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Abstract 

Fluorapatite-monazite-xenotime-allanite mineralogy, petrology, and textures are described for a 

suite of Kiruna-type apatite-iron oxide ore bodies from the Grängesberg Mining District in the 

Bergslagen ore province, south central Sweden. Fluorapatite occurs in three main lithological 

assemblages. These include: 1) the apatite-iron oxide ore bodies, 2) breccias associated with the ore 

bodies, which contain fragmented fluorapatite crystals, and 3) the variably altered host rocks, which 

contain sporadic, isolated fluorapatite grains or aggregates that are occasionally associated with 

magnetite in the silicate mineral matrix. Fluorapatite associated with the ore bodies is often zoned, 

with the outer rim enriched in Y+REE compared to the inner core. It contains sparse monazite 
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inclusions. In the breccia, fluorapatite is rich in monazite-(Ce) +/- xenotime-(Y) inclusions, 

especially in its cores, along with reworked, larger monazite grains along fluorapatite and other 

mineral grain rims.  In the host rocks, a small subset of the fluorapatite grains contain monazite +/- 

xenotime inclusions, while the large majority are devoid of inclusions. Overall, these monazites are 

relatively poor in Th and U. Allanite-(Ce) is found as inclusions and crack fillings in the 

fluorapatite from all three assemblage types as well as in the form of independent grains in the 

surrounding silicate mineral matrix in the host rocks. The apatite-iron oxide ore bodies are proposed 

to have an igneous, sub-volcanic origin, potentially accompanied by explosive eruptions, which 

were responsible for the accompanying fluorapatite-rich breccias. Metasomatic alteration of the ore 

bodies probably began during the later stages of crystallization from residual, magmatically derived 

HCl- and H2SO4-bearing fluids present along grain boundaries. This was most likely followed by 

fluid exchange between the ore and its host rocks, both immediately after emplacement of the 

apatite-iron oxide body, and during subsequent phases of regional metamorphism and deformation.  
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Introduction 

Apatite-iron oxide ores of the Kiruna type are the single biggest source of iron in Europe (e.g. 

Islamovic et al., 2015). These large, high-grade, apatite-iron oxide deposits occur worldwide and 

are generally associated with volcanic to subvolcanic rocks. Notable examples of Kiruna-type 

deposits include: 1) the Kiirunavaara (Kiruna) ore body, northern Sweden (Geijer, 1910, 1931, 

1967; Frietsch, 1978, 1984; Nyström and Henriquez, 1994; Frietsch and Perdahl, 1995; Harlov et 

al., 2002a; Nyström et al., 2008), 2) the Grängesberg district in south central Sweden (Johansson, 

1910; Looström, 1929; Magnusson, 1938; Geijer and Magnusson 1944; Allen et al., 1996; Hitzman 

et al., 1992; Jonsson et al., 2013), 3) the Mineville ore body, Adirondacks, New York, USA 

(McKeown and Klemc, 1956; Lupulescu and Pyle, 2005, 2008), 4) the Pea Ridge ore body, 
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Arkansas, USA (Kisvarsanyi and Kisvarsanyi, 1989; Marikos et al., 1989; Sidder et al., 1993; Kerr, 

1998; Harlov et al., 2016), 5) a series of ore bodies in the Bafq Region, central Iran (Förster and 

Jafarzadeh, 1994; Mücke and Younessi, 1994; Daliran, 1990, 2002; Jami et al., 2007; Torab and 

Lehmann, 2007; Daliran et al., 2010; Bonyadi et al., 2011; Stosch et al., 2011; Taghipour et al., 

2015), 6) the Jurassic Marcona deposit in south-central Peru (Chen et al., 2010), 7) the Aoshan 

fluorapatite-magnetite deposit in the middle-lower Changjiang metallogenic belt, China (Pan and 

Dong, 1999), and 8) a suite of magnetite-fluorapatite bodies associated with the Plio-Pleistocene 

volcanoes in the Chilean High Andes and along the Cretaceous Coastal Andean Cordillera, among 

which is the well-known El Laco deposit (e.g., Nyström and Henriquez, 1989, 1994; Treloar and 

Colley, 1996; Broman et al., 1999; Naslund et al., 2000, 2002; Henriquez et al., 2003). Beginning 

with Hitzman et al. (1992), apatite-iron oxide deposits of the Kiruna type, including Grängesberg, 

were suggested to be related to an “iron oxide (Cu-U-Au-REE)” group of deposits, which were later 

re-branded as iron oxide copper-gold (IOCG) deposits. This, as has been shown by several workers, 

is a problematic classification, since most apatite-iron oxide ore deposits contain very little copper 

or gold (cf. Williams et al., 2005).  

Historically, one major hypothesis for the formation of Kiruna-type ores has been that they 

have an igneous or orthomagmatic origin (Frietsch, 1978). In its present adaptation, this hypothesis 

suggests that these deposits represent evolved, late stage, igneous bodies, primarily associated with 

volcanic to sub-volcanic systems, which have experienced a series of metasomatic events ranging 

from light to intense.  These metasomatic events are thought to begin as early as during the later 

stages of crystallization and continue, either continuously or discontinuously, down to relatively 

low metamorphic grade (see discussion in Harlov et al., 2002a; 2016). In a number of these 

occurrences, monazite-(Ce) +/- xenotime-(Y) are commonly found associated as inclusions or rim 

grains with apatite that has experienced fluid-induced alteration in the form of (Y+REE) + Na + Si 

+ Cl depletion, e.g. at Kiirunavaara in northern Sweden (Harlov et al., 2002a) or Bafq in central 

Iran (Torab and Lehmann, 2007), with the fluorapatite acting as the source of P and (Y+REE) for 
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the newly formed monazite and xenotime (Harlov et al., 2002b; Harlov and Förster, 2003; Harlov et 

al., 2005). 

The apatite-iron oxide deposits of the Grängesberg-Blötberget-Idkerberget mining districts 

are situated in the Palaeoproterozoic Bergslagen ore province in central Sweden (Fig. 1). Besides 

being the largest concentration of iron oxide ore in southern and central Sweden, these deposits also 

represent a possible future economic source of REE and P (Hallberg and Jonsson, 2006; Jonsson et 

al., 2010a, b; Goodenough et al., 2016). During the inception of large-scale mining in the early 

1900s, the Grängesberg deposits were already being compared to those of the Kiruna District in 

northernmost Sweden (Johansson, 1910; Looström, 1929, 1939; Magnusson, 1970). The discussion 

concerning the origin of these ores has continued up to the present day (e.g. Hitzman et al., 1992; 

Jonsson et al., 2013). Based on the mineralogy, deposit geometry, relations to host rocks, and 

overall geochemical character, the most likely explanation is that the apatite-iron oxide ores in the 

Grängesberg District represent deformed and metamorphosed, Palaeoproterozoic Kiruna-type 

deposits (Jonsson et al., 2010a). Evidence from oxygen and Fe isotope systematics as well as 

geochemistry furthermore suggests a primarily orthomagmatic mode of iron oxide formation with 

localized hydrothermal alteration (Jonsson et al., 2013; Weis et al., 2013).   

In this study, we document REE-mineral textures and assemblages in a suite of magnetite-

fluorapatite-silicate associations from Grängesberg and surrounding locations, based on 21 samples 

from both existing outcrops, including the Fallgruvan mine, and drill-cores transecting the main ore 

zone in the central part of the Grängesberg District, the so-called Export field (Fig 1).  The first aim 

of this study is to document and characterize fluorapatite-monazite (±xenotime)-allanite relations in 

the apatite-iron oxide ores from the Grängesberg deposit. A second, and equally important, aim is to 

explore how fluid-aided alteration relates to the formation of monazite and xenotime inclusions in 

the fluorapatite and the later remobilization of (Y+REE) outside of the fluorapatite into the 

surrounding mineral matrix. This allows us to constrain the probable chemistry and activity of these 
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fluids, as well as attempt to unravel the temporal relationships between variable and chemically 

different fluid fluxes. 

