22 had detectable amounts
of common Pb ("lTable 3). Corrected analyses overlap con-
cordia (Fig. 6b) and spread from ¢. 1850 to 1750 Ma with a
weighted mean age of 1801 25 Ma (95% confidence).
The spread along concordia could be attributed to either
minor Pb loss or a later thermal event. A bimodal distribu-
tion of single *Pb/**®U ages indicates this mean does not
represent a possible age. The older age (1894 +35 Ma)
along this spectrum is within error of the calculated age
for Fe oxide—apatite mineralization in the footwall to the
Luossavaara deposit a few kilometres along strike from
KRI of 1870 24 Ma (Storey et al, 2007; Table 3), as is the
initial cumulative probability peak at 1860 Ma. Because of
the well-preserved zonation, and hence lack of textural evi-
dence for recrystallization by dissolution—reprecipitation
(Putnis, 2002), it is considered likely that titanite began to
crystallize during mineralization at Kiirunavaara and
underwent a later thermal resetting event at ¢ 1780
Ma where there is a second mode in the cumulative proba-
bility plot.
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Table 5: Representative electron microprobe analyses of allanite

Detection Rakkurijarvi 01TRAK006 Nautanen NAU84012
limit

Na,0 0-02 0-01 0-00 0-05 0-01
Ca0 0-01 12-4 137 18-9 20-3
MgO 0-02 091 0-47 0-26 0-21
MnO 0-02 0-13 0-13 0-54 0-33
Fe,03 0-02 157 16-3 13-6 13-8
TiO, 0-11 0-68 0-39 0-07 0-10
Lay03 012 101 87 26 20
Cey03 0-11 95 79 34 2:2
Pr,03 0-09 0-69 0-60 043 0-33
Nd,03 0-09 0-84 0-80 1-36 0-87
SiO, 0-03 318 32:3 351 361
Al,03 0-01 149 15-6 20-3 216
H,0* 16 17 18 19
Total 99-4 987 987 99-8
Formula to 13 (O, OH)

Na 0-002 0-000 0-008 0-002
Ca 1213 1326 1722 1795
Mg 0-124 0-064 0-032 0-026
Mn 0-010 0-010 0-039 0-023
Fe 1072 1-105 0-870 0-858
Ti 0-185 0-106 0-018 0-026
La 0-338 0-289 0-081 0-062
Ce 0-315 0-263 0-106 0-066
Pr 0-158 0-135 0-013 0-010
Nd 0-027 0-026 0-041 0-026
Si 2:893 2916 2-985 2:977
Al 1-603 1-655 2035 2:099

*H,0 calculated assuming a full hydroxyl site occupancy.

Titanite and allanite were analysed from an altered tra-
chyandesite from the Rakkurjjarvi Cu—Au prospect
(Table 1; Smith et al., 2007). The sample shows early albiti-
zation (sodic alteration) overprinted by subsequent
K-feldspar—scapolite (sodic—potassic) alteration (Smith
et al., 2007). Sample 01 RAK 006 183.2m contains oscilla-
tory zoned, subhedral allanite grains ¢. 500 pm in diameter,
and small, euhedral titanite grains ¢. 100 um in diameter.
In all, 24 analyses were made, 18 on allanite and six on tita-
nite, using a beam diameter of 60 pm. Most of the analyses
are slightly to moderately discordant, and lie on a mixing
line between the age on U-Pb concordia and the
common Pb composition. Allanite ***Pb-corrected data
straddle the concordia (Fig. 7c¢) and give a well-defined
unimodal probability peak (Fig. 7d). All ***Pb-corrected
20ph/*BU  ages have a weighted average age of

1854 +18 Ma (95% confidence; Fig. 7c), compared with a
weighted average of 2”’Pb/*"Ph-corrected *"°Ph/***U
ages of 1862 216 Ma (95% confidence). These U-Pb ages
are all within error of each other and with Re-Os age
data for molybdenite (1853 +6 and 1862 &6 Ma; Smith
et al., 2007), and are therefore considered to be reliable.
The titanites define a spread along the concordia from c.
1850 to 1750 Ma (Fig. 7¢), with a bimodal cumulative prob-
ability distribution (Fig. 7¢). This may be due to the smaller
size of the titanite grains relative to allanite, resulting in
enhanced Pb loss, or resetting via dissolution—reprecipita-
tion during subsequent fluid flow events. Both the allanite
U-Pb and molybdenite Re—Os ages indicate that sulphide
mineralization at Rakkurjjarvi occurred at c¢. 186 Ga
(Smith et al., 2007). The earliest mode in the cumulative
probability plot (Fig. 7¢) is at ~I1880-1860 Ma and

2073

¥20z Iudy Gz uo 1senb Aq Gev8ZYL/£902/1 L/0G/a1e/ABojosied/woo dno-olwapeoe//:sdpy woly pepeojumod



JOURNAL OF PETROLOGY ‘ VOLUME 50 | NUMBER 11

Table 6: Comparison of in-run LA-ICP-MS analyses of (a)a

basalt glass BCR2G with analysis of USGS BCR2
powder and the published range from microchemical studies

( Jochum et al., 2005)

This study (n=14) USGS BCR2 Published range
Mean 1o Min. Max.
\Y 443-9 264 4160 3800 4570
Mn 26865 384-4 1520-0 1780-0 2100-0
Co 362 2:4 370 355 488
Ni 142 20 10-1 51-0
Cu 16-4 13 19-0 1556 660
Rb 45-0 32 480 434 639
Sr 4870 1584 3460 3020 3570
Y 327 27 370 290 394
Zr 168-1 142 1880 156-0 206-0
Nb 111 06 102 304
Mo 155-9 10-7 2480 2310 3000
Ba 553-0 340 683-0 5710 780-0
La 249 1-8 250 224 270
Ce 416 2:4 530 460 570
Pr 61 0-4 68 61 76
Nd 278 17 280 245 32:0
Sm 6-4 056 67 59 7-4
Eu 19 0-1 20 16 27
Gd 65 06 68 55 81
Tb 10 01 11 09 12
Dy 65 07 53 68
Ho 13 02 13 11 14
Er 36 0-4 31 39
Tm 05 01 05 04 0-6
Yb 36 0-4 35 26 36
Lu 05 00 05 0-4 06
Hf 4-8 056 4-8 4-4 53
Ta 08 0-1 0-6 09
Pb 11-8 09 11-0 96 14-8
Th 62 05 62 43 65
U 11 01 17 13 21

probably records the same event. The later mode is at
~1780 Ma and records Pb loss probably as a result of a
thermal metamorphic event.

