Mobility of REEs during alkali alteration, Bergslagen
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Abstract. The Bergslagen Region in central Sweden hosts
over 6000 metallic mineral deposits, most of them hosted by
a Paleoproterozoic metavolcanic to metasedimentary
succession. Iron oxide- and polymetallic sulfide-deposits are
the most abundant and economically the most important
deposits. Many deposits are enriched in Rare Earth Elements
(REEs) and there is an ongoing drive to evaluate the REE
resource in the region. The polymetallic sulfide deposits are
thought to have formed by seawater-derived fluids which
leached metals from the metavolcanic host rocks. This study
investigates the trace metal mobility with specific focus on
the critical metals (CMs), during this hydrothermal alteration
in western Bergslagen. Preliminary results show that a broad
range of trace elements and especially light rare earth
elements (LREE’s) were mobilized.

1 Introduction

Rare Earth Elements (REE) are often considered as part of the
group of critical metals (CM’s). CM’s in turn are elements
which are essential for our modern society and whose supply
is thought to be at risk. In recent decades, the combination of
globalization and rapid technological development has led to
strong dependencies of the Western societies on a few
countries. In the case of the REE’s the worldwide supply is
currently almost exclusively relying on China (European
Commission 2020). To address the supply risk associated with
these dependencies the European Union, including countries
like Sweden, are investigating mineral deposits within their
borders to save the supply for raw materials of high
importance for the industry. The impending transition to
renewable energies which often rely on the properties of
CM'’s adds considerable urgency to this situation.

Bergslagen is an old mining district with a history of over
1000 years and over 6000 known mineralizations (Frietsch,
1975; Stephens, 2009). It has been mined for different types
of iron ore as well as base metal sulfides almost exclusively
hosted by Paleoproterozoic metavolcanic and
metasedimentary rocks.

Historically the Bergslagen region has been important for
the Rare Earth Elements (REE’s) being the place where a
number of elements of this group and important REE
minerals such as “Bastndsite” have been discovered. The REE
deposits occur as vein and disseminated mineralisation

spatially associated to Fe-oxide and polymetallic sulfide
deposits (e.g. Bastnas; Holtstam et al. 2014). There is
currently considerable focus on evaluating the REE mineral
resources in the region. Although REE mineralization in the
Bergslagen region had already been discovered in the 18t
century (Anderson et al. 2004) and the area has been studied
by many geologists since, important aspects of their
formation e.g., the source of the metal rich fluids remain
poorly understood.

Previous studies have suggested regional-scale
hydrothermal alteration and leaching of metals from the
metavolcanic host rocks as the main metal source for the
polymetallic sulfide and iron oxide ore deposits in Bergslagen
(Oen et al. 1982, Lagerblad and Gorbatschev 1985). A recent
study on the genesis of the REE-rich deposits in the Norberg
area suggests however a magmatic source for the metals of
these deposits (Holtstam et al. 2014).

In this study we investigate the mobility of trace metals
including the REE’s during hydrothermal alteration in the
felsic metavolcanic rocks of western Bergslagen to find out
more about the source of the elements enriched in the
deposits.

2 Geological setting

In the Bergslagen region a ca. 1.91-1.86 Ga metavolcanic to
metasedimentary succession is exposed which forms
supracrustal inliers in a series of 1.91-1.87 Ga old intrusions
which dominate the region. The intrusive rocks show a
bimodal felsic-mafic composition with the felsic rocks being
dominant (Stephens et al. 2009). The volcano-sedimentary
succession is dominated by juvenile to reworked rhyolitic
metavolcanic  rocks with interbedded stromatolitic
metalimestone in the upper part of the succession. The
region has undergone low P and variable T metamorphism
and so most exposed rocks in the region are amphibolite
facies or higher; although a window of greenschist facies
rocks in western Bergslagen preserves primary volcano-
sedimentary textures (Stephens et al. 2009) and relationships
between variably altered rocks.

Hydrothermal alkali alteration is extensive in the region
and is thought to be mostly syn-volcanic and driven by
seawater-derived fluids (Baker and de Groot 1983; Lagerblad
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Figure 1. Geological map of the sampling area in western Bergslagen (Sweden). The sampling locations are shown in the colored dots.

and Gorbatschev 1985). Four different styles of alteration
have been identified:

K-alteration is common in the upper part of the
metavolcanic stratigraphy and thought to have formed as an
early, possibly diagenetic devitrification phase (Lundstrom
1995).

