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ARTICLE INFO ABSTRACT

Keywords: Proterozoic foliated and nodular sillimanite gneisses from the Bamble lithotectonic domain, South Norway, are
Bamble ) analysed to unravel their microfabric evolution with mineral reactions during metasomatism and associated
Metasomatism deformation. The nodules form cm-scaled spherical to ellipsoidal sillimanite-quartz aggregates that locally grade
Nodules . . 1 . . . . . .

R . . into foliated sillimanite gneisses. Independent on their fabric, they record incomplete breakdown reactions of
Reaction microfabrics .. . . . : s
Sillimanite biotite and K-feldspar recorded by muscovite lamellae and associated Fe-oxide needles in biotite and by

muscovite-quartz aggregates after K-feldspar. Muscovite is partly replaced by sillimanite. Based on immobile Al,
the nodular gneiss forming reactions give excess K, Mg and H2O that may leave the nodular gneiss to form a
metasomatic agent and caused regional metasomatism (scapolitisation) in the surrounding rocks. Quartz in the
foliated gneisses shows a pronounced shape but no marked crystallographic preferred orientation. There is no
indication of major strain accumulation by quartz dislocation creep. Muscovite shows lobate phase boundaries to
quartz, which is interpreted as reaction fabric, from the breakdown reactions of K-feldspar and biotite. The
nodular and sillimanite gneisses formed during metasomatic mineral reactions, where major elements K, Mg and
H,0 leave the rock and an Al-rich metasomatic restite remains. We suggest that the metasomatism involved a
molar volume loss, where reactions forming muscovite, quartz and sillimanite occurred by incongruent
dissolution-precipitation creep at low stresses forming the nodular and foliated gneisses. Our study demonstrates
that metasomatism with chemical rock changes and mass transfer associated with incongruent dissolution-
precipitation contributed to the observed reaction and deformation microfabric.

1. Introduction The importance of metasomatism is illustrated by its large-scale influ-

ence as described from Precambrian crustal rocks worldwide (e.g., Ett-

Fluid infiltration play an active role in mineral reactions and growth
(e.g., Engvik et al., 2005; Putnis and Austrheim, 2010; Wayte et al.,
1989), important for modification of crust (e.g., Engvik et al., 2000; Fitz
Gerald and Stiinitz, 1993; Jamtveit et al., 2016). Fluids cause meta-
somatism by changing the chemical rock composition and mineralogy
(e.g., Clark et al., 2005; Oliver et al., 2004) and act as catalysts during
mineral transformations by dissolution of phases and precipitation of
new ones (e.g., Putnis, 2002). The rocks interaction with fluids can cause
albitization by Na-metasomatism (e.g., Ettner et al., 1993), scapolitisa-
tion by K-Mg-Cl metasomatism (Oliver et al., 1994), carbonitisation
(Dahlgren et al., 1993) or K-metasomatism (Saunders and Tuach, 1988).

* Corresponding author.

ner et al., 1993; Mark and Foster, 2000; Weisheit et al., 2013).

There is an ongoing discussion if deformation during fluid-induced
metamorphism take place by dissolution-precipitation creep rather
than by temperature-dependent dislocation creep (Putnis, 2021;
Stockhert et al., 1999; Wassmann et al., 2011; Wintsch and Yi, 2002).
Metasomatic rocks resulting from metamorphism involving mass
transfer display deformation structures like foliation, folding and shear
zones (Hunter and Andronicos, 2013; McLelland et al., 2002b; Mukai
et al., 2014). Deformation of rocks can increase the rates of mineral
reactions and vice versa, e.g., during incongruent dissolution-
precipitation creep, where increased solubility at sites of shortening
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enhances dissolution of an instable phase into the pore fluid and pre-
cipitation of a stable phase at sites of dilation (e.g., Putnis, 2021;
Wassmann et al., 2011; Wassmann and Stockhert, 2013; Wheeler, 1992;
Wintsch et al., 2005; Wintsch and Yi, 2002). Also, fluids released in
dehydration reactions may trigger brittle deformation by reducing the
effective stresses (“dehydration embrittlement” e.g., Fagereng et al.,
2018). And again vice versa, fluids introduced into former dry lithol-
ogies by enhancing the permeability via brittle deformation may trigger
metamorphic reactions (e.g., Austrheim, 1987; Jamtveit et al., 2016).
Fluid infiltration, metamorphic transformation and deformation may
change a rock into a lithology with new mineralogy, chemistry and
structure, and its origin can be difficult to interpret.