Samples from the Kallosalmi prospect are hosted by an
intensely scapolite—actinolite altered metabasalt (Table 1).
Coarse grains of titanite up to 2mm in diameter occur
within the groundmass. The titanite grains are complexly
zoned, comprising both BSE dark and light areas that
probably represent relict cores surrounded by complex

NOVEMBER 2009

Fig. 4. BSE images of titanite showing key textures indicative of dis-
solution—reprecipitation and overgrowth. (a) Core-rim boundary of
titanite grain from Luossavaara showing dark core with microporous
rim, infilled and overgrown by more Fe-rich titanite. i, Laser ablation
pit from rastered U-Pb isotope analysis; ii, laser ablation pit from
single point trace element analysis. (b) Euhedral titanite from
Kallosalmi with relicts of an Fe-rich core replaced by more Fe-poor
titanite along fractures and around microporosity (arrows). Alb,
albite; Ap, apatite; Cc, calcite; Py, pyrite.

patchy zones and fracture fills that are generally dark or
intermediate with some lighter patches. The texture is
indicative of dissolution—reprecipitation (Figs 4b and 8a).
In all cases common Pb was not detectable (Table 3) and
the analyses nearly all overlap concordia (Fig. 8b). There
is a spread of *°Pb/*®U ages along the concordia from c.
1950 to 1720 Ma (Table 3; Fig. 8b). Two of the oldest analy-
ses are moderately normally discordant and so, assuming
recent Pb loss because of the lack of detectable common
Pb, the *’Pb/**°Ph ages will be slightly older. Plotting all
2ph/#8U ages on a cumulative probability density plot
(Fig. 8¢c) shows the data to be bi- or multi-modal, with the
oldest mode at ¢. 1950 Ma. *Pb/*U and *"Pb/**°Pb
ages for the oldest analyses are older than the **°Ph/**U
ages (i.e. discordant), and may indicate that some parts of
the grain preserve ages older than 2000 Ma, representing
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Fig. 5. (a) BSE image of representative titanite from Nunasvaara
(O3NUN30). (b) U-Pb concordia diagram for analyses of
Nunasvaara titanite. (c) Chondrite-normalized REE patterns for
Nunasvaara titanite [chondrite values from Wakita et al. (1971) here
and throughout].

KIRUNA DISTRICT MINERALIZATION

core relicts of earlier thermal events affecting the
Greenstone Group (see Storey et al., 2007). The younger
modes occur around ages of ¢. 1850 Ma and 1760 Ma
(Fig. 7); a weighted average of the “°Pb/*®U ages
(Fig. 8b) gives an age of 1791 £24 Ma.

Samples from the Nautanen prospect come from the
main NDZ. In sample NAU84012 159.8m titanite grains,
ranging from 1 to 2 mm in diameter (Fig. 9a), occur in a
well-foliated epidote—actinolite—albite schist, and are
aligned with the schistosity. They are typically composi-
tionally homogeneous, with some fracturing. Allanite is
cuhedral to subhedral, occasionally rimmed by epidote,
and shows internal zonation, with some evidence of core
corrosion prior to overgrowth by epidote (Fig. 9b). U-Pb
titanite and allanite analyses cluster about the concordia
(Fig. 9¢) and define a single mode (Fig. 9d and e), yielding
a weighted average of *°Pb/*®U ages of 1777 £20 Ma.
One allanite analysis is much younger at ¢. 1580 Ma
(Table 3). In sample NAU77006 164.28m titanite is asso-
ciated with scapolite—actinolite—albite alteration, over-
printed by epidotization. Titanite in this sample is zoned,
with small patches of BSE light titanite (possibly relicts of
an original core) surrounded by BSE darker titanite,
which notably occurs around fractures and areas of inter-
nal porosity (Fig. 10a). U-Pb analyses are mostly concor-
dant and unimodal (Fig. 10b and c), and yield a combined
weighted average 2°Ph/**®U age of 1785421 Ma. These
two independent ages from Nautanen are identical and
suggest an event at ¢. 1780 Ma. The range of ages indicated
at Nautanen is comparable with the ¢. 1800-1780 Ma
deformed alteration and vein-assemblages identified as a
part of a recent study of the Aitik deposit by Wanhainen
et al. (2005), which indicated several thermal and hydro-
thermal events affecting the deposit from 1888 to 1728 Ma.

Major element chemistry of titanite

and allanite

The major element compositions of titanite by electron
microprobe are summarized in Table 4, and plotted in
Fig. 11. The primary variations in chemistry responsible
for the zonation in titanite are the contents of Fe (calcu-
lated as Fe’™) and AI’* (Fig. 1la and b). F contents were
not routinely determined as a part of the analyses, but
rarely exceed 0-37 wt % (~0-15 a.p.fu., Table 4). The REE
show a negative correlation with Ca (Fig. 1lc), with a ratio
of ~2Ca:iREE, suggesting the substitution of the REE
onto the Ca site (Ribbe, 1980). Positive correlations with
Na and Fe (Fig. 11d and e) suggest substitution mechanisms
such as [Ca®"] L[REE*], [Nat],, and [Ca®"]_ [ Ti*"]_,
[REE*"], [M*T],; (Ribbe, 1980). Allanite was analysed
from Rakkurjjarvi and Nautanen (Table 5, Fig. 12).
Rakkurjjarvi allanite is dominated by the ferriallanite com-
ponent, whereas at Nautanen compositions are closer to an
REE-bearing epidote with a slight excess of Al relative to
Fe’* (Fig. 12; Petrik et al., 1995).
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KR1 - Kiirunavaara
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Fig. 6. (a) BSE image of representative titanite from Kiirunavaara (KR1). (b) U-Pb concordia diagram for analyses of Kiirunavaara titanite.
(c) Cumulative probability diagram for Kiirunavaara titanite. (d) Chondrite-normalized REE patterns for Kiirunavaara titanite.