Na-alteration is very widespread and, in contrast to K-
alteration, also affects some of the early granites. The
alteration is mainly affecting the matrix of the metavolcanic
rocks where K-feldspar and plagioclase is replaced by albite.
It is suggested to have been driven by seawater derived fluids
at high temperatures and low fluid/rock ratios (Lagerblad and
Gorbatschev 1985).

Mg alteration occurs in areas of concentrated fluid flow
with high fluid/rock ratios (Lagerblad and Gorbatschev 1985;
Lundstrom 1995). In western Bergslagen zones of intense
Mg-alteration are characterized by muscovite-Mg-chlorite-
schists which formed through Mg-alteration and subsequent
greenschist metamorphism. Mg-alteration also occurs in the
altered footwall of metallic mineral deposits in Bergslagen.

CatMgzFe-alteration or Skarn-alteration occurred as a
later stage of alteration in calcareous metavolcanic rocks
caused by magmatic fluids or during metamorphism
(Stephens et al. 2009). Skarn alteration is commonly linked to
magnetite mineralization, and associations with the
emplacement of mafic dikes (Lundstrom 1995) and dacitic
subvolcanic intrusions (Jansson et al. 2011) have been
described.

2.1 Mineralization

The metallic mineral deposits of Bergslagen can be divided
into three main groups; 1) Polymetallic sulfide deposits,
which are commonly rich in base metals Zn-Pb-Cu and can
contain Au, 2) Skarn-hosted Fe and Fe-Mn oxide deposits,
and 3) banded iron formations and quartz rich iron oxide
deposits.

The polymetallic sulfide deposits occur mostly as so called
Stratabound-Volcanic-Associated-Limestone-Skarn  (SVALS)-
Zn-Pb-Ag-Cu-Au-deposits. These formed as carbonate

replacement deposits when hydrothermal fluids interacted
with limestone interbeds in the metavolcanic to
metasedimentary stratigraphy (Allen et al. 1996).

Another group of deposits are exhalative Stratiform-Ash-
Siltstone (SAS) Zn-Pb-Ag-deposits (e.g. Zinkgruvan, Lovisa),
which formed when mineralizing fluids vented at the seafloor
and precipitated mineralization in a calm depositionary
environments (Allen et al. 1996).

2.2 The REE-line

Along a >80 km long SW-NE striking line through
Skinnskatteberg in western Bergslagen a series of REE-rich
deposits occur. The deposits are hosted by strongly Na- and
Mg- altered metavolcanics and associated with skarns in
limestone units. They are thought to have formed by hot
acidic fluids rich in F an S which precipitated REE minerals
and metal-sulfides on interaction with the limestone
(Holtstam and Anderson 2007).

Holtstam et al. (2014) investigated the fluid source of
these deposits using stable isotope analysis of O, C and S in
sulfides and carbonates associated with the mineralization.
The study showed that the analyzed minerals had a
magmatic fingerprint which led to the conclusion that the
fluids were of magmatic origin.

3 Sampling and methods

A set of 125 felsic metavolcanic samples was collected in the
area between Hallefors and Hjulsjo (Figure 1). This sampling
area was chosen because it contains the best-preserved
exposures of the deeper, more purely volcanic sections of
the volcanic stratigraphy, the area is one of the lowest
metamorphic grade areas in Bergslagen, and the area
preserves rocks that have undergone different alteration
styles. The rocks are from a similar stratigraphic level in the
lower part of the volcanic stratigraphy showing the proximal
facies of a volcanic centre during intense volcanism.
Therefore, there was probably only negligible sedimentary
input, and the rocks have volcanic compositions. The data



presented here is from the lower part of the volcanic
stratigraphy representing a stage of intensive volcanism (50
samples from the Sangen formation, and 75 samples from
the Bredsjé member of the Algen formation). The sampling
was concentrated on known areas of Na- and Mg-alteration
since these alteration styles formed at the same time as the
mineralisations and are thought to have a connection to
them (Lagerblad and Gorbatschev 1985; De Groot and Baker
1992).

The samples were analysed by ALS Scandinavia (Pitea) for
major and trace elements with quantification by ICP
following both multi-acid and Li-tetraborate fusion
digestions.

4 Results and discussion

41 Rock types

The samples show a porphyritic texture with mm sized quartz
and feldspar phenocrysts in most samples. The Na-altered
samples generally cannot be distinguished from the least
altered metavolcanics in the hand-specimen. Samples of the
Mg-altered type resemble mica schists and are mostly
feldspar-free but show a similar quartz phenocryst
abundance as the other rocks.

