
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=sgff20

GFF

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/sgff20

Contrasting coronas: microscale fluid variation
deduced from monazite breakdown products in
altered metavolcanic rocks associated with the
Grängesberg apatite-iron oxide ore, Bergslagen,
Sweden

Jarosław Majka, Adam Włodek, Erik Jonsson & Karin Högdahl

To cite this article: Jarosław Majka, Adam Włodek, Erik Jonsson & Karin Högdahl (2022)
Contrasting coronas: microscale fluid variation deduced from monazite breakdown products in
altered metavolcanic rocks associated with the Grängesberg apatite-iron oxide ore, Bergslagen,
Sweden, GFF, 144:2, 89-96, DOI: 10.1080/11035897.2022.2083224

To link to this article:  https://doi.org/10.1080/11035897.2022.2083224

© 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 20 Jun 2022.

Submit your article to this journal Article views: 467

View related articles View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=sgff20
https://www.tandfonline.com/loi/sgff20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/11035897.2022.2083224
https://doi.org/10.1080/11035897.2022.2083224
https://www.tandfonline.com/action/authorSubmission?journalCode=sgff20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=sgff20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/11035897.2022.2083224
https://www.tandfonline.com/doi/mlt/10.1080/11035897.2022.2083224
http://crossmark.crossref.org/dialog/?doi=10.1080/11035897.2022.2083224&domain=pdf&date_stamp=2022-06-20
http://crossmark.crossref.org/dialog/?doi=10.1080/11035897.2022.2083224&domain=pdf&date_stamp=2022-06-20


Contrasting coronas: microscale fluid variation deduced from monazite breakdown
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of Science and Technology, Kraków, Poland; cDepartment of Mineral Resources, Geological Survey of Sweden, Uppsala, Sweden

ABSTRACT
Three different types of secondary coronas developed around monazite-(Ce) were discovered in altered
metavolcanic rocks closely associated with the Palaeoproterozoic apatite-iron oxide ore deposit in
Grängesberg, Sweden. All three types of reaction coronas include fluorapatite that is either rimmed by
allanite-(Ce), REE-fluorocarbonate(s), or hingganite-(Y). The latter mineral has not been previously
observed among monazite breakdown products. A unique feature of the described reaction coronas
around monazite is their spatial proximity to each other, not exceeding a few hundreds of
micrometres. We infer that the observed, strongly contrasting monazite breakdown assemblages
highlight the presence of a heterogeneous fluid that mediated these microscale decomposition
reactions. Thus, it is emphasized that metasomatic fluid variability in natural systems may often be too
large to be predicted and reproduced experimentally.
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Introduction

Since the pioneering works by Finger et al. (1998) and Broska
& Siman (1998), reaction coronas developed around monazite,
composed of fluorapatite and allanite-epidote, have been
recognized in various meta-igneous and metasedimentary
rocks (e.g., Broska et al. 2005; Gasser et al. 2012; Majka & Bud-
zyń 2006; Kośmińska et al. 2020; Upadhyay & Pruseth 2012).
These reaction coronas were unequivocally interpreted as
metasomatic, fluid-mediated features formed through pro-
cesses of coupled dissolution-reprecipitation (e.g., Ondrejka
et al. 2012). Numerous experimental studies have been
attempted in order to reproduce these exact features (e.g., Bud-
zyń et al. 2017). Although none of them produced typical cor-
onas, they confirmed that monazite can break down into
secondary phases, including apatite- and epidote-group min-
erals in the presence of fluids and narrowed the pressure-
temperature-composition (P-T-X) and pH windows for such
processes (e.g., Budzyń et al. 2011, 2017).

Here we report on the presence of contrasting monazite
breakdown corona products in polydeformed and altered
metavolcanic rocks intimately associated with the Palaeopro-
terozoic apatite-iron oxide deposit in Grängesberg, Bergslagen,
south central Sweden. The examined monazite grains are
located only a few hundred micrometers apart, yet they have
undergone very different types of partial (arrested) breakdown:
to fluorapatite + allanite-(Ce), fluorapatite + REE-fluorocarbo-
nate and fluorapatite + hingganite-(Y), respectively. Hence, we
speculate that a large internal variability of the metasomatizing
fluid facilitated similarly variable monazite breakdown and

propose that the final products of this process are solely depen-
dent on the local fluid composition and not on the immediate
mineral neighbourhood and general bulk rock chemistry. This
observation has further implications for the interpretation of
similar micro-textures commonly found in various lithologies
worldwide and for the design of future experiments examining
the stability of monazite.