 

Geological Background 

The Bergslagen ore province is an intensely mineralized area that comprises the southernmost part 

of the Palaeoproterozoic Svecokarelian orogen in south central Sweden (Fig. 1). The province 

contains a multitude of ore types, dominated by base metal mineralization and Fe oxide ores (e.g. 

Tegengren, 1924; Geijer and Magnusson, 1944; Magnusson, 1938, 1970; Stephens et al., 2009). 

The main ore-bearing, meta-supracrustal sequence is dominated by felsic, alkali-enriched 

metavolcanic rocks, different types of metabasic rocks, clastic metasedimentary rocks, and calcitic 

to dolomitic marbles. This rock association is thought to have formed at c. 1.90-1.87 Ga during 

volcanism in a shallow marine, continental back-arc setting (Allen et al., 1996; Stephens et al., 

2009, and references therein). Mineralization occurs primarily in rhyolitic to dacitic metavolcanic 

rock units, including commonly interlayered marbles and skarns. The latter, variably Fe-, Mg-, 

and/or Mn-bearing calc-silicate assemblages, occur as two main genetic types, which either formed 

as a consequence of regional metamorphism of impure carbonate rocks, or through metasomatic 

reactions between felsic magmatic-derived, silica-rich fluids and pre-existing carbonate rocks.  

All major rock units in the western part of the Bergslagen ore province, except the youngest 

granitic intrusives and dolerites, have been affected by regional (Svecokarelian) metamorphism, 

which reached low pressure, high temperature greenschist- to amphibolite-facies grade (cf. 

Stephens et al., 2009, and references therein). The regional metamorphism in south central Sweden 

is most likely polyphase, and is constrained to the c. 1.87 – 1.80 Ga time interval (e.g. Andersson, 

1997; Hermansson et al., 2007; Stephens et al., 2009). In the early orogenic rocks in the 

Grängesberg area, amphibolite-facies conditions prevail. 

The host rocks immediate to the Grängesberg ores exhibit significantly more intermediate to 

mafic compositions compared to the overall felsic character of the metavolcanic rocks elsewhere in 
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the Bergslagen province (Fig. 1). The dominating rocks in the main ore zone of Grängesberg, 

(referred to as the Export field), are variable feldspar-porphyric meta-dacites to meta-andesites, 

whereas meta-rhyolites are subordinate. Surrounding the Export field there are different types of 

breccias, including syn-volcanic fragmented rocks, a fluorapatite breccia, and a breccia with a 

magnetite-rich matrix (e.g. Högdahl et al., 2013). Crosscutting, subvolcanic dykes of variable 

compositions are ubiquitous not least in and around the Export field. Intrusive rocks are represented 

by a c. 1895 Ma gneissic granodiorite, which is located in the hanging wall, i.e. east of the main ore 

zone, and a metagranite and associated pegmatites in the footwall to the west (Fig. 1; Högdahl et al., 

2013). 

Alteration is evident in the metavolcanic host rock, both in the form of regional-style Na or 

K alteration, and locally, as Mg +/- K alteration in the form of disseminations as well as discrete 

zones rich in phyllosilicates (mainly biotite + chlorite) and calcic Mg-Fe-clinoamphiboles classified 

as either hornblende and actinolite (cf. Leake et al., 1997), which locally known as sköl zones (Fig. 

1). Furthermore, localized, large-scale alteration of the hanging-wall host rocks into partly fluorite-

bearing, biotite-chlorite-(clinoamphibole-magnetite-fluorapatite)-dominated assemblages was 

documented from the Export field during mining by N. H. Magnusson (cf. Geijer and Magnusson, 

1944).  

Three ductile deformation phases (D1-D3) have been recognized in the Grängesberg 

District, which has later been subjected to brittle deformation along localized deformation zones 

(Högdahl et al., 2013). The oldest structure is a crenulated foliation related to up-right, isoclinal F1-

folds. These folds were subsequently deformed under peak-metamorphic conditions during the D2 

phase, when the structures formed were controlled by the competence contrasts between the various 

rock types. The iron oxide bodies and the metagranitoids to the east and west acted as a rigid bodies 

and strain was mainly accommodated in the altered rocks, including the sköl zones. These rocks 

have a penetrative foliation, a strong, steep stretching lineation that is parallel to the fold axis of the 



 7 

local, double plunging F2-folds, whereas the competent rocks formed boudins. Open, large-scale 

F3-folds formed later under retrograde conditions (cf. Högdahl et al., 2013). 

 

Grängesberg apatite-iron oxide ore types and assemblages 

The apatite-iron oxide deposits of the Grängesberg District (past production 152 Mt of ore with 

58% Fe and 0.81% P) comprise the single biggest concentration of iron ore in the Bergslagen 

province, and thus in all of central and southern Sweden (Hallberg and Jonsson, 2006; Fig. 1). 

These deposits, and their NNW continuation via Blötberget to Idkerberget, constitute both a 

geological as well as an ore genetic anomaly in the province. In Bergslagen, several thousand Fe 

oxide deposits are known to exist (based on SGU databases).  However, all, but those in the 

Grängesberg-Blötberget-Idkerberget districts, are either hematite-dominated, quartz-rich ores, 

typically banded iron formations, or magnetite-dominated skarn-type deposits.     

The Grängesberg District Fe oxide ores range from magnetite to hematite-dominated (Figs. 

1 and 2). They are variably rich in fluorapatite and accessory silicate minerals, which include 

amphibole, biotite, and chlorite.  Overall, the Export field at Grängesberg has been estimated to 

consist of about 80% magnetite ore and 20% hematite ore (e.g. Jonsson et al., 2011). The ore occurs 

as a north-north-east trending lens-like system dipping moderately to steeply towards the east. 

Within this roughly planar system, the individual ore bodies have been described as “log-shaped 

bodies” (Geijer and Magnusson, 1944), due to deformation associated with D2 (Högdahl et al., 

2013). The hematite-rich ores are concentrated towards the structural footwall on the west, with the 

main magnetite-ore occurring in the central part and towards the east.  

The two ore types are generally dominated by one oxide mineral, although the hematite ores 

often exhibit an intermixed magnetite component (Table 1; Fig. 2a-d). It is not uncommon to 

observe magnetite blastesis in massive, fine-grained hematite ores. These magnetite porphyroblasts 

are often large and euhedral to subhedral, which indicates growth under comparatively strain-free 

conditions. Even though banded zones with magnetite veins in the hematite ore have also been 
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encountered, the transition between the hematite and magnetite ores is often rather sharp. A 

transition zone with varying proportions of magnetite and hematite occur, typically in the vicinity of 

crosscutting pegmatites. However, this has also been described from other parts of the mine (e.g. 

Geijer and Magnusson, 1944), demonstrating that this process is not solely attributed to the 

intrusion of pegmatites.  

The magnetite ores are often fine to medium-grained, massive, and frequently with a distinct 

”grainy” appearance in hand specimen, and a “foamy” or granoblastic microtexture (Figs. 2a,b,c). 

Much of the hematite-dominated ores consist of massive, fine to medium-grained, often platy 

hematite (Fig. 2d). Almost all ore types show a variable degree of banding, with the lighter bands 

dominated by fine-grained aggregates of fluorapatite and accessory silicates (Figs. 2d). This 

banding is considered to be primary, although an enhancement of the planar structure, due to later 

deformation, is observed in many samples. Together with the surrounding host rocks, magnetite, 

hematite, fluorapatite, and associated subordinate minerals in the ore bodies were affected during 

regional metamorphism.  However, a partially preserved magmatic texture is supported by the 

behavior of the larger iron oxide ore bodies in the Export field during Svecokarelian ductile 

deformation at peak metamorphic conditions. Here, the competence contrast caused strain 

partitioning leading to a strong fabric in the less competent immediate host rocks and sköl zones, 

and mega-boudin-formation (the “log-shaped bodies” of Geijer and Magnusson, 1944) of the rigid 

ore bodies, which therefore mainly escaped penetrative deformation (Högdahl et al. 2013; Persson-

Nilsson et al. 2013). Strain was also accommodated by the sköl zones within the apatite-iron oxide 

ores and to a lesser degree by the bands of apatite and accessory silicates. However, static 

metamorphic recrystallization of the ores and the fluorapatite ± silicate assemblages cannot be 

completely ruled out (Jonsson et al. 2010b). 