Trace element chemistry of titanite and
allanite

The results of trace element analyses are summarized in
Table 7, and illustrated in Figs 5-10 and 12-16.7Y is plotted
as a pseudolanthanide (Bau, 1996). Trace element data for
the two samples that did not yield reliable U-Pb ages are
shown in Fig. 13. Variations in the REE patterns of titanite
are indicated in Fig. 16 using plots of Eu anomaly
{Eu/[0-5(Sm + Gd)]} and Y anomaly [Y/0-5(Dy+ Ho)]
vs Ce/Lu. The Ce/Lu ratio was used to indicate the general
level of relative LREE enrichment as La shows variable
depletions in different samples. The full dataset is available
in Electronic Appendix 2.

Fe oxide—apatite deposits
At Luossavaara and Gruvberget titanite is strongly zoned;
the core to rim contrast in trace element chemistry is

most marked for the REE, with the rims being markedly
enriched in the LREE relative to the cores (Iig. 14; Storey
et al., 2007). The rims are also enriched in other HFSE
(Zx, Hf, Nb, Th); Th is enriched relative to U, and V is
enriched relative to other the deposit types (Fig. 15). The
trace element patterns from the sample from
Kiirunavaara are similar to those of the rims of the
Luossavaara sample, but with higher contents of Zr and
Hf. The sample from Malmberget is distinct from the
Kiruna area samples in terms of its REE pattern, and in
having relatively higher contents of Ta and U. Most tita-
nites from Fe-oxide—apatite deposits (excepting distinct
grain cores) show negative Eu anomalies and positive Y
anomalies with a trend of increasingly negative Eu with
decreasing Ce/Lu ratio (Fig. 16). The sample from a late-
stage quartz vein at Kiirunavaara is distinct in terms of
its slightly negative Y anomaly. La is depleted relative to
Ce at Gruvberget and Malmberget.
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Fig. 7. (a) BSE image of titanite from Rakkurijirvi sample 0IRAKO006 183.2m. (b) BSE image of allanite from Rakkurijirvi sample 0IR AK006
183.2m. (c) U—Pb concordia diagram for analyses of Rakkurijarvi allanite and titanite. (d) Cumulative probability diagram for Rakkurijarvi
allanite. (e) Cumulative probability diagram for Rakkurjjarvi titanite. (f) Chondrite-normalized REE patterns for Rakkurijarvi allanite and
titanite.

Porphyrite, Kiturnavaara and Greenstone Group hosted Porphyries and Greenstone Groups, similar REE and
10CGs other trace element patterns are seen to those in titanites
In the samples from the relatively undeformed Cu—(Au) from the Fe-oxide—apatite deposits, but with some varia-
deposits  hosted by the Porphyrite, Kiirunavaara tion. Notably at Sarkivaara, a molybdenite-bearing
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Fig. 8. (a) BSE image of representative titanite from Kallosalmi (KAL90107 56.4m). (b) U-Pb concordia diagram for analyses of Kallosalmi
titanite. (¢) Cumulative probability diagram for Kalosalmi titanite. (d) Chondrite-normalized REE patterns for Kallosalmi titanite.

prospect, the Mo contents of titanite are elevated relative
to other samples. All samples from Porphyrite,
Kiiurnavaara and Greenstone Group hosted IOCG depos-
its are LREE enriched, with negative to positive Eu
anomalies, and negative to no Y anomaly, distinguishing
them from the Fe oxide—apatite deposits (Fig. 16). At both
Sarkivaara (Fig. 13a and b) and Kallosalmi a trend from
La-enrichment to La-depletion relative to Ce occurs,
accompanied by an increasingly positive Y anomaly at
Sarkivaara, and absent to positive Eu anomaly.

NDZ hosted 10CG's

The deposits associated with the NDZ are markedly differ-
ent in terms of their titanite REE patterns and show ele-
vated U, Mn and Ni contents. The HFSE show similar
enrichment to titanites from other deposits (Fig. 15). At
both Nautanen and Aitik titanite is consistently LREE
depleted relative to heavy REE (HREE) (Figs 9f, 10d

and 13d). Eu anomalies are absent to slightly positive, and
whereas Aitik shows no Y anomaly, titanite from
Nautanen shows a marked positive anomaly in some cases
(Fig. 16). The contrast in REE chemistry is also mirrored
in the chemistry of allanite from Rakkurjidrvi and
Nautanen, which, although consistently LREE-enriched,
show different levels of enrichment relative to the HREE
(Figs 7f and 9f).

DISCUSSION

Origin and paragenesis of titanite and
allanite

Fe oxide—apatite deposits

Globally Fe oxide—apatite deposits have been proposed to
have origins ranging from crystallization from a volatile-
enriched, oxide melt (e.g. Geijer, 1931; Nystrom, 1985;
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Fig. 10. (a) BSE image of titanite from Nautanen sample NAU 77006 164.3m. (b) U—Pb concordia diagram for analyses of Nautanen NAU 77006
164.3m titanite. (c¢) Cumulative probability diagram for NAU77006 164.3m titanite. (d) Chondrite-normalized REE patterns for Nautanen

NAU 77006 164.3m titanite.

Nystrom & Henriquez, 1994; Naslund et al., 2002) to meta-
somatic replacement or exhalative deposition (e.g. Parak,
1975) involving late-stage magmatic fluids (e.g. Oreskes
et al., 1995; Bookstrom, 1995; Sillitoe, 2003) or non-
magmatic (evaporite-derived) brines (Barton & Johnson,
1996, 2000). All models unanimously agree on the impor-
tance of highly saline hydrothermal fluids, either immedi-
ately post-ore formation (Broman et al., 1999; Harlov et al.,
2002), or as the main iron-transporting medium (Oreskes
et al., 1995; Sillitoe, 2003). The titanite from the Fe oxide—
apatite bodies examined in this study formed during two-
stage growth (Storey et al., 2007). The cores of grains at
Luossavaara and Gruvberget are Fe and trace element
depleted, and give much earlier U-Pb ages than grain
rims and other ore-related phases (see below), indicating
they formed before the main ore depositing stage and thus
probably during pre-ore metamorphism (possibly the

initial hydrothermal metamorphism) of the volcanic pile.
Titanite nucleates on and replaces rutile at Gruvberget
(Storey et al., 2007). Early metasomatic assemblages in
amygdales involving rutile, quartz and calc-silicate miner-
als can react to form titanite-bearing assemblages at tem-
peratures between 300 and 500°C, depending on pressure
and XCO, (Frost et al., 2000). Blake (1990) suggested that
the titanite-magnetite—actinolite amygdales at
Kiirunavaara and Luossavaara were magmatic exsolution
features. The data on timing and textures presented here
and by Storey et al. (2007) strongly argue against such an
origin because of the complex internal zoning and the 100
Myr difference in age between titanite cores and rims.
Romer et al. (1994) attributed the formation of titanite in
amygdales at Kiirunavaara and Luossavaara to post-ore
hydrothermal processes, but given the similarities in trace
element composition between titanite rims and the apatite
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Fig. 11. Variations in titanite crystal chemistry.