Geological setting

The Grängesberg apatite-iron oxide ore, widely recognized as a
metamorphosed and deformed Kiruna-type deposit (e.g., Jons-
son et al. 2013, and references therein), is located in the north-
western part of the Palaeoproterozoic Bergslagen ore province
in south central Sweden (Fig. 1). Bergslagen is known for its
abundance of mineralization, mainly of iron oxides and base
metal sulphides, but also of e.g., rare earth elements (REE),
noble metals, manganese and tungsten. The majority of miner-
alizations are primarily hosted by a Svecofennian c. 1.91–
1.88 Ga metasupracrustal succession, most importantly felsic
(rhyolitic to dacitic) volcanic rocks with intercalated, often
skarn-altered marbles, interpreted to have originally formed
in a continental back-arc setting (Allen et al. 1996). Penecon-
temporaneous to younger intrusive rocks of predominating
granitoid character have intruded this metasupracrustal pack-
age and represent large volumes of the now exposed crust in
Bergslagen. Polyphase regional metamorphism of greenschist
to upper amphibolite and locally granulite facies grade
c. 1.85–1.80 Ga in conjunction with the Svecokarelian orogeny
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as well as associated ductile to brittle deformation have vari-
ably affected all the older rocks in the province as well as
their mineralizations. Younger magmatic rocks are rep-
resented by Palaeoproterozoic granites and associated pegma-
tites as well as Meso- to Neoproterozoic dolerites.

In contrast to most metavolcanic rocks in the province,
the immediate host rocks to the Grängesberg deposit range
between dacitic and basaltic-andesitic in composition. A
number of these overall metavolcanic-looking rocks also
exhibit cross-cutting relations to various rock units and
have been interpreted as subvolcanic in origin. Alteration

of these rocks is evident both in the form of regional-style
sodic or potassic alteration and locally, as disseminated as
well as discrete phyllosilicate (mainly biotite + chlorite) and
amphibole-rich, often schistose dm- to metres-wide zones,
so-called sköl rocks (sköl being an old Swedish mineŕs
term, which in contrast to another one, skarn, never did
reach international fame and usage). These have seemingly
undergone several stages of deformation and alteration at
variable P-T-conditions (Persson Nilsson et al. 2013), and
the present study is focused on an assemblage found in
one of them.

Figure 1. Simplified geological map of Grängesberg. The white line marks the boundary of the Exportfältet open pit mine. The outline of the Bergslagen lithotectnic
unit (BS) is based on Stephens & Jansson (2020).
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Analytical technique

Wavelength dispersive spectroscopy analyses were performed
using a Jeol JXA-8320 Electron Microprobe located at the Lab-
oratory of Critical Elements AGH – University of Science and
Technology at the Faculty of Geology, Geophysics and
Environmental Protection, Kraków, Poland. An accelerating
voltage of 15 kV was applied. Depending on the studied min-
eral, beam current and beam diameter were: (1) 100 nA and 1–
3 μm for monazite, epidote supergroup minerals and gadoli-
nite supergroup minerals, and (2) 20 nA, 1–5 μm for apatite
and REE-fluorocarbonates. The following analytical lines,
diffraction crystals and calibration reference materials were
used for the measurements: F (Kα, TAP, fluorite), Na, Al, Si
(Kα, TAP, albite), Mg (Kα, TAP, diopside), P, Y (Kα, PET,
YPO4), S (Kα, PET, anhydrite), Cl (Kα, PET, tugtupite), Ca
(Kα, PET, diopside), Sc (Kα, PET, metallic Sc), Ti (Kα, PET,
rutile), Cr (Kα, PET, Cr2O3), Mn (Kα, LiF, rhodonite), Fe
(Kα, LiF, fayalite), As (Lα, TAP, AlAsO4), Sr (Lα, PET, celes-
tine), Pb (Mβ, PET, crocoite), Th (Mα, PET, ThO2), U (Mβ,
PET, UO2), Lα, Ce, Nd, Sm, Eu, Tb, Dy, Er, Tm, Yb, Lu (Lα,
LiF, REEPO4 single-element synthetic reference materials),
Pr, Gd, Ho (Lβ, LiF, REEPO4 single-element standards). The
raw data were corrected with the ZAF correction procedure
and the correction factors for the spectral interfering lines
were calculated on the basis of a compared single-element con-
tinuous X-Ray spectrum.