REE in the ores are mainly hosted by the granular fluorapatite, which is typically high in Y, 

Ce, La, and Nd (Fig. 3).  However, they are also present in phases that occur in texturally later-

formed positions, mainly monazite-(Ce), xenotime-(Y), allanite-(Ce), and REE-bearing epidote 
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(Figs. 4 and 5). At a later stage, LREE-fluorocarbonate(s) formed during low-temperature 

remobilization of the REEs. Within the surrounding host rocks, REEs are concentrated in allanite, 

fluorapatite, and monazite (Jonsson et al., 2010b). 

Field relations in the northern part of the Grängesberg District (Fig. 1) indicate that the ore 

formation pre-dates emplacement of the 1895 Ma granodiorite, which hosts similar apatite-iron 

oxide mineralization in the form of variably-sized xenoliths (Jonsson et al., 2011; Högdahl et al., 

2013). The recent discovery of numerous angular fluorapatite fragments occurring in discrete 

horizons (i.e. volcanic breccias) within the metavolcanic rock of the structural footwall to the ore 

zone is of major importance, as it implies that fragments of an already crystallized massive 

fluorapatite assemblage were being erupted. Thus, formation of at least part of the iron oxide-

fluorapatite system was either coeval with, or pre-dated these volcanic units (Jonsson et al., 2011).  

 

Analytical Techniques 

Textural relationships between minerals were examined at the Deutsches GeoForschungsZentrum, 

Potsdam using high contrast back scattered electron (BSE) imaging on a Zeiss DSM-962 Scanning 

Electron Microscope (1 µm electron beam spot; 15 or 20 kV).  

Electron microprobe (EMP) analyses were carried out using a Cameca SX100 electron 

microprobe at the Deutsches GeoForschungsZentrum. Analyses of fluorapatite were performed at 

10 kV and 10 nA using a defocused 20 µm diameter beam spot. The REE in fluorapatite were 

measured separately using an acceleration voltage of 20 kV and a beam current of 20 nA. Monazite 

was analyzed with an acceleration voltage of 20 kV, a beam current of 40 nA and a beam diameter 

of 1 µm. Allanite was analyzed with an acceleration voltage of 20 kV, a beam current of 20 nA, and 

a beam diameter of 1 µm.   

Fluorapatite grains, analyzed using EMP, were first examined in BSE mode and only those 

areas free of monazite inclusions were chosen for analysis. With the exception of F, the fluorapatite 

analyses listed in Table 2 represent an average of between 4 to 11 grains evenly scattered over the 
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thin section. Since F X-ray excitation tends to increase with time during EMP analysis (Stormer et 

al., 1993), the F value from the fluorapatite grain in each sample with the lowest F concentration 

was chosen as the representative value for F for the corresponding mean fluorapatite analysis listed 

in Table 2 for that sample. Whenever possible, elongated fluorapatite grains approximately parallel 

to [0001] were chosen for analysis since this minimizes the increase in F X-ray excitation with time 

during EMP analysis (Stormer et al., 1993; Pyle et al., 2002; Goldoff et al., 2012 ).  The hydroxyl 

content was estimated utilizing charge balance with F and Cl on the anion site.     

Silicate, oxide, and metal standards were taken from both the CAMECA and Smithsonian 

standard sets (Jarosewich et al., 1980). Standards for the REE were taken from a set of synthetic 

REE phosphates prepared by Jarosewich and Boatner (1991). The Cameca PAP program was used 

for matrix correction (Pouchou and Pichoir, 1985). Relative errors in EMP analyses are estimated to 

be < 1% at the > 10 oxide wt% level, 5 − 10% at the 1 oxide wt% level, 10 − 20% at the 0.2 to 1 

oxide wt% level, and 20 − 40% at the < 0.1 oxide wt% level. Detection limits were approximately 

500 ppm for the (Y + REE), and 200 – 300 ppm for Th and U.  

The full data set representing all analyses are provided as electronic supplementary material 

(fluorapatite: Appendix A; monazite (and xenotime): Appendix B; allanite: Appendix C) from the 

American Mineralogist website.     

 

REE-bearing minerals, their chemistry and textural context 

The 21 samples covered in this study comprise three different main lithologies, or assemblage types 

(Table 1). These include (1) the magnetite-fluorapatite and hematite-magnetite-fluorapatite ore 

grade bodies (apatite-iron oxide ores); (2) the associated metavolcanic-hosted, fluorapatite-bearing 

breccias (breccias); and (3) the variably altered and fluorapatite ± iron oxide-bearing metavolcanic 

host rocks (host rocks), including the poly-deformed, phyllosilicate ± amphibole-rich alteration 

assemblages present in the sköl rocks.  All three lithologies also host monazite-(Ce), xenotime-(Y), 

and allanite-(Ce) in varying amounts.   
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High-resolution BSE imaging revealed that the fluorapatite occurs as two main textural 

types, of which one is found only in the apatite-iron oxide ore bodies (Type 1 assemblage). This 

fluorapatite exhibits variably extensive, concentric zoning (Fig. 3), usually with BSE-darker cores 

that becomes increasingly lighter towards the rims and ends with a BSE-dark outermost thin rim. 

This trend is rarely reversed. Light zones are highly enriched in Y+REE (up to 2.5 wt.% total 

(Y+REE)2O3 and SiO2; Table 2) relative to the dark zones. Rare, tiny (< 5 µm), scattered monazite 

(± xenotime) inclusions are present in the BSE-dark zones. In some cases, the monazite (± 

xenotime) inclusions are elongated parallel to the fluorapatite c-axis in a topotaxial relationship (cf. 

Pan et al., 1993; Figs. 3c, 4a,b).  

The other textural variety is found both in the breccias (Type 2 assemblage) and in the host 

rocks (Type 3 assemblage).  In the breccia the fluorapatite consists mainly of coarse, angular 

fragments and crystals, whereas in the host rocks it tends to occur as isolated, subhedral to euhedral 

grains. In either assemblage type, the fluorapatite is unzoned and generally (Y+REE)-poor. It 

characteristically contains variable amounts of monazite (± xenotime) inclusions ranging from 

scattered to very numerous (Fig. 4). These are concentrated in the cores of the fluorapatite, whereas 

the rims commonly lack inclusions. The inclusions range in size from < 1 micron to several tens of 

microns in size. Monazite grains of this size and larger can also occur outside of the fluorapatite. In 

all three assemblage types, the relative abundances of Si and (Y+REE) in fluorapatite show a 

distinct correlation, as opposed to Na and (Y+REE) (see discussion in Harlov et al., 2002b). This 

relationship can principally be expressed in the form of the following coupled substitution reaction 

(Fig. 6; Pan and Fleet 2002): Si4+  + (Y+REE)3+ = P5+ + Ca2+.    