4.2 Geochemical data

Comparing the trace elements concentrations of all samples
reveals good co-variance between Zr, Hf, Ta, Nb, Ti and Al.
These elements are therefore considered immobile in this
system. The clustering of all samples in binary immobile
element plots suggests a common precursor composition.
This allows a direct comparison of the different geochemical
compositions to determine element mobilities.

Phonolite

N
iC:) 0.15 Trachyte
=S RhyoDac/Dac Trachy And
Andesite
0.01 3 Bsn/Neph
5 And/Bas AkBas | o"NP
Sub Alk Bas
0.1 0.2 1 2 345 10

Nb/Y

Figure 2. Winchester and Floyd (1977) diagram showing all 125 collected
samples. All samples plot within or close to the rhyolite field confirming
the felsic volcanic composition.

In the volcanic rock trace element classification diagram of
Winchester and Floyd (1977) all samples plot within or close
to the Rhyolite field (Figure 2). This supports the
observations in the hand-samples and suggests that all
samples have a rhyolitic precursor composition.

A set of 12 least altered samples was defined by the
criteria of Hughes (1973) and threshold values of major
elements based on 12 international standard rhyolitic
compositions.
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Figure 3. Binary NaxO vs K.O plot. The colors are according to the
geochemical composition (LA12 stands for the 12 least altered samples)
and the shape according to the sampling location.
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Figure 4. Binary Na;0 vs MgO plot (symbols according to Fig. 5).

The rest of the samples are grouped according to chemical
thresholds (Fig. 3). In a group of 56 Na-altered samples a Mg-
altered group with 12 samples and a group of 57 weakly
altered samples (Fig. 3 and 4).

The Mg-altered group show higher loss on ignition (LOI)
values and high MgO but lower CaO and Na,O concentrations
than the least altered samples.

The Na-altered group shows low LOI values and very low
K0, but very high Na,O and slightly higher SiO;
concentrations compared to the least altered samples

4.3 Petrography
The least altered and the altered samples show a quartz and

feldspar phyric primary volcanic texture. In some strongly
Mg-altered samples only the quartz phenocrysts remain from



the primary texture. The least altered samples show a very
fine-grained matrix of quartz, feldspar, biotite, and chlorite.
The Na-altered samples look very similar to the least altered
samples but lack the biotite and chlorite in the matrix. Some
samples however show high contents of secondary chlorite
which grows in pressure shadows of the phenocrysts. The
Mg-altered samples are feldspar free with a matrix
dominated by quartz, muscovite and Mg-chlorite. The matrix
minerals such as chlorite and biotite grew during
metamorphism with their abundances controlled by the
extent pre metamorphic alteration.

4.4 Trace element mobility

The total REE concentration is significantly lower in both the
Na- and Mg-alteration style (Fig. 5). We interpret that the
REEs have been leached from the altered rocks during
hydrothermal alteration. The Chondrite normalized REE
spider plot (Fig. 6) shows that the mobility decreases with
increasing atomic number. The REE pattern of all groups is
similar with a negative europium anomaly and higher relative
concentrations in light REE (LREE). The mean of the Na-
altered samples shows a slightly stronger depletion in LREEs
than the mean of the Mg-altered samples, but both show
increasing depletion with decreasing atomic number. REE
mobilization has previously only been reported from Mg-
altered metavolcanic rocks in this area but not for Na-altered
ones (De Groot and Baker 1992).

The regional extent of the Na-alteration and its strong REE
depletion suggest that large masses of light REEs have been
hydrothermally remobilized. Therefore, a hydrothermal
origin for the ore forming fluids of REE rich deposits in
Bergslagen should be considered in future studies.

1,100

1,000

900

800

£ 700
Q
Q
£ 600
2
w500 © s
o
3 v I
400
v [e]
A%
300 v oy 8
v I
200 Y v g LA A P
\4 vV V.V VyvV vV g !
v o] v
100 v v @D v @%Oo v .
o °o v *  fovi@ x
0 1 2 3 4 5 6 7 8
Na,0 %

Figure 5. Binary Na;O vs REE plot. The box on the right side gives a
statistical summary. The box shows the data between the 1st and 3rd
quartile the extreme values within 1.5 x box are represented by bars.
Outliers (>1.5x box length away from quartile 1 or 3) are shown by circles
and far outliers (>3x box length) are symbolized by triangles. The median
is shown by a line in the box and the mean is shown by a point.
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