Results

The studied sample KES09081 consists of a schistose rock,
which is strongly foliated and dominated by biotite and

chlorite (sensu lato) in addition to a calcic Mg-Fe-clinoamphi-
bole. Platy hematite occurs concordantly aligned with the pre-
dominant foliation as defined by the phyllosilicates.
Subordinate apatite (sensu lato) accompanies the hematite.

The sample contains abundant, chemically homogenous
monazite (up to 200 µm in diameter; Fig. 2), which is Ce domi-
nant, with low ThO2 content, not exceeding 0.36 wt%
(Table 1). The yttrium content is moderate, ranging from
0.45 to 1.13 wt% Y2O3 (Table 1). The contents of SiO2 and
CaO reach 0.65 and 0.89 wt%, respectively. These limited
enrichments in Si and Ca thus indicate only minor roles of
the huttonite and cheralite-type substitutions.

The studied monazites are invariably rimmed by reaction
coronas (up to 100 µm in width) composed of fluorapatite
enriched in Y + LREE [between 0.2 and 7.5 wt% of (Y +
LREE)2O3; Table 2]. The Si-enrichment in the fluorapatite
does not exceed 0.56 wt% SiO2. Minor Na2O is present, but
does not exceed 0.08 wt%, and therefore suggests the domi-
nant role of the coupled substitution reaction Si4+ + (Y +
REE)3+ = P5+ + Ca2+ over Na+ + (Y + REE)3+ = 2Ca2+ (Pan &
Fleet 2002).

Similar to monazite, allanite rimming monazite and fluora-
patite (up to 20 µm in width; Fig. 2) is also Ce-dominant, with
a total content of LREE2O3 ranging from 20.34 to 25.44 wt%.
The ratio between FeO and Fe2O3 varies between 0.5 and
4.24. Some zones in allanite contain up to 0.04 wt% ThO2

(Table 2).
Hingganite-(Y) (up to 20 µm in width) developed only as

the final product of monazite breakdown in some of the cor-
ona microtextures (Fig. 2). It contains 17.51–18.73 wt% of
Y2O3, significant FeO (5.88–6.85 wt%) and CaO ranging
between 2.43 and 4.24 wt% (Table 2). The total REE content

Figure 2. Backscattered electron images of different types of the reaction coronas developed around monazite in the studied sköl sample. Images B–D correspond to
insets in A. Note the distance between contrasting coronas.
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Table 1. Representative chemical analyses of monazite-(Ce), allanite-(Ce) and hingganite-(Y) from altered metavolcanic rocks associated with the Grängesberg apatite-iron oxide ore.

Monazite-(Ce) Allanite-(Ce) Hingganite-(Y)