Regardless of assemblage type, or whether occurring as an inclusion in fluorapatite, or as a 

free grain in the surrounding mineral matrix, the monazite is Ce-dominant, with the a ThO2 content 

not exceeding 1 wt% in the main ore zone, though it can reach up to 2.1 wt% in Fallgruvan  (Fig. 1; 

Table 1). In addition, Y2O3 values are significantly lower (up to 0.48 wt%) than those at Fallgruvan 

(up to 2.10 wt%; Table 3). Taking into account the presence of co-existing xenotime, the low Y 
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contents in monazite imply formation temperatures, of 300 °C or less, utilizing the monazite-

xenotime geothermometer of Gratz and Heinrich (1997) and Heinrich et al. (1997). This suggests 

that the metasomatic event or events responsible for the nucleation and growth of monazite +/- 

xenotime from fluorapatite occurred at relatively low temperatures. The SiO2 content in all 

monazites does not exceed 0.76 wt%, whereas the CaO values range between 0.21 and 2.38 wt% 

(Table 3), indicating that both the huttonite (ThSiO4) and cheralite (ThCa(PO4)2) substitutions are 

limited (Förster, 1998).  Monazite (and xenotime) with low Th contents, associated with fluorapatite 

as inclusions and as rim grains, have previously been described from other fluorapatite-iron oxide 

ore deposits, including Kiirunavaara (Harlov et al. 2002a), Pea Ridge (Kerr, 1998; Harlov et al., 

2016), Bafq (Torab and Lehman, 2007; Taghipour et al., 2015), and Mineville (Lupulescu and Pyle, 

2008). 

Allanite-(Ce) is found in all three assemblage types. It occurs within fluorapatite as 

inclusions or along cracks, along fluorapatite and other mineral grain boundaries (Fig. 5a,b,c), and 

as large composite grains in the surrounding silicate mineral matrix of the host rocks, often 

associated with what appears to be recrystallized magnetite (Fig. 5d). The allanite grains are often 

complexly zoned. In the breccias (Type 2 assemblage), the abundance and size of the allanite 

inclusions appears to increase towards the edges and immediately outside of the fluorapatite 

fragments. In the host rocks (Type 3 assemblage), allanite commonly occurs as interstitial grains in 

the iron oxide-fluorapatite bands as well as in the form of subhedral grains and aggregates dispersed 

in the groundmass (Fig. 5).  In all the samples, the allanite contains minor amounts of MgO (Table 

4).  Thorium concentrations are very low and range from below the EMP detection limit to 0.75 

wt% ThO2 , whereas U concentrations are close to or below the EMP detection limit.  
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Discussion 

Monazite-xenotime-fluorapatite microtextures and associated fluid activity 

It has been demonstrated experimentally that the formation of monazite (±xenotime) inclusions in 

fluorapatite is a fluid-induced process, which occurs as a result of coupled dissolution-

reprecipitation (Harlov and Förster, 2003; Harlov et al., 2005; Putnis, 2009; Putnis and Austrheim, 

2012). When this process occurred in the Grängesberg apatite-iron oxide ores, breccias, and host 

rocks is a matter of some conjecture. This first of all assumes that the ores represent the end-

products of late stage, highly evolved iron oxide-fluorapatite melts formed in a sub-volcanic setting. 

This seems to be supported by both the interpretation of the field evidence per the description of the 

Grängesberg Deposit in general (see above), and it is consistent with stable isotope systematics 

(Jonsson et al., 2013; Weis et al., 2013). The magmatic scenario is also supported by the intimate 

association of apatite-iron oxide deposits with Plio-Pleistocene volcanoes from the Chilean High 

Andes and along the Cretaceous Coastal Andean Cordillera, along with many of their internal 

features (Nyström and Henriquez, 1989, 1994; Broman et al., 1999; Naslund et al., 2000, 2002; 

Henriquez et al., 2003; Knipping et al., 2015).  Also, the Cl/Br values of fluorapatite from the 

Aoshan fluorapatite-magnetite deposit are compatible with an orthomagmatic origin (Dong, 2005). 

Assuming that the Grängesberg ore bodies originated as high-temperature iron oxide 

magmas emplaced in a thick, still forming, mainly submarine volcano-sedimentary pile (cf. Allen et 

al., 1996), it is very likely that any existing fluids (remnant seawater, pore waters, formation waters) 

in these units would have been mobilized during this process. These fluids, along with the probable 

presence of volatiles released during the crystallization of the iron oxide-fluorapatite bodies, would 

have allowed for a late to post-magmatic hydrothermal system to have formed around the ore zone. 

This would have led to “secondary” alteration and mineralizing processes within the ore bodies and 

their surrounding host rocks, as also attested by field observations. The initial fluid-mediated 

alteration that took place either immediately after, or during the later stages of crystallization of the 

iron oxide ore, is likely to have been primarily due to the acidic fluids that were expelled by the 
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cooling magma, i.e., an auto-metasomatic alteration. Post-dating the magmatic stage, fluids 

associated with the regional metamorphism affecting the western part of the Bergslagen province 

could later also have affected the apatite-iron oxide ores and their host rocks. In addition, the 

occurrence of REE-fluorocarbonates as a minor component in the ore assemblages indicates that 

small-scale REE remobilization occurred at low pressure and temperature conditions, long after 

peak regional metamorphism. 

Experimental studies have demonstrated that H2O, KCl brines, and H2O-CO2 fluids, as well 

as acids such as HCl and H2SO4, will react with fluorapatite, resulting in the formation of monazite 

+/- xenotime both as inclusions in the fluorapatite and as grains along the fluorapatite grain rim, 

from the (Y+REE) + P budget at hand (Harlov et al., 2003, 2005). This takes place through a 

coupled dissolution-reprecipitation process (Putnis, 2009; Putnis and Austrheim, 2012), in which 

REE phosphate mineral formation is directly associated with the formation of an interconnected 

micro/nano-porosity within the chemically altered, (Y+REE)-depleted areas of the fluorapatite 

(Harlov et al., 2005; see also Putnis, 2009). Fluid infiltration within this interconnected nano-

porosity promotes fluid-mediated mass transfer of (Y+REE), Si, Na, Ca, and P from the host 

fluorapatite and the subsequent formation of monazite (± xenotime) inclusions in the nano/micro-

pores, which serve as nucleation sites. Once formed, these same fluids, or later ones appear to 

further induce mobilization of REE and P, which can result in the Ostwald ripening of the monazite 

and xenotime inclusions in the fluorapatite. This process leads to a decrease in the total number of 

inclusions, while, at the same time, increasing the size of the remaining ones. In addition, this could 

also have resulted in the mobilization of REE out of the fluorapatite to form monazite and 

xenotime, both as grains occurring along the rims of the fluorapatite, as well as independent grains 

in the surrounding mineral matrix. REE mobilized by similar fluids, which reacted with the 

surrounding silicate-dominated mineral matrix, resulted in the formation of allanite, whose stability 

field tends to be at lower pressures and temperatures in the SiO2-Al2O3-Na2O-K2O-CaO-H2O 

system, compared to that of monazite (e.g. Spear, 2010).  This, however, also depends to some 
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degree on the relative CaO and Na2O activities in the surrounding silicate host rocks, and 

subsequently the fluids originating from these rocks (Finger et al., 1998; Janots et al., 2007; 2008; 

Spear, 2010; Budzyń et al., 2011). In general, the relatively low temperatures (< 300 °C), inferred 

from Y partitioning between co-existing monazite-(Ce) and xenotime-(Y) as inclusions in 

fluorapatite, as rim grains on fluorapatite, and as matrix grains (see above; Gratz and Heinrich, 

1997; Heinrich et al., 1997) suggests that the formation of monazite-(Ce) and xenotime-(Y), as well 

as further fluid-mediated remobilization, most likely occurred during post-peak regional 

metamorphism/metasomatism.       