in the ore bodies (Irietsch & Perdahl, 1995), these must be
closely related to ore formation, either from magmatic
fluids exsolved from the crystallizing magnetite ore body
or as alteration directly accompanying the hydrothermal
formation of the ore. The titanite sampled from
Kiirunavaara (KRI) is unequivocally a hydrothermal
phase. Titanite at Malmberget undoubtedly formed via
similar processes to those operating at Luossavaara and

Gruvberget, but the Malmberget deposits are strongly
deformed and have been metamorphosed at greenschist-
to lower amphibolite-facies conditions (Martinsson &
Virkkunen, 2004). The preservation of U—Pb isotopic heter-
ogeneity, rather than complete homogenization during Pb
loss, 1s a result of the relatively high closure temperature
(~650—-700°C in titanite without radiation damage;
Cherniak, 1993; Frost et al., 2000). The trace element
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Fig. 12. Variation in total REE vs Al (a.p.f.u) of allanite. Allanite nomenclature and substitution mechanisms from Petrik et al. (1995).

homogeneity of the titanite at Malmberget is almost
certainly a primary feature, as the activation energy
for REE diffusion in titanite is higher than for Pb
(Cherniak, 1995).

10CGs

The Cu—(Au) deposits studied are all variants of the
IOCG type. The only published studies of the formation
conditions of IOCG-type deposits in Norrbotten come
from Pahtohavare (Lindblom et al., 1996) and the Aitik
deposit within the NDZ (Wanhainen et al., 2003), with
reconnaissance data being reported by Broman &
Martinsson (2000). Preliminary fluid inclusion data from
Kallosalmi and Rakkurjjdrvi indicate similar conditions
to those found at Pahtohavare, whereas conditions at
Nautanen were at least superficially similar to those at
Aitik (Smith & Gleeson, 2005). Minimum P—7 conditions
for mineralization at Kallosalmi, Rakkurijarvi and
Pahtohavare are around 5 kbar and 400°C (Lindblom
et al., 1996; Broman & Martinsson, 2000) from fluids with
around 45 wt % NaCl eq. All the deposits have undergone
metamorphism to some extent (Bergman et al., 2001),
although the development of penetrative fabrics is limited
to the main deformation zones, and so the fluid inclusions
may have been reset. However, stretching of fluid inclu-
sions during deformation typically results in an increase
in liquid-vapour homogenization temperature (Vityk,
1995), which would reduce the temperature gap between
liquid—vapour homogenization and halite dissolution and
hence result in a lower pressure estimate at halite dissolu-
tion than in undeformed inclusions (Bodnar, 1994).
Equally, fluid loss through leakage would increase esti-
mated salinities. The P estimates on the basis of fluid inclu-
sion data are therefore true minima. At Nautanen early

stage fluids were similar to those in the undeformed
IOCGs, but fluid circulation along the NDZ continued sig-
nificantly after the initial mineralization, giving the asso-
ciated deposits an extended fluid—rock interaction history,
involving the superposition of numerous events
(Wanhainen et al., 2003, 2005). These constraints are consis-
tent with the hydrothermal formation of titanite syn-ore
deposition, but with significant potential for post-
formation modification. All deposits show evidence of
greenschist-facies metamorphism, but these effects are
more pronounced within the NDZ; as noted above, pene-
trative fabrics are typically limited to deformation zones.

Allanite at Rakkurijarvi and Nautanen is texturally and
chemically distinct. At Rakkurijarvi Smith et al. (2007)
linked allanite formation to high-temperature K—Te alter-
ation, pre- to syn ore deposition. At Nautanen allanite
(strictly an REE-rich epidote) occurs as cores or as zones
in epidote grains, and is REE depleted relative to the
Rakkurjjarvi allanites (Fig. 9). Within the NDZ at Aitik
Wanhainen et al. (2005) linked epidote alteration to the
later stages of the main ore associated alteration.

Timing of magmatism, tectonism and
mineralization

Geochronological data from this study are compared with
previous results in the context of the timing of the
Svecokarelian orogeny in Fig. 17. The implications of con-
cordant U-Pb ages from titanite cores at Luossavaara,
Gruvberget and Malmberget have previously been dis-
cussed by Storey e al. (2007) and indicate a thermal event
affecting the volcanic rocks of the Norrbotten district
from 2100 to 2000 Ma, suggesting that the volcanic rocks
of the Kiirunavaara Group are at least as old as 2100 Ma.
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Table 7: Representative results of LA-ICP-MS analyses of trace elements in titanite and allanite

Nunasvaara Sarkivaara Gruvberget Rakkurijarvi

Kallosalmi Luossavaara Nautanen

Kiirunavaara Vlakommen Aitik

O03NUN30  SAR1 03GRUV22 01RAKO006

Core Rim  Titanite Allanite Core Rim

KAL90107 03LUOSS01 NAU77006 NAU84012 KR2 03VALKO1 A3

Titanite Allanite

vV 6136 1107-0 530-1 18531 156-4 598-7 951-7
Mn 1226 401-3 903-8 3453 789 471-8 96-0
Ni 24-6 11-0 96 147 21 114 109
Cu 1464 6-8 77 94 20 07 43
Rb 07 20 0-3 07 03 0-2 0-4
Sr 9-6 135 16-7 75 37 727 67
Y 6193 1520 709 24753 826 349 570-1
Zr 3124 1771 7-8 123-8 2037 0-8 517
Nb  266-4 575 91 150-8 164-0 <0027 1418
Mo 23 31 39 417 13 <0-174 0-2
Ba 32 62 <0-320 03 11 16 86
La 1843-9 2939 60-6 305-8 500 727844 12275
Ce 40659 931-9 140-0 20805 3741 686763 32495
Pr 3182 495 213 2288 365 5119-7 228-8
Nd 1285-6 157-0 93-8  1320-3 169-1 7195-9 977-3
Sm 19256 219 17-3 3104 288 326-9 168-7
Eu 50-4 129 35 476 82 975 392
Gd 1531 233 149 2941 225 138-3 144-8
Tb 185 37 19 424 29 62 196
Dy 1099 24-3 121 2581 171 15-1 119-6
Ho 221 57 2:6 50-8 32 18 22-8
Er 60-0 183 7-8 1392 86 36 60-9
Tm 89 30 12 2000 13 0-3 86
Yb 580 22:6 95 1294 79 2:4 535
Lu 84 36 13 1856 09 0-4 72
Hf 73 10-1 0-3 61 76 <0-138 57
Ta 93 3-8 0-2 47 145 0-0 10-4
Pb 396 189 1-6 99 19 5-1 96
Th 2016 971 76 716 80 222 545
U 417 81-3 179 656 27 7-2 23-3