#1_2 #2_7 #3_3 #6_3 #6_9 #2 #9 #12 #14 #19 #3 #5 #6 #7 #9 #10

SO3 0.12 0.37 0.46 0.58 0.26 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.03 0.02 0.04 0.03 0.03
P2O5 29.85 29.03 28.80 29.21 29.29 b.d.l. b.d.l. 0.03 0.03 b.d.l. 0.07 0.07 0.05 0.06 0.05 0.04
As2O5 0.14 0.15 0.15 0.09 0.08 b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l. b.d.l. b.d.l. b.d.l. 0.06 0.06
SiO2 0.31 0.64 0.73 0.48 0.44 32.77 32.25 30.90 31.38 32.22 25.15 26.01 25.55 26.10 26.17 25.72
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.07 0.05 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
ThO2 0.35 0.39 0.37 0.29 0.59 b.d.l. b.d.l. b.d.l. b.d.l. 0.04 0.09 0.18 0.17 0.16 0.13 0.19
UO2 0.02 b.d.l. b.d.l. b.d.l. 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.12 0.13 0.20 0.12 0.15 0.13
Al2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 17.18 16.08 11.29 12.44 16.25 b.d.l. b.d.l. b.d.l. 0.19 0.21 0.10
V2O3 n.a. n.a. n.a. n.a. n.a. 0.04 0.03 0.06 0.05 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr2O3 n.a. n.a. n.a. n.a. n.a. b.d.l. 0.05 b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Fe2O3** 8.52 10.12 9.36 7.78 9.57
FeO** n.a. n.a. n.a. n.a. n.a. 5.67 4.76 9.82 9.87 4.82 6.35 5.64 6.85 5.88 6.10 6.09
MnO n.a. n.a. n.a. n.a. n.a. 0.49 0.46 0.69 0.73 0.61 0.21 0.28 0.28 0.30 0.26 0.27
MgO n.a. n.a. n.a. n.a. n.a. 0.74 0.95 0.57 0.58 0.96 b.d.l. 0.05 0.05 0.28 0.21 0.29
CaO 0.21 0.33 0.43 0.89 0.35 12.88 11.61 10.09 10.40 11.30 2.43 4.24 2.95 3.43 2.97 2.88
BeO* 10.50 10.86 10.66 10.90 10.93 10.75
PbO 0.04 0.04 0.05 0.04 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.05 0.08 0.06 b.d.l. b.d.l. b.d.l.
Y2O3 0.71 0.42 0.46 1.13 0.64 0.16 0.13 b.d.l. 0.06 0.14 18.71 18.93 19.00 17.51 17.74 18.71
La2O3 17.46 20.84 19.32 16.79 18.77 5.07 5.45 8.90 8.67 5.55 0.99 0.78 0.58 0.83 0.71 0.56
Ce2O3 30.82 33.37 33.19 31.72 32.23 9.57 10.52 12.67 12.61 10.99 5.34 3.44 2.91 4.14 3.72 2.94
Pr2O3 3.39 3.11 3.15 3.25 3.21 1.05 1.13 1.04 0.96 1.10 1.16 0.80 0.76 1.05 0.98 0.77
Nd2O3 13.30 10.74 11.51 12.56 12.35 3.59 3.77 2.72 2.69 3.89 7.73 5.87 5.73 6.92 7.02 6.05
Sm2O3 1.78 1.10 1.23 1.82 1.49 0.52 0.50 0.14 0.10 0.51 3.61 3.15 3.24 3.49 3.57 3.29
Eu2O3 0.34 0.22 0.24 0.44 0.34 0.13 0.11 b.d.l. b.d.l. 0.11 1.37 1.24 1.29 1.38 1.38 1.40
Gd2O3 1.10 0.54 0.63 1.23 0.89 0.35 0.20 b.d.l. 0.11 0.21 5.32 5.26 5.86 5.76 5.68 6.05
Tb2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.05 0.05 0.06 0.68 0.67 0.78 0.74 0.77 0.83
Dy2O3 0.16 0.08 0.07 0.27 0.15 0.10 0.10 0.08 0.11 0.09 2.99 3.13 3.49 3.24 4.20 4.45
Ho2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.37 0.40 0.40 0.38 0.49 0.42
Er2O3 b.d.l. b.d.l. 0.05 0.10 0.05 b.d.l. 0.08 0.08 0.13 b.d.l. 1.36 1.55 1.51 1.32 1.68 1.87
Tm2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.16 0.26 0.22 0.19 0.16 0.17
Yb2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.00 1.28 1.06 0.95 0.96 1.11
Lu2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.27 0.34 0.30 0.25 0.16 0.25
Na2O n.a. n.a. n.a. n.a. n.a. b.d.l. b.d.l. b.d.l. b.d.l. 0.12 0.13
H2O** 1.64 1.62 1.52 1.54 1.61 3.16 3.86 3.69 3.85 3.82 3.60