Fluorapatite grain fragments from the breccias (Type 2 assemblages) and fluorapatite grains 

from altered, silicate-rich host rocks (Type 3 assemblages) contain abundant monazite (± xenotime) 

inclusions in their interior, but tend to be inclusion-free in the outermost rims (Fig. 4). This suggests 

that the rims of the fluorapatite crystals were in contact with, and leached by highly reactive fluids 

migrating along grain boundaries. Tropper et al. (2011, 2013) have shown that (Y+REE) are highly 

mobile in alkali-bearing F- and Cl-rich fluids, which could have been responsible for the leaching of 

(Y+REE) from the originally (Y+REE)-enriched rims of the zoned crystals. Simultaneously, this 

process would encourage the formation of monazite (± xenotime) inclusions in the central regions 

of the crystals (Harlov and Förster, 2003; Harlov et al., 2005). It is therefore conceivable that these 

now REE-depleted, reacted fluorapatite rims could have been the source of components for the 

formation of monazite and xenotime, as well as the allanite grains in the surrounding mineral 

matrix. These observations allow for reconstruction of a sequence of events that led to the formation 

of the highly evolved fluorapatite textures observed in the Type 2 and 3 assemblages. The REE-

enriched zones in the Type 1 assemblages are possibly the only remnants of a primary texture 

representing the original, presumably orthomagmatic fluorapatite. This was then successively 

depleted in REE due to the activity of infiltrating fluids. The inclusion-rich fluorapatite observed in 

all three assemblages represents a later stage in the fluid-aided evolution of these rocks, whereas 
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inclusion- and REE-free zones (usually rims) were formed during the last stage of metasomatic 

alteration. 

The variably deformed and altered host rocks (Type 3 assemblages) exhibit an even more 

mature stage of fluid infiltration, during which fluorapatite has been completely leached and only 

allanite occurs as fracture-fillings within the fluorapatite and as veins and grains in the surrounding 

mineral matrix (e.g. Fig 5). This last stage of REE mobility is represented by the sparse occurrence 

of late stage REE-fluorocarbonates, both as isolated aggregates and as replacements of pre-existing 

REE-rich phases, implying an either internally or externally derived F- and CO3
2- component in 

these fluids.  The low-temperature mineralogy and the possibility of an externally derived fluid 

input to these assemblages are in accordance particularly with their appearance in the most intensely 

deformed and schistose sköl-type host rocks. These are likely to have been multiply overprinted by 

deformation and metasomatizing fluids after the formation of the iron ore, as well as post-dating 

regional metamorphism. 

 

Comparison of the Grängesberg apatite-iron oxide ore with other Kiruna-type deposits 

The Grängesberg ores share some similarities with the other Kiruna-type iron oxide-apatite 

ore deposits, especially the sensu stricto Kiirunavaara (Kiruna) ores of northern Sweden and those 

from the Bafq district in Iran (e.g. Whitten and Yancey, 1990; Harlov et al., 2002a; Daliran et al., 

2010). In the Kiruna and Bafq deposits, REE-enriched fluorapatites (up to 2–3 wt.% REE2O3) with 

inclusions of monazite and/or xenotime are common (Harlov et al., 2002a; Torab and Lehmann, 

2007; Bonyadi et al., 2011; Taghipour et al., 2015). These inclusions are either randomly oriented 

or, in some cases  are elongated along the c-axis of apatite in an topotaxial relationship (Pan et al., 

1993). Similar to what is seen in Grängesberg, monazite (both as inclusions in fluorapatite and as 

separate grains) from these ore bodies is low in Th, with contents not exceeding 2 wt.%, though 

some monazite grains from the Bafq ore bodies, have Th-enriched cores (see Torab and Lehmann, 

2007). In the Kiirunavaara ores, REE zoning patterns in fluorapatite are remarkably similar to what 
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is seen in the Grängesberg ores. In contrast, the Bafq district fluorapatites exhibit rather patchy 

zoning patterns (e.g. Bonyadi et al. 2011). This might be due to the more shallow depth of 

formation, and hence lesser degree of "compaction" of the shallow to extrusive, geologically 

younger (approx. 550 Ma) Bafq ores (Daliran, 2002; Daliran et al., 2010). This would in turn have 

allowed for more pore space to be available for late fluid percolation and very likely the formation 

of lower-temperature REE-bearing fluorapatite. The deeper-formed, more dike-(sill-)like 

Grängesberg and Kiruna ores would have offered less available pore space allowing fluid to only 

infiltrate along fractures or grain boundaries. In the latter case, the fluid may thus have reacted 

predominantly with the outer zones of the fluorapatite grains/crystals during this process.  

Alternatively, pre-metamorphic zoning in the Kiruna and Grängesberg deposits may have 

been, at least in part, obliterated, leaving patterns related to metamorphic recrystallization as well as 

to late to post-metamorphic fluid percolation. The contrast between the regionally metamorphosed 

and deformed c. 1.88 – 1.90 Ga Kiruna and Grängesberg ores and younger, better-preserved c. 0.55 

Ga Bafq ones could thus be due to the difference in the extent of post-formation modification of the 

iron ore bodies. 

Fluorapatite from well-known apatite-iron oxide ores, such as those at El Laco, Chile (c. 2 

Ma; Naranjo et al., 2010; Naslund et al., 2002) or Cerro de Mercado (Durango), Mexico (c. 30 Ma; 

Boyce and Hodges, 2005), has not been reported to contain inclusions of monazite ± xenotime, 

though, in the case of Cerro de Mercado, the fluorapatite is known to contain at least several weight 

percent (Y+REE) (e.g., Young et al. 1969; see also Harlov and Förster, 2003; Harlov et al., 2005). 

However, these ores share many mineralogical, geochemical, textural, and structural features of 

Grängesberg. They also formed in similar, tectonically and volcanically active settings in 

constructional margin environments. In the case of El Laco, a fluid inclusion study of the 

fluorapatite has documented  Cl-bearing, high-salinity fluid activity during crystallization of the 

flourapatite from the original melt (e.g., Broman et al. 1999, Naranjo et al. 2010). 
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Implications 

When comparing the apatite-iron oxide ore body at Grängesberg with other Kiruna-type magnetite-

apatite deposits globally (as outlined above), a principal observation is that each of them in some 

way formed in direct association with concurrent volcanic to sub-volcanic activity. In the cases of 

both Kiruna and Grängesberg, different types of breccias affecting both ores and volcanic-

subvolcanic host rocks are a characteristic element. In some cases, these apatite-iron oxide ore 

deposits have actually been observed to be associated with active volcanic systems, such as in the 

case of the El Laco complex in Chile (cf. Nyström and Henriquez, 1989, 1994; Broman et al., 1999; 

Naslund et al., 2002; Henriquez et al., 2003). This intimate association with volcanic host rocks, 

both in the distant past (e.g. the Palaeoproterozoic Kiirunavaara and Grängesberg deposits and the 

Mesoproterozoic Pea Ridge deposits), as well as in more recent formations (the Cambrian Bafq, 

Jurassic Marcona, and Chilean Plio-Pleistocene deposits) strongly suggest that the apatite-iron 

oxide ores are magmatic in origin. This is then followed by metasomatic reworking over a long 

period of time to varying degrees, depending on the amount of fluids available, whether from 

volatiles released from crystallizing apatite-iron oxide magma, the surrounding host rocks, marine 

sources, or meteoric waters. In particular, this metasomatic reworking of the fluorapatite may be 

assisted or reinforced by subsequent tectonothermal processes, such as, for example, the regional 

metamorphic overprinting at Grängesberg, or the ore body may have been affected by only 

moderate grades of regional metamorphism with little or no apparent deformation such as at 

Kiirunavaara or Pea Ridge.  From the description and discussion above and the available fluid 

inclusion data, the types of fluids associated with the remobilization processes in such deposits are 

most likely Cl-dominated with a significant F component directly related to the amount of 

fluorapatite available in the system.  