1309-4 4212 5557 600-7 1565-0 2967 292-8 8786
119-3 2374 13946 1136-2 41051 266-0 199-5 722-8
95 103 286 22-9 179 288 39-1 330
209 1528 72 121 <1362 148 12:8 82
18 21 07 07 05 10 16 0-9
43 107 123 7-8 257-8 13-4 12:2 10-6
213-1 5065-3 890-4 32490 4568 12390 9935-4 1969-6
1085 3743 631 124-0 53 20755 150-9 206-2
141-1 15861 576-2 8186 <0052 4241 1444-8 302-7
25 27 359 52-3 0-3 0-8 50 347
20-7 41 <0-349 <0-338 17 40 12:0 0-4
419 29605 1656 29-8 206809 1333-4 136156 120-6
127-1 8561-8 901 1666  26223-4 37695 6995-0 474-8
322 11758 302 476 33301 3326 806-6 144-1
193-2 3153-4 2491 3633 54169 13525 4049-6 1038-6
60-9 5845 1262 2051 842-4 2447 10147 456-4
18-3 1435 531 80-56 177-8 346 122-9 160-6
572 5093 1511 257-7 4826 2289 1000-6 487-6
80 766 248 44-2 416 359 167-4 711
477 4845 1615 284-3 1655 2416 1098-2 403-8
91 974 345 56-2 20-0 52-7 224-3 751
24-3 2797 977 151-9 341 148-2 640-6 199-0
37 417 156 20-9 31 234 97-9 271
24-3 259-0 1075 1381 16-1 156-6 680-1 165-9
36 366 121 14-8 2:4 211 733 180
31 179 47 81 0-4 1386 12-8 136
46 241 187 68-5 <0054 426 600-4 205
25 376 15 06 727 35-8 182 29
19 2129 78 20 396-2 2015 1157 15-8
299 266 276 104-6 141-6 162 799 94-0

Previous geochronological constraints suggest these rocks
were erupted in the period 1:96-1-88 Ga (Skiold & Cliff,
1984; Welin, 1987; Cliff et al., 1990; Romer et al., 1994).
Storey et al. (2007) argued that zircon U-Pb ages in the
region of Kiirunavaara may represent resetting, either by
volume diffusion because of the small grain size of zircon
relative to titanite, or by dissolution—reprecipitation
caused by the extreme fluid conditions in the environment
of the Kiirunavaara ore bodies. Martinsson (2004) sug-
gested that the chemistry of the Porphyrite Group is con-
sistent with an early Svecokarelian arc environment,
whereas the Kiirunavaara Group was interpreted as a

bimodal suite linked to within-plate volcanism. We there-
fore interpret the titanite cores from Luossavaara,
Gruvberget and Malmberget to indicate a minimum for-
mation age for the Porphyrite and Kiirunavaara groups
pre-2:05 Ga, relating either to early arc formation or to
bimodal magmatism (Nironen, 1997, Martinsson, 2004;
Wiehed et al., 2005 Fig. 17). The early population at
Kallosalmi is also consistent with a thermal event affecting
the Greenstone Group at this time. Lahtinen et al. (2002)
identified a 2:1-2-0 Ga detrital zircon population in sedi-
ments from the Central and Southern Svecofennian sedi-
mentary domains in Finland, suggesting the former
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Fig. 13. (a) Representative BSE image of Sarkivaara (SARI) titanite. (b) Chondrite-normalized trace element patterns of Sarkivaara titanite.
(c) Representative BSE image of Aitik (A3) titanite. (d) Chondrite-normalized REE patterns for Aitik titanite.

presence of crust of this age that is now eroded or covered
in the Fennoscandian Shield.

This initial stage of mineralization at Malmberget is
indicated to have taken place at or before 1920 £23 Ma
(Storey et al., 2007). This is close in time to, although
slightly older than, the timing of Fe oxide—apatite mineral-
ization in the Luossavaara—Kiirunavaara system
[1884£6 to 1875+9 Ma, Romer et al. (1994); 1870 =24
Ma, Storey et al. (2007)]. This age range overlaps with the
intrusion of the Haparanda and Perthite-monzonite suite
granitoids in the Norrbotten region and the initial period
of IOCG-type mineralization (Billstrom & Martinsson,
2000; Bergman et al., 2001). Data from later-stage titanite
in the hanging wall breccia at Kiirunavaara also overlap
with this time period, but indicate secondary modification

of titanite resulting in a spread of ages along concordia as
a result of metamorphism or secondary hydrothermal
modification. Cliff & Rickard (1992) suggested that sul-
phide alteration at Kiruna was the result of a late hydro-
thermal event, dated at ~15 Ga using whole-rock Pb—Pb,
Rb—Sr and Sm—Nd data. Both Cliff & Rickard (1992)
and Romer et al. (1994) indicated that the Pb—Pb isotope
systematics were probably disturbed, and wusing a
Caledonian event to constrain the lower intercept of a dis-
cordia line Romer et al. (1994) suggested an alternative
interpretation of the same data in terms of metamorphism
some time around 1850 £80 Ma. Our data strongly sup-
port secondary modification of the Kiruna ore system at
~18 Ga, corresponding to the period of later
Svecofennian granitoid magmatism. Greenschist-facies
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metamorphism of the Kiruna area without the develop-
ment of penetrative deformation has been noted by a
number of previous workers (e.g. Nystrom & Henriquez,
1994).