Sum 100.09 101.38 100.82 100.88 101.23 100.47 99.91 100.08 100.35 100.15 99.15 98.53 97.64 99.45 100.44 99.14
a.p.f.u.
S 0.007 0.021 0.027 0.033 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.002 0.002 0.002
P 1.960 1.903 1.894 1.896 1.921 0.000 0.000 0.002 0.003 0.000 0.005 0.004 0.003 0.004 0.003 0.003
As 0.006 0.006 0.006 0.004 0.003 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.002
Si 0.024 0.050 0.057 0.037 0.034 2.992 2.993 3.039 3.050 2.992 1.995 1.994 1.995 1.994 1.993 1.993
Ti 0.000 0.000 0.005 0.004 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Th4+ 0.006 0.007 0.007 0.005 0.010 0.000 0.000 0.000 0.000 0.001 0.002 0.003 0.003 0.003 0.002 0.003
U4+ 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.003 0.002 0.003 0.002
Pb 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.001 0.000 0.000 0.000
Al 1.849 1.758 1.308 1.424 1.778 0.000 0.000 0.000 0.017 0.019 0.009
V3+ 0.003 0.002 0.004 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Cr3+ 0.000 0.003 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.586 0.706 0.693 0.569 0.669
Fe2+ 0.433 0.370 0.808 0.802 0.375 0.421 0.362 0.447 0.376 0.388 0.394
Mn 0.038 0.036 0.057 0.060 0.048 0.014 0.018 0.018 0.019 0.017 0.018
Mg 0.100 0.132 0.084 0.084 0.133 0.000 0.006 0.005 0.031 0.024 0.033
Ca 0.018 0.028 0.035 0.073 0.029 1.261 1.154 1.064 1.083 1.124 0.207 0.348 0.246 0.281 0.243 0.239
Be 2.000 2.000 2.000 2.000 2.000 2.000
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Y 0.029 0.017 0.019 0.046 0.026 0.008 0.006 0.000 0.003 0.007 0.790 0.772 0.789 0.712 0.719 0.771
La 0.495 0.590 0.549 0.471 0.532 0.171 0.186 0.323 0.311 0.190 0.029 0.022 0.017 0.023 0.020 0.016
Ce 0.883 0.954 0.952 0.898 0.922 0.320 0.357 0.456 0.449 0.374 0.156 0.097 0.084 0.117 0.104 0.084
Pr 0.096 0.088 0.089 0.091 0.091 0.035 0.038 0.037 0.034 0.037 0.033 0.022 0.022 0.029 0.027 0.022
Nd 0.368 0.297 0.319 0.344 0.342 0.117 0.125 0.096 0.094 0.129 0.219 0.161 0.160 0.189 0.191 0.167
Sm 0.047 0.029 0.033 0.048 0.040 0.016 0.016 0.005 0.003 0.016 0.099 0.083 0.087 0.092 0.094 0.088
Eu 0.009 0.006 0.006 0.011 0.009 0.004 0.004 0.000 0.000 0.003 0.037 0.033 0.034 0.036 0.036 0.037
Gd 0.028 0.014 0.016 0.031 0.023 0.010 0.006 0.000 0.004 0.006 0.140 0.134 0.152 0.146 0.143 0.155
Tb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.002 0.018 0.017 0.020 0.018 0.019 0.021
Dy 0.004 0.002 0.002 0.007 0.004 0.003 0.003 0.002 0.004 0.003 0.076 0.077 0.088 0.080 0.103 0.111
Ho 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.010 0.010 0.009 0.012 0.010
Er 0.000 0.000 0.001 0.002 0.001 0.000 0.002 0.002 0.004 0.000 0.034 0.037 0.037 0.032 0.040 0.045
Tm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.006 0.005 0.005 0.004 0.004
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.030 0.025 0.022 0.022 0.026
Lu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.007 0.006 0.004 0.006
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.019
(OH)− 1.000 1.000 1.000 1.000 1.000 1.672 1.972 1.920 1.963 1.939 1.858
O2- 8.000 8.000 8.000 8.000 8.000 12.000 12.000 12.000 12.000 12.000 8.328 8.028 8.080 8.037 8.061 8.142