There is also experimental evidence that andesitic magmas may generate iron oxide-

phosphate melts during the final stages of crystallization, due to strong melt polymerization (Lledo, 

2005). Additional arguments, both physical and chemical, on how immiscible apatite-iron oxide 
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melts, couple with metasomatic processes, could form in conventional andesitic, dacitic, and 

rhyolitic magmas, typically associated with arc magmatism, are outlined in Chen et al. (2010) and 

Knipping et al. (2015).  In contrast to magnetite and/or hematite, fluorapatite crystallizing out of 

these melts would act as a natural host for the (Y+REE) via either Si4+ + (Y+REE)3+ = P5+ + Ca2+  

or  Na+ + (Y+REE)3+ = 2Ca2+ (cf. Pan and Fleet, 2002).  In metamorphic rocks, fluorapatite has also 

been shown to be a natural host for (Y+REE) at high temperature, as opposed to monazite at lower 

temperatures (cf. Hansen and Harlov, 2007). The observed high mobility of Fe, P, and REE in Cl-

bearing fluids (e.g., Chou and Eugster, 1977; Antignano and Manning, 2008; Tropper et al., 2011, 

2012; Lecumberri-Sanchez et al., 2015) would support the formation of monazite and xenotime 

associated with fluorapatite, as well as further interplay between the fluorapatite and the 

surrounding silicate mineral matrix, thus allowing for both the formation of independent monazite 

and xenotime grains as well as allanite.  In the case of the Grängesberg deposit, an intrinsically 

volcanic/subvolcanic mode of formation was followed by a series of metasomatic pulses. This stage 

most likely started during the later phase of crystallization of the ore deposit and continued through 

the metamorphic and tectonic events experienced by the ores and host rocks during a prolonged 

geological evolution, a history in part recorded in the observed REE-bearing mineral assemblages in 

the Grängesberg district.   
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Figures 

 

Figure 1:  (a) Geological map of the Grängesberg District, Bergslagen, south central Sweden. 

Modified after Geijer and Magnusson, 1944. (b)   Geological profile, as outlined in 1a, showing the 

dip of the ore zone, and relations between the ore and its associated rocks. Based on datasets from 

the Geological Survey of Sweden (SGU), and A. Hallberg, SGU. 

 

Figure 2:  High contrast BSE images of typical oxide textures in the Grängesberg magnetite-

hematite-fluorapatite ores. (a) Coarse, subhedral magnetite crystals embedded in a finer-grained 

hematite-silicate groundmass. (b) Granoblastic magnetite with elongated, banding-parallel 

fluorapatite aggregates. (c) Granoblastic magnetite-hematite ore. (d) Distinctly foliated hematite-

magnetite ore with bands of silicates. Bt = biotite, FAp = fluorapatite, Hm = hematite, Mt = 

magnetite, Qtz = quartz. 

  

Figure 3:  High contrast BSE images of REE-zoned fluorapatite in the magnetite-hematite-

fluorapatite ores (Type 1 assemblages). (a-b) Granoblastic magnetite-fluorapatite ore. Note that 

lighter areas in fluorapatite are relatively enriched in Y+REE compared to the darker ones. (c) 

Zoned fluorapatite with abundant, small inclusions of monazite in the (Y+REE)-depleted core 

region. Note crystallographically controlled orientation of monazite inclusions. (d) Zoned and 

unzoned fluorapatite crystals. The relatively bigger grain of monazite in the unzoned fluorapatite 

crystallized as an effect of the Ostwald ripening process. Minor allanite can be seen as a fracture-

filling in the lower right part of the image. FAp = fluorapatite, Mnz = monazite-(Ce), Mt = 

magnetite. 

 

Figure 4:  High contrast BSE images of monazite inclusions in fluorapatite. (a) Monazite inclusions 

in unzoned fluorapatite in the altered host rocks (sköl rocks; Type 3 assemblages) (b-d) Abundant 

monazite and xenotime inclusions in fluorapatite breccias (Type 2 assemblages). Here allanite is 

seen filling in cracks and cavities in the fluorapatite. The allanite typically occurs in or near 

fluorapatite that has few or no monazite or xenotime inclusions. Aln = allanite-(Ce), Bt = biotite, Mt 

= magnetite, Plg = plagioclase, Qtz = quartz. 

 

Figure 5:  High contrast BSE images of various allanite textures associated with fluorapatite and as 

independent grains. (a) Allanite filling in cracks and voids within an isolated fluorapatite grain in 

the altered, metavolcanic host rock (Type 3 assemblage). (b) shows an enlargement of the box in 
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(a). (c) Allanite is seen growing along fluorapatite grain boundaries in a sample from the apatite-

iron oxide ores (Type 1 assemblage). (d) Isolated allanite grains in the altered host rock groundmass 

(sköl; Type 3 assemblage ), in which the allanite is associated, and in part intergrown with 

magnetite.  

 

Figure 6:  Plot showing that the dominant coupled substitution for (Y+REE) in fluorapatite is Si4+  + 

(Y+REE)3+ = P5+ + Ca2+, as evidenced by the linear correlation between Si and (Y+REE). 
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Table 1: Mineralogy of the Grängesberg ore district

Sample Locality Lithological Type Description Location FAp Mnz Xn Aln Mt Hm Ilm Zrn

1 KES090053 Grӓngesberg Type 3 volcanic "grey leptite"segregation borehole 717 + + + +

2 KES090065 Grӓngesberg Type 3 altered volcanic rock with Mt-FAp veins borehole 717 + + + + +

3 KES090070 Grӓngesberg Type 1 massive Mt ore borehole 717 + + +

4 KES090073 Grӓngesberg Type 1 massive Mt ore borehole 717 + + +

5 KES090074 Grӓngesberg Type 3 schistose volcanic rock borehole 717 + + + +

6 KES090076 Grӓngesberg Type 1 massive Hm ore borehole 717 + + +

7 KES090077 Grӓngesberg Type 1 Mt-Hm ore borehole 717 + + +

8 KES090078 Grӓngesberg Type 1 Ap-veined Hm ore borehole 717 + + + +

9 KES090079 Grӓngesberg Type 1 Hm-Mt ore borehole 717 + + + + + +

10 KES090081 Grӓngesberg Type 3 alteration zone, contact with Hm-Mt ore borehole 717 + + + + +

11 KES090083 Grӓngesberg Type 3 Mt-banded volcanic rock borehole 717 + + + +

12 KES090084 Grӓngesberg Type 3 banded impregnation of Mt+Hm in volcanics borehole 717 + + + +

13 KES090088A Grӓngesberg Type 3 finely banded Mt-calc-silicate borehole 717 + + +

14 LAL042047 Grӓngesberg Type 1 Mt-Hm ore borehole 690 + + + +

15 KHO090003 Grӓngesberg Type 3 Mt-bearing volcanite 1 km W from the ore outcrop + + +

16 KHO090005 Grӓngesberg Type 2 volcanic breccia outcrop + +

17 KHO090010 Grӓngesberg Type 2 apatite breccia outcrop + + + + +

18 KHO090011 Grӓngesberg Type 2 volcanic breccia outcrop + + + + ?

19 KHO090128 Grӓngesberg Type 1 Hm-Mt layered ore outcrop + + + + +

20 KES091011A Gudmundsberget Type 1 banded Hm-Mt ore outcrop + + + +

21 KES09016B Fallgruvan Type 1 Mt ore outcrop + + + +



Table 2: Mean fluorapatite compositions (wt%)

Sample Locality Description # pts P2O5 SiO2 SO3 Y2O3 La2O3 Ce2O3 Pr2O3 Nd2O3 CaO MnO

KES090053 Grӓngesberg volcanic "grey leptite" 25 41.79 0.29 0.01 0.13 0.07 0.16 0.06 0.11 55.08 0.04

segregation 0.81 0.26 0.01 0.10 0.06 0.11 0.06 0.09 0.54 0.03

KES090065 Grӓngesberg altered volcanic rock with Mt-Fap veins 35 41.94 0.12 0.04 0.23 0.03 0.07 0.07 0.12 55.01 0.03