Titanite from the regional scapolite—albite alteration
exposed at Nunasvaara indicates an age of 1903 £8 Ma.
This is indistinguishable from the ecarliest ages at
Malmberget and close to the earliest possible ages at
Kiirunavaara and Luossavaara. This is significant, as in
other IOCG provinces regional scapolite alteration has
been proposed to be a distributed metal leaching event
which led to the formation of Fe mineralization in structur-
ally focused discharge zones (Barton & Johnson, 1996,
2000; Oliver et al., 2004). A similar model may apply here,
but requires more detailed mass-balance studies and a
more extensive geochronological study of the regional
Na—Ca alteration.

The age of 1854 £18 Ma from allanite at Rakkurijarvi
overlaps with the age of Fe oxide—apatite mineralization
and the early IOCG group identified by Billstrom &
Martinsson (2000), and suggests at least a temporal link
between the two. The cumulative probability plots indicate
that this represents relatively undisturbed isotope systema-
tics and hence indicates the age of alteration, in good
agreement with Re—-Os sulphide mineralization ages of
1853+6 Ma and 1862+6 Ma (Smith et al., 2007). The
data from titanite are consistent with its metamorphic
modification by Pb loss or dissolution—reprecipitation at
around 1780 Ma. The data from Kallosalmi are also con-
sistent with metamorphic or metasomatic resetting of tita-
nite formed in the period 18501870 Ma at 1750—1780 Ma
(Fig. 8). Data from Gruvberget (1820 10 Ma) show little
spread along concordia and are interpreted as consistent
with mineralization at ~1820 Ma. This is younger than
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dates for other deposits from this study and others, and
hence indicates more than one episode of mineralization
across the area. The early Fe-oxide—apatite mineralization
at Gruvberget may be of a similar age, or may be older.

The data from titanite and allanite at Nautanen overlap
with the younger (1800-1750 Ma) group of IOCG-type
deposits identified by Billstrom & Martinsson (2000) and
are in agreement with the detailed study of the nearby
Aitik deposit by Wanhainen et al. (2005), which recognized
an initial, possibly porphyry-Cu style, mineralization con-
strained to be within the period 1876 10 Ma to 1848 £8
Ma, overprinted by a more complex alteration assemblage
at some time around 1780 Ma. The later stage is also rec-
orded at Nautanen and appears to represent a thermal
event(s) related to fluid flow along the NDZ and associated
structures.

The time constraints currently available bracket differ-
ent stages of mineralization, but are currently very broad

KIRUNA DISTRICT MINERALIZATION

as the complex geological history has resulted in variable
resetting of the isotope systematics of a range of phases.
More precise analytical techniques (‘TIMS) do not resolve
this issue, as previous studies have averaged some of the
intracrystalline variation seen in this study and given by
Storey et al. (2007). Overall the data presented here are
consistent with regional scapolite alteration in the period
1911-1895 Ma, although this is constrained by only a
single sample. Iron oxide—apatite mineralization took
place at some point in the period 1920-1870 Ma, and was
overprinted by later fluid flow events; these were probably
responsible for sulphide mineralization, which resulted in
some resetting of earlier formed titanite within the period
1870—1830 Ma. There is evidence for mineralizing events
down to 1820 £10 Ma. Most of the deposits studied pre-
serve evidence of a thermal metamorphic event within the
period 1750—1780 Ma. For deposits within the NDZ titanite
and allanite grains were either completely reset, or initially
crystallized, within this period, probably during move-
ment and fluid flow along the shear zone. This period cor-
responds to the 1770-1800 Ma late Svecofennian
deformation and metamorphism identified by Bergman
et al. (2001) and current constraints on the intrusion
period of the Lina suite granitoids (Skiold, 1988). In
models of the tectonic evolution of the Svecofennian this
period also brackets the post-accretion transition from
intra-cratonic transpression to orogenic collapse, which
may have caused reactivation of existing structures
(Nironen, 1997; Weihed ¢t al., 2005; Fig. 17).

Trace element characteristics of titanite
and allanite

The trace element patterns of hydrothermal minerals can
be affected by the composition of the metal source, equilib-
rium mineral—fluid partitioning (Mclntire, 1963), the
ligand chemistry of the hydrothermal fluid (Haas et al.,
1995), and the kinetics of mineral growth and dissolution
(Maller, 1998). They can also be affected by the redistribu-
tion of the REE between phases, with or without bulk
addition or leaching of the REE, during metamorphism
or metasomatism. In this study, except for variations in
trace element patterns between clearly distinct stages of
crystal growth, intracrystalline variations in trace element
chemistry are minor compared with variations between
deposits, suggesting that kinetic factors were of limited
importance. Diffusive rehomogenization of titanite trace
element patterns on geologically realistic time scales is
extremely unlikely at temperatures below 800°C
(Cherniak, 1995). The grains studied therefore probably
preserve the original variation in trace element chemistry,
except in the case of rehomogenization by dissolution—
reprecipitation processes. Comparison between the effec-
tive ionic radius of Ca®* and the trivalent REE in seven-
fold coordination from recent thermodynamic models for
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titanite—melt fractionation (Tiepolo et al., 2002; Prowatke
& Klemme, 2005) shows the closest correspondence in
radii between Ca and Sm, Eu and Gd, whereas estimates
from Shannon (1976) show the closest correspondence
with Ce. Values are not reported for Pr and Nd. Purely on
the basis of spatial accommodation into the titanite lattice
this would suggest that, in the absence of fluid speciation
control, titanite—aqueous fluid partitioning should lead to
preferential incorporation of the middle REE (MREE)
into titanite, with relatively low La contents relative to
Ce. These considerations account for a number of the fea-
tures of the REE patterns observed in titanites from this
study. Of the other trace elements analysed in this study
most bivalent ions will also substitute onto the Ca-site
(including Cu, Mn, Sr) as will U and Th. Other tetrava-
lent, or higher oxidation state cations (e.g. Zr, Nb, Ta)
will usually substitute for Ti** (Ribbe, 1980).