*BeO content was calculated at the basis of the stoichiometry of the gadolinite group minerals, H2O content and Fe2+/Fe3+ ratio were calculated at the basis of charge balance; b.d.l. – below detection limit.
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varies from 28.18 to 31.48 wt% of REE2O3. Uranium and Th is
at the level of 0.09–0.15 wt% UO2 and 0.1–0.43 wt% ThO2,
respectively.

REE-fluorocarbonates occur directly rimming some mona-
zite grains that have undergone partial breakdown, or occur
intergrown with fluorapatite (Fig. 2). The former forms
radially divergent aggregates of crystals, of which the individ-
ual crystals do not exceed 1–3 µm in width. They are domi-
nated by Ce (22.59–33.87 wt% of Ce2O3, Table 2), while
REE2O3 varies between 49.93 and 59.28 wt%. Yttrium content
ranges between 1.22 and 3.63 wt% of Y2O3. Fluorine content is
3.03–4.94 wt%, whereas CaO varies between 9.89 and 17.46 wt
%. Based on Ca/(Ca + REE + Y) values ranging between 0.32
and 0.48, the studied REE-fluorocarbonates can be classified
as parisite-(Ce) and synchysite-(Y). When classified based on

F/(F + OH) versus (REE + Y + Th + Ca*)/Ca, the analysed car-
bonates fall mostly in the synchysite-(Ce) field, to a lesser
degree in the röntgenite-(Ce) field, and two analyses fall in
the parisite-(Ce) field (Fig. 3).

Discussion and implications

The investigated sample is interpreted to represent an orig-
inally intermediate volcanic to sub-volcanic rock, which was
severely and repeatedly reworked during regional style hydro-
thermal, Na, K and locally Mg alteration and several stages of
regional (Svecokarelian) metamorphism and deformation
(e.g., Jonsson et al. 2013, 2016 and references therein). Based
on the products of monazite breakdown observed in this
rock, it is apparent that a late metasomatizing fluid must

Table 2. Representative chemical analyses of apatite group minerals and (Ca,REE)-Fluorcarbonates from altered metavolcanic rocks associated with the Grängesberg
apatite-iron oxide ore.

Fluorapatite Hydroxylapatite Bastnäsite-(Ce) Parisite-(Ce) Röntgenite-(Ce) Synchysite-(Ce)