0.48 0.04 0.02 0.03 0.03 0.05 0.05 0.07 0.26 0.02

KES090070 Grӓngesberg massive Mt ore 23 41.55 0.09 0.03 0.17 0.02 0.07 0.04 0.08 54.78 0.02

0.43 0.07 0.02 0.04 0.03 0.05 0.05 0.06 0.23 0.02

KES090073 Grӓngesberg massive Mt ore 19 39.09 0.14 0.03 0.11 0.07 0.18 0.07 0.10 55.13 0.01

dark zones in Fap 1.39 0.08 0.02 0.05 0.06 0.07 0.08 0.09 0.36 0.02

KES090073 Grӓngesberg massive Mt ore 15 37.57 0.74 0.11 0.43 0.18 0.60 0.13 0.39 53.99 0.02

light zones in Fap 1.22 0.22 0.04 0.12 0.09 0.22 0.09 0.11 0.49 0.03

KES090074 Grӓngesberg schistose volcanic rock 25 41.71 0.16 0.03 0.11 0.02 0.01 0.02 0.03 55.83 0.01

0.51 0.23 0.02 0.02 0.03 0.02 0.03 0.04 0.44 0.02

KES090076 Grӓngesberg massive Hm ore 22 41.36 0.19 0.04 0.16 0.03 0.10 0.06 0.09 54.62 0.02

0.44 0.14 0.03 0.05 0.04 0.07 0.07 0.06 0.38 0.02

KES090077 Grӓngesberg Mt-Hm ore 22 41.63 0.17 0.04 0.14 0.02 0.09 0.04 0.10 54.81 0.02

0.73 0.50 0.02 0.02 0.03 0.07 0.03 0.07 0.45 0.02

KES090078 Grӓngesberg Ap-veined Hm ore 20 41.38 0.09 0.04 0.19 0.04 0.08 0.03 0.11 54.91 0.01

0.31 0.03 0.02 0.02 0.04 0.07 0.05 0.08 0.40 0.02

KES090079 Grӓngesberg He-Mt ore 24 41.50 0.23 0.06 0.32 0.04 0.12 0.07 0.12 54.83 0.07

0.57 0.18 0.04 0.18 0.04 0.10 0.07 0.09 0.48 0.04

KES090081 Grӓngesberg alteration zone, contact to He-Mt ore 28 41.44 0.14 0.04 0.18 0.05 0.09 0.03 0.09 54.71 0.05

0.57 0.10 0.03 0.11 0.06 0.08 0.06 0.07 0.65 0.04

KES090083 Grӓngesberg Mt-banded volcanic rock 24 41.19 0.16 0.03 0.24 0.01 0.03 0.02 0.04 54.87 0.02

0.73 0.31 0.03 0.38 0.02 0.04 0.04 0.04 0.60 0.02

KES090084 Grӓngesberg banded impregnation of Mt+He in volc. 25 41.21 0.11 0.03 0.23 0.02 0.04 0.04 0.04 54.64 0.02

0.59 0.16 0.02 0.22 0.03 0.05 0.05 0.05 0.43 0.02



KES090088A Grӓngesberg finely banded Mt-calc-silicate 29 42.11 0.11 0.03 0.10 0.03 0.04 0.03 0.06 55.58 0.04

0.50 0.05 0.03 0.04 0.04 0.06 0.05 0.07 0.26 0.03

LAL042047 Grӓngesberg Mt-He ore 20 41.853 0.17 0.03 0.22 0.03 0.02 0.03 0.03 55.62 0.02

0.4146 0.09 0.02 0.10 0.03 0.02 0.03 0.04 0.28 0.02

KHO090010 Grӓngesberg apatite breccia 25 41.91 0.26 0.01 0.21 0.03 0.06 0.02 0.06 55.01 0.04

0.63 0.40 0.01 0.05 0.04 0.06 0.03 0.06 0.56 0.02

KHO090011 Grӓngesberg volcanic breccia 25 41.88 0.18 0.01 0.25 0.02 0.02 0.03 0.04 55.49 0.04

0.43 0.15 0.01 0.20 0.03 0.02 0.03 0.05 0.37 0.02

KHO090128 Grӓngesberg Hm-Mt layered ore 25 41.84 0.11 0.04 0.11 0.02 0.03 0.02 0.05 55.70 0.02

0.46 0.16 0.01 0.03 0.03 0.05 0.04 0.05 0.44 0.02

KES091011A Gudmundsbergetbanded Hm-Mt ore 25 40.84 0.26 0.05 0.26 0.04 0.12 0.04 0.12 54.83 0.02

0.44 0.17 0.02 0.17 0.04 0.10 0.04 0.08 0.46 0.02

KES09016B Fallgruvan Mt ore 25 41.46 0.09 0.03 0.14 0.02 0.06 0.02 0.07 54.70 0.03

0.37 0.02 0.01 0.05 0.02 0.05 0.05 0.05 0.28 0.02

 1  - standard deviation in italics; a = total Fe as FeO; b = calculated assuming the (F,Cl,OH) site is filled; blank - with the exception of H2O, measured for but not detected.



FeO Na2O SrO F Cl H2O
b

sum O=(F+Cl) total (Y+LREE)2O3

0.13 0.02 0.00 4.17 0.01 0.03 102.08 1.76 100.32 0.52

0.18 0.02 0.00 0.37 0.01 0.01

0.03 0.13 0.00 4.34 0.01 102.17 1.83 100.34 0.52

0.03 0.04 0.00 0.21 0.01

0.14 0.10 0.01 3.21 0.11 0.18 100.60 1.38 99.22 0.37

0.16 0.03 0.03 0.18 0.03 0.07

0.16 0.07 0.00 4.61 0.01 99.79 1.94 97.84 0.53

0.22 0.03 0.00 0.40 0.01

0.12 0.09 0.00 4.30 0.02 98.69 1.82 96.88 1.73

0.26 0.05 0.00 0.30 0.01

0.07 0.02 0.03 4.14 0.01 102.20 1.74 100.46 0.19

0.13 0.02 0.02 0.16 0.01

0.35 0.06 0.00 4.03 0.02 101.14 1.70 99.44 0.44

0.35 0.02 0.00 0.31 0.01

0.24 0.10 0.00 4.08 0.02 0.05 101.55 1.72 99.82 0.40

0.29 0.04 0.00 0.30 0.02 0.06

0.02 0.11 0.00 4.09 0.01 101.10 1.72 99.37 0.44

0.02 0.02 0.00 0.19 0.01

0.17 0.10 0.00 4.25 0.01 0.02 101.90 1.79 100.11 0.67

0.22 0.04 0.00 0.29 0.01 0.01

0.18 0.09 0.00 4.63 0.01 101.71 1.95 99.76 0.43

0.15 0.06 0.00 0.28 0.01

0.50 0.05 0.00 4.57 0.01 0.02 101.76 1.93 99.84 0.34

0.36 0.03 0.00 0.45 0.01 0.01

0.30 0.06 0.00 4.35 0.01 101.08 1.83 99.25 0.37

0.15 0.03 0.00 0.18 0.01



0.20 0.03 0.00 4.30 0.03 0.04 102.75 1.82 100.93 0.27

0.17 0.03 0.00 0.47 0.02 0.02

0.24 0.03 0.03 4.48 0.00 102.80 1.89 100.92 0.32

0.12 0.02 0.02 0.12 0.01

0.12 0.04 0.00 3.62 0.17 0.11 101.68 1.56 100.11 0.38

0.30 0.03 0.00 0.30 0.08 0.06

0.06 0.04 0.03 3.69 0.12 101.88 1.58 100.30 0.36

0.03 0.03 0.02 0.28 0.08

0.21 0.06 0.04 4.11 0.02 102.37 1.73 100.64 0.24

0.17 0.03 0.02 0.08 0.01

0.35 0.07 0.04 4.82 0.00 101.87 2.03 99.84 0.58

0.21 0.03 0.02 0.23 0.00

0.10 0.06 0.04 4.63 0.05 101.49 1.96 99.53 0.31

0.11 0.03 0.02 0.29 0.01

 1  - standard deviation in italics; a = total Fe as FeO; b = calculated assuming the (F,Cl,OH) site is filled; blank - with the exception of H2O, measured for but not detected.