The trace element patterns in titanite cores from
Luossavaara and Gruvberget are consistent with these par-
titioning constraints and suggest crystal chemically con-
trolled REE partitioning during metamorphic formation
of titanite (Storey et al., 2007). The titanites studied here
are strongly LREE enriched relative to these grain cores.
Bulk-rock data from unmetasomatized equivalents distal
from the ore bodies 1s lacking in most of the examples stud-
ied here, but metasomatic addition of the REE and other
trace elements, hosted by apatite, titanite and allanite, has
been demonstrated at Tjarrajakka (Edfelt et al., 2005).
This mechanism is favoured here as in at least one example
(KR1) titanite is vein hosted, and therefore the trace ele-
ment content must represent REE transported in a hydro-
thermal fluid. The REE patterns of titanite are also
similar to those reported from apatite from the same or
similar deposits (Frietsch & Perdahl, 1995; Harlov et al.,
2002; Edfelt e al., 2007; Fig. 16). Studies of coexisting apa-
tite and titanite in the literature suggest that equilibrium
partitioning should result in apatite with LREE enrich-
ment relative to titanite (Henderson, 1980), and so the sim-
ilarity in chemistry suggests external fluid control.

The rims of titanite at Luossavaara (Storey et al., 2007)
and grains from Kiirunavaara are LREE enriched, and
have low U/Th ratios and high Zr and Nb concentrations.
The latter characteristics might argue strongly for the
magmatic origin of the titanites in the Kiruna deposit, as
these elements are generally considered to be immobile,
or at least conserved, in hydrothermal systems. However,
both samples are hydrothermal in setting, and both show
anomalous behaviour of Y relative to Dy and Ho. This is
consistent with the influence of aqueous speciation on
REE chemistry, and in particular the formation of M**-
F complexes (Bau, 1996). The high Zr and Nb in titanite
from different stages of the Kiruna system indicates that
these eclements were mobilized in the hydrothermal
phase (e.g. Gier¢, 1986; Salvi & Williams-Jones, 1990,

KIRUNA DISTRICT MINERALIZATION

1996). The high-temperature conditions and extreme sali-
nities of fluids in all deposits may have promoted HFSE
mobilization as aqueous chloride complexes; high F activ-
ities may also significantly enhance the solubility of
HFSE, including Zr and Nb in hydrothermal solutions
(e.g. Gieré, 1990; Rubin et al., 1993; Gagnon et al., 2004;
Smith, 2007). Apatites from Fe oxide—apatite deposits are
notably enriched in F relative to Cl, whereas those from
IOCG-type mineralization are typically Cl-rich (Frietsch
& Perdahl, 1995; Edfelt et al., 2005, 2007). This indicates
higher HF activities in Fe oxide—apatite deposit related
fluids (Korzhinskiy, 1981). High HF activity in Fe oxide—
apatite mineralizing fluids may also account for the
LREE enrichment of associated titanite, as aqueous
LREE-F complexes are more stable at high P-7 than
those of the HREE (Haas et al., 1995). Titanite from
Malmberget is LREE depleted relative to that from
Kiirunavaara. This may result from dissolution—
reprecipitation of titanite during metamorphism, as
the LREE may be preferentially lost to the fluid during
such a process. Harlov et al. (2002) noted LREE-depleted-
zones 1in apatite from Kiirunavaara surrounding
monazite inclusions formed during greenschist-facies
metamorphism.

Within the IOCG deposits, those Porphyrite,
Kiirunavaara and Greenstone group hosted deposits in
the general area of Kiruna are similar in terms of their
LREE enrichment, but show distinct negative Y anomalies
(Fig. 16b). The titanite from regional Na—CI altered rocks
at Nunasvaara has similar characteristics to those from
the undeformed IOCG deposits. Overall the REE patterns
suggest a similar REE source for the Fe-oxide—apatite
deposits and the non-NDZ Cu—Au deposits (Fig. 16). Both
the granitoid suites and intermediate to acid host rocks for
the deposits are relatively LREE enriched (e.g. Blake,
1990; Lundmark et al., 2005; Wanhainen et al., 2006), and
hence REE could have been derived either from the grani-
toids or from the intermediate to acid volcanic rocks of
the district. The highly saline characteristics of mineraliz-
ing fluids in the IOCG deposits (e.g. Lindblom et al., 1996)
and the evidence from apatite composition for a lower HF
activity in these fluids relative to the Fe oxide—apatite
deposit related fluids means that Cl-complexes are likely
to have dominated aqueous REE species. Chloride com-
plexation would have had only a minor fractionating
effect on REE patterns during extraction from a source
rock (Haas et al., 1995), without enhancing Y solubility rela-
tive to Dy and Ho.

Titanites from the NDZ hosted deposits are markedly
depleted in the LREE relative to the other deposits stud-
ied. This could be consistent either with co-precipitation
of a particularly LREE-enriched phase, or with alteration
subsequently resulting in either leaching of the REE or
the partial replacement of titanite by LREE-enriched
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phases (see Harlov et al., 2002). However, REE mineral
inclusions are absent in Nautanen titanite. Allanite from
the same samples is also LREE-depleted relative to other
deposit types. In this instance an alternative source for
the REE is likely. Gabbro and diorite of both the
Haparanda and Perthite-monzonite suites are common in
the Nautanen to Aitik area, and the synform marginal to
the NDZ at Nautanen is cored by metabasalt of the
Porphyrite Group (Bergman et al., 2001). Such an interpre-
tation is supported by the elevated Ni and low Th contents
of the Nautanen and Aitik titanites.

Implications for IOCG-type mineralization
The tectonic environment of IOCG mineralization is vari-
able. Hitzman (2000) suggested that IOCG-type mineral-
ization could be linked to cratonic or continental margin
environments, associated with orogenic collapse, anoro-
genic magmatism and subduction, whereas Barton &
Johnson (1996) included arc systems, failed continental
rifts and active rifts, and stable platforms associated with
hotspot volcanism, but noted a suggestion of anorogenic
or rift-related origin. This study, linked with previous
work on the Norrbotten Fe oxide and IOCG district,
demonstrates that both magnetite—apatite deposits and
IOCG-type deposits were generated relatively early in the
Svecofennian tectonic cycle during subduction and accre-
tion, but either they were modified or there were repeated
periods of mineralization through collision to orogenic col-
lapse (Fig. 17). The geochronological data presented here
are not consistent with the interpretation of the magnetite—
apatite bodies forming as melts consanguinous with their
host volcanic rocks, with temporally continuous, hydro-
thermal modification (Lundberg &  Smellie, 1979;
Nystrom, 1985). The clear inference of an epigenetic origin
for the main phase of magnetite—apatite orebody forma-
tion and the anomalies introduced into the REE patterns
by the effects of aqueous complex formation all argue for
a hydrothermal metasomatic origin.