1#02 1#06 3#11 4_#18 4_#19 10_#2 1_#15 2C_#1 1#07 1_#11 2C_#2 1_#104 7_#4

P2O5 42.54 41.68 41.35 40.05 41.10 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SiO2 b.d.l. 0.22 0.16 0.37 0.38 b.d.l. 0.10 0.73 0.92 0.19 0.69 0.09 b.d.l.
CO2** 21.03 21.03 23.68 23.10 26.70 25.29 27.58 27.65
ThO2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.30 0.14
FeO 0.11 0.17 0.22 0.47 0.29 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
CaO 53.98 54.05 54.39 52.28 51.32 2.48 3.42 10.17 9.87 14.57 14.29 17.63 17.77
Na2O 0.06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Y2O3 0.14 b.d.l. b.d.l. b.d.l. b.d.l. 0.72 1.03 2.60 1.22 2.69 2.76 2.23 2.65
La2O3 b.d.l. b.d.l. b.d.l. 0.92 1.86 19.76 18.32 14.87 14.78 13.84 13.00 11.96 11.81
Ce2O3 b.d.l. 0.27 0.09 1.37 2.28 33.49 32.23 27.44 27.60 24.01 24.18 22.98 22.47
Pr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3.57 2.94 2.81 3.04 2.70 2.27 2.48 2.43
Nd2O3 b.d.l. 0.21 b.d.l. 0.64 0.86 11.86 11.70 9.56 10.78 10.30 8.57 8.90 8.42
Sm2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.98 1.24 1.08 1.18 1.34 1.12 1.18 1.03
Eu2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.26 b.d.l. 0.22 0.31 0.07 b.d.l. 0.08
Gd2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.45 0.55 0.66 0.58 0.89 0.84 0.65 0.64
Tb2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.11 b.d.l. 0.16 0.16 b.d.l. 0.15
Dy2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.01 0.30 b.d.l. 0.30 0.13 0.12 0.28
Er2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.16 b.d.l. b.d.l. b.d.l. b.d.l. 0.16 b.d.l. 0.20
Tm2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Yb2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.13 b.d.l. b.d.l. b.d.l. 0.08 b.d.l. b.d.l.
H2O*/** 0.83 0.80 0.66 0.98 1.21 2.24 1.12 1.83 1.52 1.49 2.33 0.50 1.91
F 2.02 2.04 2.30 1.54 1.13 3.51 5.72 4.08 4.87 3.75 2.25 5.04 1.95
O =−F −0.85 −0.86 −0.97 −0.65 −0.48 −1.48 −2.41 −1.72 −2.05 −1.58 −0.95 −2.12 −0.82
Sum 98.84 98.57 98.20 97.95 99.93 98.79 97.39 98.34 97.61 101.67 97.31 99.52 98.76
a.p.f.u
P 3.039 3.001 2.990 2.953 2.985 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Si 0.000 0.019 0.014 0.032 0.032 0.000 0.051 0.332 0.423 0.078 0.293 0.034 0.000
C 15.000 14.949 14.668 14.577 14.922 14.707 14.966 14.978
Th 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.027 0.013
Fe 0.008 0.012 0.016 0.034 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 4.880 4.926 4.977 4.879 4.718 1.389 1.908 4.942 4.888 6.390 6.521 7.505 7.553
Na 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y 0.006 0.000 0.000 0.000 0.000 0.199 0.285 0.628 0.300 0.586 0.626 0.472 0.560
La 0.000 0.000 0.000 0.029 0.058 3.775 3.488 2.468 2.498 2.072 2.024 1.738 1.713
Ce 0.000 0.008 0.003 0.044 0.072 6.462 6.197 4.599 4.712 3.630 3.803 3.373 3.292
Pr 0.000 0.000 0.000 0.000 0.000 0.680 0.558 0.465 0.511 0.402 0.353 0.359 0.351
Nd 0.000 0.006 0.000 0.020 0.026 2.212 2.176 1.550 1.779 1.506 1.304 1.263 1.194
Sm 0.000 0.000 0.000 0.000 0.000 0.176 0.222 0.169 0.187 0.189 0.164 0.162 0.141
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.047 0.000 0.035 0.044 0.010 0.000 0.011
Gd 0.000 0.000 0.000 0.000 0.000 0.078 0.096 0.100 0.089 0.121 0.118 0.086 0.084
Tb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.021 0.022 0.000 0.020
Dy 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.044 0.000 0.040 0.017 0.016 0.036
Er 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000 0.022 0.000 0.025
Tm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.000 0.000 0.000 0.000
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.010 0.000 0.000
(OH)− 0.461 0.451 0.378 0.576 0.693 3.908 1.942 2.764 2.342 2.033 3.311 0.661 2.527
F 0.539 0.549 0.622 0.424 0.307 5.798 9.411 5.857 7.120 4.857 3.025 6.334 2.442
Ca/REE 9.798 6.861 2.035 2.069 1.347 1.299 0.995 0.983

*H2O content for apatite group minerals was calculated on the basis of stoichiometry, **CO2 content and H2O content for REE-fluorcarbonates were calculated on the
basis of charge balance (recalculation method proposed by Zeug et al. 2021).
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have been enriched in Ca, Fe, Be, F and HCO3
- to promote the