Sillimanite and nodular gneisses are reported worldwide, and silli-
manite is often used as a key mineral during interpretation of meta-
morphic rock (e.g., Bernier et al., 1987; Nabelek, 1997; Spry et al., 2022;
Vernon, 1979). The sillimanite is traditionally used to define meta-
morphic grade known as the high-temperature Al-silicate mineral in the
Barrovian metamorphic concept (Barrow, 1912; Gillen, 1982). Its
occurrence is usually in rocks of quartz and mica-rich schists and
gneisses, locally occurring as the peculiar nodular gneisses with coarse
white nuggets concentrating sillimanite in the gneiss (e.g., Munz et al.,
1994; Vernon, 1979).

The origin of the sillimanite nodular gneisses has been disputed, and
the understanding of their origin and formation of this special lithology
affect modelling of geological history (e.g., Spry et al., 2022). While the
presence of sillimanite has been taken to support a sedimentary rock
origin (e.g., Spry et al., 2022), other studies have assigned their origin in
a granitoid environment (McLelland et al., 2002a). From the Bamble
lithotectonic domain of south Norway, the original descriptions by
Brogger (1934) explained the sillimanite nodular rocks as granitic rocks.
Later Bugge (1943) and Elliot and Morton (1965) interpreted the same
rocks as of sedimentary origin. More recently, one of the models for
nodular gneisses formation is based on deformation of granites (Hunter
and Andronicos, 2013; McLelland et al., 2002b). From the Cooma
Complex (Australia) and Adriondack Mountains (North America), Ver-
non (1979) and McLelland et al. (2002a) attributed the formation of
sillimanite to alkali leaching by hydrothermal fluids, while Spry et al.
(2022) linked nodular sillimanite rocks of Colorado (North America) to
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hydrothermal processes and a field indicator to sulphide deposits.

In this study we describe the sillimanite and nodular gneisses of the
Proterozoic Bamble lithotectonic domain in south Norways; its field re-
lations, mineral chemistry and microfabric. Textural relationships sug-
gest that the sillimanite gneisses formed by a leaching of K and Mg. Since
the intense scapolitisation in the region is induced by K and Mg fluids we
suggest that the formation of the sillimanite gneiss interacted by the
scapolitisation of the adjacent rocks. Microfabric studies are performed
to evaluate the relationship between mineral reactions and deformation,
and to characterise deformation mechanism during metasomatism. We
discuss the nodular fabric and its origin as a metasomatic rock. We raise
the question how metasomatism by chemical rock change during min-
eral replacement affect rock fabric transformation, and if metasomatism
actively contribute to deformation fabric during mass transfer by
dissolution-precipitation mechanisms rather than dislocation creep.

2. Geological setting

The Bamble lithotectonic domain (Fig. 1) consist of Proterozoic
continental crust reworked during the Sveconorwegian orogeny (e.g.,
Bingen et al., 2008), considered as one of the classical examples of high-
grade metamorphic terranes recording the transition from amphibolite
to granulite facies (e.g., Touret, 1971). Based on garnet-orthopyroxene
gneisses regional metamorphic conditions is estimated to T > 850 °C
and P up to 1.15 GPa (Engvik et al., 2016). The Bamble lithotectonic
domain, together with the Modum-Kongsberg domain (Fig. 1), includes
a series of metasomatic rocks. Scapolite metagabbros, where scapolite
coexisted with enstatite, phlogopite, amphibole and rutile, is con-
strained at 600 to 700 °C at mid-crustal levels (Engvik et al., 2011;
Lieftink et al., 1994; Munz et al., 1994). Mg-Al-rich lithologies, i.e.,
orthoamphibole-cordierite schists and sillimanite gneisses occur
together with scapolitised rocks (Engvik and Austrheim, 2010; Munz
et al., 1994), estimated to have been formed at T > 930 °C and 1.0 GPa
by Kihle et al. (2010). Dolomite-carbonates were deposited by car-
bonitisation (Dahlgren et al., 1993). Albitisation is widespread, broadly
affecting the Mesoproterozoic rocks of the Sveconorwegian orogen in
southern Scandinavia (Fig. 1; Nijland et al., 2014, Munz et al., 1994,
Engvik et al., 2014). The Bamble and Modum-Kongsberg lithotectonic
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[0 Caledonian nappes
Bl Westem Gneiss Region

Geological map of the
Kragerg area
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Fig. 1. a) Regional tectonic map of South Norway, square indicates study area enlarged in Fig. 1b (from Engvik et al., 2016) b) Geological map of the Kragerg-Bamble
area of the Bamble lithotectonic domain, South Norway (after Engvik et al., 2018). Arrow indicates sampled area.
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domains are situated bordering to the magmatic active Permian Oslo
Rift (Fig. 1), and Austrheim et al. (2022) links part of the Na-
metasomatism and low-grade alteration to the Permian activity.