Initial IOCG and Fe oxide—apatite mineralization was
temporally associated with Haparanda and Perthite-
monzonite suite calc-alkaline magmatism. Subsequent
mineralization in post-1800 Ma IOCGs, associated with
major deformation zones, has LREE-depleted trace ele-
ment patterns, suggesting either redistribution of trace ele-
ments during metamorphism or a source for the REE and
possibly other metals in the volcanic rocks of the region.
Preliminary dating from a single sample of regional scapo-
lite—albite altered rock suggests that regional alteration
occurred within the period 1912-1895 Ma, corresponding
to the initial phase of Fe oxide—apatite mineralization.
However, more extensive studies of this alteration are a
clear prerequisite for further development of this
interpretation.

Models for IOCG mineralization are variable, but
many researchers now agree that regional or large-scale
albitization or scapolitization released metals to the hydro-
thermal fluid, resulting in subsequent mineralization in
both barren and Cu—~Au mineralized magnetite/hematite—
apatite ironstones (e.g. Barton & Johnson, 2000; Oliver
et al., 2004). The ultimate source of the fluids is currently a
matter of debate, as different tracer techniques indicate a
wide range of fluid component sources. Pollard (2006) pro-
posed that separation of a fluid phase from calc-alkaline
magmas at greater depths than seen in porphyry Cu sys-
tems, as a result of higher CO, contents, resulted in the
circulation of brines along major tectonic structures.
Conversely, Barton & Johnson (1996, 2000) pointed to a
range of geochemical features favouring non-magmatic
brines, sourced from either saline surface waters or the
interaction of fluids with evaporites, and developed mass-
balance arguments suggesting that magmatic fluids could
not be responsible for the scale of regional Na-alteration.
The data presented here could be consistent with either
model, or indicate different sources of fluid components
during the extended and geologically complex history of
the deposits. The geochronological data are consistent
with a separation in time between Fe oxide—apatite and
sulphide mineralization, followed by subsequent alteration
of the ores during structurally focused metamorphic fluid
flow, whereas the trace element data suggest leaching of
metals from both the metavolcanic sequence and the regio-
nal granitoids. Meta-evaporite units have been inferred in
the Greenstone Group sequence (Frietsch et al., 1997) and
hence highly saline non-magmatic brines cannot be
excluded from models on the basis of the data presented
here. On the basis of high mineralization temperatures
and the oxygen isotope composition of quartz, Lindblom
et al. (1996) favoured a magmatic fluid source at
Pahtohavare. Frietsch et al. (1995) concluded that sulfur in
a range of deposits was derived from both bacterial sulfate
reduction and magmatic sources. At present we favour
models of hydrothermal genesis for both Fe-oxide and
Cu—Au deposits, with Cu—Au mineralization post-dating
and overprinting Fe-mineralization, and some metal com-
ponents of the fluids being derived from local granitoid
rocks. The ultimate source of the fluids and dissolved com-
ponents is yet to be fully constrained.

CONCLUSIONS

The application of spatially constrained LA-ICP-MS to U—
Pb analysis has, for the first time, clearly indicated the
multistage evolution of titanite from a range of settings in
the Norrbotten District, Northern Sweden. The age of the
volcanic sequence hosting several major ore deposits and
many prospects has been demonstrated to be greater than
2050 Ma and a product of magmatism pre-dating the
Svecokarelian orogeny. The iron oxide—apatite deposits,

2090

¥20z Iudy Gz uo 1senb Aq Gev8ZYL/£902/1 L/0G/a1e/ABojosied/woo dno-olwapeoe//:sdpy woly pepeojumod



SMITH et al.

for which the region is famous, formed in the period 1920—
1860 Ma, overlapping with preliminary constraints on the
age of regional sodic alteration, although further data on
the timing of alteration are necessary to confirm this. An
initial phase of iron oxide—copper—gold (IOCG) mineral-
ization temporally overlaps with later stages of this pro-
cess, within the errors of the data presented here, and
corresponds to the 1880-1860 Ma phase of mineralization
identified by Billstrom & Martinsson (2000). Many depos-
its yield titanite U-Pb ages as late as 1820 and 1790 Ma,
but strong evidence of lead loss either by dissolution—repre-
cipitation or possibly by diffusion suggests that U—Pb ages
in this range may represent metamorphism during subse-
quent thermal events during the Svecokarelian orogeny.
Well-constrained, concordant ages in the range 1800—1750
Ma have been obtained from titanite from the Nautanen
prospect. Coupled with previous data from the Aitik
deposit (Wanhainen et al., 2005) this suggests significant
reworking of the initial phase of mineralization alongside
further fluid flow episodes along major structural features.
The strongly deformed deposits at Malmberget give U—
Pb ages extending along concordia over the whole time
period and indicate either strong metamorphism at ~1750
Ma or repeated thermal events causing Pb loss from tita-
nite over the whole orogenic cycle.

The trace element chemistry of the analysed titanite is
distinct for all the phases of mineralization described
above. The LREE-enriched nature of the titanites suggests
a metal source either in the intermediate to acid host
rocks or in the Svecofennian granitoids of the Haparanda
and Perthite-monzonite suites. Minor features of the trace
element patterns, such as Y anomalies relative to Dy and
Ho, are consistent with a hydrothermal origin for all the
titanites studied. Trace element patterns from the
Nautanen prospect and Aitik are markedly LREE
depleted and may be consistent with a more local trace ele-
ment source via leaching of metals during alteration of
meta-volcanic rocks, or loss of the LREE during metamor-
phic recrystallization.

Overall the data presented here are consistent with
emerging models of IOCG-type mineralization during
subduction and continental accretion whereby fluids are
channelled along major crustal structures, resulting in
regionally extensive alteration, and mineralization focused
in structurally controlled fluid discharge zones. The ulti-
mate source of such fluids is not constrained by this study.
Different mechanisms and different fluid sources may
have operated at different times, as there is a distinction
in age between Fe oxide—apatite deposits and sulphide-
related Cu—Au mineralization. However, on the basis of
current constraints, iron oxide—apatite deposits show some
overlap in time with IOCG mineralization, and hence
they may have some commonalities in the mechanism of
deposit genesis.

KIRUNA DISTRICT MINERALIZATION
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