formation of fluorapatite, allanite, hingganite-(Y) and REE-
fluorocarbonates. Notably, these contrasting products of mon-
azite breakdown developed as reaction coronas around grains
located spatially very close to each other (see e.g., Fig. 2). This
phenomenon implies that the metasomatizing medium must
have been highly heterogeneous to induce different and chemi-
cally contrasting mineral reactions within distances of only
some hundreds of µm. While several elements could tenta-
tively have been derived on a relatively local scale (specifically
Ca, Fe, Si and F, from variably common silicates, oxides and
apatite), a localized sourcing of all the elements in question
from the immediate groundmass (in terms of micrometre
scale) hosting the monazite seems unlikely, as it is rather hom-
ogenous and limited to the major minerals of this rock. How-
ever, the host rock represents a heavily altered, commonly out-
of-equilibrium mineral assemblage, which well could be a
source of the vast majority of elements necessary for the for-
mation of reaction coronas around monazite. Nonetheless,
the alternative, plausible explanation is that the incoming
fluid must have been an originally highly heterogeneous med-
ium with regards to its chemistry. Whether the observed
changes are an effect of a single fluid flux or multiple fluxes
of fluid batches of contrasting chemistry over an extended
period of time is impossible to assess. Nonetheless, the studied
metavolcanic rock from Grängesberg highlights and exem-
plifies a major issue for the experimental reproduction of min-
eral-fluid interaction, i.e., the essential impossibility of a
proper and “true” representation and simulation of selected,
complex natural systems. Yet, the so far performed exper-
iments and theoretical models provide important insights
into potential P-T-X constraints for the breakdown of mona-
zite described herein. In this context, the CaO/Na2O ratio in
the local effective bulk composition, within which monazite
reacts, is of particular interest (Spear 2010). It has been
demonstrated through thermodynamic modelling that an
increase of CaO in a normal pelitic rock composition would

shift the lower T limit of the monazite stability field to higher
P-T conditions (Spear 2010), which has also been verified by
experimental work (Budzyń et al. 2017). Notably, the afore-
mentioned studies are in line with multiple studies on natural
rocks, emphasizing the importance of the Ca activity on the
stability of monazite (e.g., Bingen et al. 1996; Broska et al.
2005; Claeson 2002; Uher et al. 2015). Therefore, it is plausible
that the fluid responsible for monazite breakdown in the Grän-
gesberg sköl-rock was likely to have been characterized by rela-
tively high Ca activity. Tentatively, all elements that were
needed to form the described breakdown products of monazite
except Be could have been derived from the various rocks pre-
sent in the overall ore zone. However, the presence of at least
locally significant Be in the fluid suggests that a discrete source
of Be such as beryl must have interacted with the fluid prior to
its introduction in the presently studied rock. A similar
phenomenon has been described from an NYF-type granitic
pegmatite on Svalbard, where xenotime-(Y) reacted to form
a fluorapatite + hingganite-(Y) corona (Majka et al. 2011)
and from a metagranite in the Western Carpathians, where
xenotime-(Y) decomposed to fluorapatite, hellandite-(Y) and
hingganite-(Y) (Ondrejka et al. 2022). However, in the Sval-
bard case, beryl is present in the pegmatite host rock, and it
exhibits a patchy zoning typical of fluid-induced alteration
processes. In the case of Grängesberg, the only Be-bearing
mineral observed until now has been beryl occurring sporadi-
cally as euhedral crystals within mineralogically simple granitic
pegmatite dykes that cross-cut the ore zone (e.g., Flink 1917),
yet there are no known observations of any late, fluid-mediated
alteration affecting these dykes.

To sum up, we report on a suggested highly chemically vari-
able character of a metasomatizing fluid, as deduced from the
secondary phases replacing original monazite in the heavily
altered, originally metavolcanic (“sköl”) rock associated with
the apatite-iron oxide ore deposit at Grängesberg in Sweden.
Interestingly, hingganite-(Y) as an alteration product of mon-
azite, to our knowledge, has not been described up to now. The
latter discovery also poses an important general question about
the source of Be in the fluid and its mobility in the Gränges-
berg ore zone. Most importantly, however, our observations
imply that all results of experimental studies to reproduce
such natural textures and assemblages should be viewed with
caution because of the natural variability of fluid-rock systems
and the vulnerability of minerals to subtle changes in their
local milieu.
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Figure 3. REE carbonates classification based on F/(F + OH) versus (REE + Y+Th +
Ca*)/Ca, where Ca* corresponds to the amount of Ca substituting for REE (follow-
ing Zeug et al. 2021).
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