3. Metasomatism in the Bamble lithotectonic domain by K-Mg-Cl
rich fluids

The infiltration of Mg-K-Cl-fluid was important during the meta-
somatism of the Bamble lithotectonic domain. Engvik et al. (2011) and
Kusebauch et al. (2015a) documented Mg-K-Cl-metasomatism as critical
during transformation of gabbros to scapolite metagabbro. Cl is the
major component of the marialitic scapolite in the Kragerg-Bamble area
(Engvik et al., 2011; Mejg_42, Cl < 0.97 a.p.f.u.). The infiltration of Cl
was in special important during formation of this areas characteristic
@degarden chlorapatite (Brogger and Reusch, 1875) and its extensive
deposits (Engvik et al., 2009; Harlov et al., 2002; Kusebauch et al.,
2015b; Lieftink et al., 1994; Nijland et al., 1993). Lieftink et al. (1994)
and Harlov et al. (2002) highlighted the importance of Cl during
mobilization of rare earth elements in the apatite. K-Mg-rich fluids were
transforming Fe-Ti oxides to phlogopite, biotite and talc (Austrheim
et al., 2008), and the K-Mg-rich phlogopite is a modally important part
of both the scapolite metagabbros and the extensive chlorapatite veins.
Mg-infiltration caused formation of sapphirine and corundum in meta-
somatized gabbros, a process that were discussed as important for for-
mation of Mg-Al-rich lithologies as orthoamphibole-cordierite schists
(Engvik and Austrheim, 2010). Chlorine is an active ligand in hydro-
thermal fluids (Liebscher, 2007), transforming both mafic and felsic
rocks into albitites during Na-metasomatism (Engvik et al., 2008, 2014,
2017; Nijland et al., 2014). Stable isotopic studies from the Bamble-
Kragerg area indicate marine evaporites or a seawater source for the Cl-
bearing fluid (Bast et al., 2014; Engvik et al., 2018). Chlorine is effec-
tively depleting Fe and a transport and canalization by hydrothermal
fluids can explain the ore deposition in the Bamble lithotectonic domain
(NGU Ore Database; Engvik et al., 2014).

4. Analytical methods

Thin sections of selected samples represent slices parallel to the
sample lineation (x) and perpendicular to the foliation (z). Detailed
petrographic studies were performed by optical microscopy and scan-
ning electron microscopy (SEM) using a LEO1450 VP instrument at the
Geological Survey of Norway (NGU). Mineral identification was done
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with an energy-dispersive spectrometer (EDS) mounted on the SEM.
Analythical conditions were 10 nA sample current, 15 kV acceleration
voltage and working distance 7 mm. An overview of key samples with
mineral assemblage, replacement reaction and major fabric are listed in
Table 1.

For electron backscattered diffraction (EBSD) analytics at the scan-
ning electron microscope (SEM), the thin sections were polished using a
colloidal silica suspension (Syton, 0.02-0.06 pm) in a vibratory polisher
for 2 h and coated with a thin (5-7 nm) carbon layer. The samples were
analysed with a Hitachi SU5000 field emission SEM equipped with a
Nordlys I EBSD detector and integrated with EDS (Oxford Instruments)
at the Department of Earth and Environmental Sciences at LMU Munich.
For acquisition and interpretation of data, the AZtec software 4.2. and
for processing of EBSD data the Channel 5 software of Oxford In-
struments was used. EDS measurements were taken at 20 kV and a
working distance of 10 mm. Automatic EBSD measurements were taken
at 20 kV using a pre-tilted sample holder (70°) with working distances
between 10 and 20 mm and step sizes of 1.6 to 3 pm. The presented pole
figures represent stereographic projections of the lower hemisphere.

The bulk rock compositions (Table 2) were analysed at NGU,
measured on tablets and fused glass beads prepared by 1:7 dilution with
lithium tetraborate. The samples were analysed on a PANalytical Axios
XRF spectrometer equipped with a 4 kW Rh X-ray end-window tube,
using common international standards for calibration.

Quantitative microanalyses of minerals (Table 3) were performed
using a Cameca SX100 electron microprobe equipped with 5
wavelength-dispersive spectrometers (WDS) at the Institute of Geo-
sciences, University of Oslo. The accelerating voltage was 15 kV and the
counting time 10 s on peak using a beam current of 15 nA. K-feldspar
was analysed with a focused beam, while a defocused bean of 5-10 pm
was used for the micas. Standardization was made on a selection of
synthetic and natural minerals and oxides. Data reduction was done by
the PAP program (Pouchou and Pichoir, 1984). Structural formula for K-
feldspar is calculated on the basis of five cations, and for micas based on
22 oxygen. Mg# are calculated as Mg/(Mg + Fe).