Table 3: Representative monazite and xenotime compositions (wt%)

Sample Locality Description Comment P2O5 SiO2 ThO2 UO2 Al2O3 Y2O3 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3 Ho2O3 Er2O3 Yb2O3 Lu2O3 CaO PbO FeO SrO MgO sum

KES090065 Grӓngesberg altered volcanic rock tiny grain in FAp 30.32 0.38 0.47 0.78 16.47 34.25 3.20 11.41 1.19 0.85 0.15 0.07 0.99 0.07 100.59
with Mt-FAp veins

KES090065 Grӓngesberg altered volcanic rock big grain in FAp 30.35 0.28 0.42 0.91 15.64 34.36 3.30 12.19 1.35 0.05 0.82 0.19 0.08 0.21 0.08 100.23
with Mt-FAp veins

KES090070 Grӓngesberg massive Mt ore in FAp 29.29 0.29 0.56 0.78 18.94 33.39 2.87 10.28 1.23 0.80 0.06 0.44 0.09 99.01

KES090073 Grӓngesberg massive Mt ore tiny grain in FAp 30.51 0.30 0.23 18.78 34.61 3.17 8.99 0.68 na 0.18 na 0.09 na 0.09 2.38 na na 100.01

KES090076 Grӓngesberg massive Hm ore outside FAp 29.41 0.34 0.16 0.32 19.06 34.97 2.94 9.93 1.05 0.46 0.06 0.00 0.09 0.69 0.23 99.71

KES090077 Grӓngesberg Mt-Hm ore in Fe-oxide 29.63 0.30 0.84 0.64 18.44 32.52 2.76 9.73 0.89 0.71 0.09 0.26 0.07 1.55 98.431

KES090078 Grӓngesberg FAp-veined Hm ore in FAp 29.25 0.27 0.34 0.41 21.35 35.11 2.79 8.22 0.68 0.12 0.39 0.02 0.05 0.06 0.28 0.07 99.42

KES090081 Grӓngesberg alteration zone tiny grain in FAp 28.46 0.76 0.32 0.45 19.64 33.37 2.95 10.15 1.19 0.05 0.68 0.08 0.07 0.06 0.41 98.64
contact to Hm-Mt ore

KES090081 Grӓngesberg alteration zone big grain in FAp 29.86 0.30 0.06 0.63 17.92 32.93 3.08 11.34 1.22 0.29 0.93 0.12 0.06 0.32 99.07
contact to Hm-Mt ore

KHO090010 Grӓngesberg apatite breccia tiny grain in FAp 29.73 0.37 0.95 0.69 17.66 33.79 3.09 11.13 1.03 0.59 0.15 0.07 1.77 0.09 101.11

KHO090010 Grӓngesberg apatite breccia big grain in FAp 29.53 0.68 0.15 0.44 18.64 34.11 3.08 10.50 1.06 0.05 0.67 0.08 0.05 0.07 0.07 1.62 100.79

KHO090010 Grӓngesberg apatite breccia xenotime in FAp 35.34 0.12 0.12 44.36 0.00 0.00 0.00 0.22 0.27 1.26 4.62 0.69 4.72 1.16 3.68 2.96 0.24 0.51 100.29

KHO090128 Grӓngesberg Hm-Mt layered ore in Fe-oxide 29.83 0.14 0.54 24.79 33.04 2.19 5.94 0.41 0.19 0.37 0.08 0.15 0.10 0.18 0.23 0.06 98.227

KES09016B Fallgruvan Mt ore in FAp 29.58 0.48 2.04 1.40 15.38 30.97 2.94 10.79 1.29 0.31 1.00 0.05 0.19 0.45 0.19 97.047

KES09016B Fallgruvan Mt ore in Fe-oxide 29.27 0.47 2.10 1.64 15.28 30.34 3.04 10.89 1.45 0.27 1.10 0.07 0.21 0.05 0.11 0.07 0.64 0.16 0.18 97.34

blank - measured for, but not detected, na - not analysed



Table 4: Representative analyses of allanite (wt%)

Sample Locality Description Comment P2O5 SiO2 ThO2 UO2 Al2O3 Y2O3 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3 Ho2O3 Er2O3 Yb2O3 Lu2O3 MgO FeO CaO SrO PbO sum

KES 090053 Grӓngesberg volcanic "grey leptite" matrix 32.36 0.45 0.05 16.42 0.00 6.33 9.48 0.63 1.97 0.11 0.02 0.23 0.28 12.85 11.84 93.03

segregation

KES090074 Grӓngesberg schistose volcanic rock in FAp 33.25 16.81 0.23 4.16 6.84 0.71 2.39 0.28 0.19 0.10 1.45 14.01 15.62 96.02

KES090077 Grӓngesberg Mt-Hm ore in Fe-oxide 29.76 10.67 7.57 12.76 1.08 3.02 0.20 0.14 0.05 0.17 20.06 10.06 95.54

KES090078 Grӓngesberg Ap-veined Hm ore in FAp 29.61 9.23 0.19 5.59 12.66 1.46 4.57 0.37 0.19 0.10 0.07 0.60 19.46 9.62 93.70

KES090079 Grӓngesberg Hm-Mt ore outside FAp 30.64 13.43 0.15 5.79 13.07 1.28 3.94 0.35 0.25 0.07 0.05 1.15 15.79 10.24 96.20

KES090083 Grӓngesberg Mt-banded volcanic rock matrix 32.66 0.56 16.33 0.55 4.93 7.66 0.75 1.96 0.35 0.29 0.06 1.67 14.41 11.59 93.76

KES090084 Grӓngesberg banded impregnation matrix 31.45 13.99 0.76 7.90 9.61 0.77 2.52 0.38 0.35 0.09 0.14 14.93 11.45 94.34

of Mt+Hm in volc.

KES090088A Grӓngesberg finely banded  in FAp 33.10 15.47 0.26 4.19 9.36 1.04 3.80 0.51 0.38 0.08 0.05 0.51 15.92 12.03 0.05 96.74

Mt-calc-silicate

KES090088A Grӓngesberg finely banded matrix 33.22 0.12 15.29 0.21 4.64 10.14 1.10 3.78 0.44 0.28 0.08 0.12 0.05 0.64 13.10 12.14 95.33

Mt-calc-silicate

LAL042047 Grӓngesberg Mt-Hm ore in Fe-oxide 32.56 14.70 0.51 5.27 8.64 0.81 2.72 0.49 0.24 0.16 0.05 0.07 0.53 14.78 12.30 93.83

KHO090010 Grӓngesberg apatite breccia vein infill between apatites 32.55 15.42 1.46 3.36 8.85 0.99 3.55 0.39 0.32 0.10 0.11 0.20 0.15 15.01 13.43 95.90

KHO090010 Grӓngesberg apatite breccia big crystal in matrix 0.08 31.48 0.14 14.59 0.37 5.19 11.01 1.10 4.11 0.55 0.49 0.13 0.08 0.49 14.63 9.75 0.05 94.16

KHO090011 Grӓngesberg volcanic breccia matrix 0.06 34.79 0.75 14.86 0.59 4.52 9.38 0.99 4.08 0.72 0.52 0.13 0.12 0.42 10.51 9.20 0.42 91.97

KHO090128 Grӓngesberg Hm-Mt layered ore in contact with monazite 0.10 32.87 17.01 0.08 5.46 8.57 0.49 1.38 0.09 0.12 0.06 0.32 14.66 14.88 0.05 96.03

blank - measured for, but not detected
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