5. Field relations and rock characteristics

The Kragerg-Bamble area (Fig. 1) consists of an interlayered complex
of mafic rocks and variable gneisses and quartzites (Padget and Brekke,
1996). The mafic rocks are amphibolite and metagabbro including
scapolite metagabbro, bodies of gabbro, interlayered by Mg-rich

Table 1
Key samples (abbreviations after Whitney and Evans, 2010).
Sample E-UTM N-UTM Rock type Major Minor Accessory Replacement reactions Fabric
No. minerals minerals minerals
Bt= Fe-oxide-prehnite; Kln;
AE4 532,131 6,532,620  Biotite gneiss Qz Bt Wm Kln Opq Kfs= Wm Well-developed foliation
Sillimanite nodular, Well-developed foliation in
AE123 532,016 6,532,464  well-foliated gneiss Sil Qz Bt layers
Sillimanite nodular Bt Kfs Wm Bt= Wm + Kln + Chl + Fe-
AE124 532,067 6,532,556  gneiss Sil Qz Kln Chl Tur Zrc Opq oxide Well-developed foliation
Sil Wm Pl Opq Green-Spl Bt= Fe-oxide+prehnite;
AE125 532,042 6,532,726 Sillimanite-mica gneiss Qz Kfs Bt Prh Zrc Ap Kfs= Wm Weak foliation
Sillimanite nodular and  Sil Qz Bt
AE126 532,131 6,532,620 foliated gneiss Wm Kfs Chl Kin Tur Kfs= Wm; Bt= Chl + Kln Variable foliation
AE127 532,131 6,532,620 Sillimanite-mica gneiss Sil Qz Bt Kfs Wm Chl Zrc Bt= Chl; Kfs= Wm Variable foliation
Sillimanite nodular Bt= Wm + Fe-oxide; Fld-
AE128 532,131 6,532,620 gneiss Sil Qz Bt Wm Opz Zrc breakdown Well-developed foliation
Sillimanite nodular
AE129 532,131 6,532,620 gneiss Sil Qz Bt Wm Kfs Kfs= Wm; Cc; Wm= Sil Variable foliation in laysers
Bt= Chl + Wm + Fe-oxide; Well-developed foliation,
AE130 532,187 6,532,584  Sillimanite gneiss Sil Qz Bt Wm Chl Opq Zrc Ap Wm= Sil partly large-grained quartz
Kfs Wm P1 Bt= Phrenite-+Fe-oxide;
AE132 532,007 6,532,752  Sillimanite-mica gneiss  Sil Qz Bt Prh Opq Zrc Ap Wm= Sil; Kfs= Wm Variable foliation
Bt= Wm + Fe-oxide: Kfs=
AE133 531,909 6,532,853  Biotite gneiss Qz Bt Kfs Wm Opq Zrc Wm Well-developed foliation
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Table 2
Whole rock geochemistry.
Sample Rock type SiO, Al,03 FeO* TiOp, MgO CaO Na0O K0 MnO P,0s LOI Sum ASI Fe- Naz0 +
No o index*** K,0-CaO
AE4 Biotite gneiss 76.70 8.57 3.31 0.52 5.13 0.21 0.05 4.18 0.02 0.01 1.21 98.70 1.79 0.39 4.02
Sillimanite nodular,
AE123 well-foliated gneiss 91.70 4.04 1.01 0.24 1.22 0.14 0.05 1.01 0.02 0.06 0.64 99.50 3.11 0.45 0.92
Sillimanite nodular
AE124 gneiss 90.60 5.07 0.60 0.12 0.52 0.15 0.18 1.94 0.01 0.04 0.75 99.30 2.00 0.54 1.97
Sillimanite-mica
AE125 gneiss 73.90 13.10 2.24 0.28 1.47 0.68 1.10 6.76 0.02 0.06 1.10 99.60 1.34 0.60 7.18
Sillimanite nodular
AE126 and foliated gneiss 82.90 9.44 1.10 0.21 2.03 0.17 0.14 2.24 0.05 0.04 1.79 98.30 3.36 0.35 2.21
Sillimanite-mica
AE127 gneiss 83.10 8.34 1.25 0.30 2.72 0.12 0.14 3.19 0.01 0.05 1.44 99.20 2.20 0.31 3.22
Sillimanite nodular
AE128 gneiss 81.30 9.03 2.05 0.32 2.80 0.10 0.14 3.30 0.01 0.05 1.15 99.10 2.32 0.42 3.34
Sillimanite nodular
AE129 gneiss 83.00 9.78 1.43 0.24 1.32 0.40 0.25 2.80 0.05 0.06 1.55 99.30 2.57 0.52 2.65
AE130 Sillimanite gneiss 93.50 3.33 0.45 0.11 0.41 0.12 0.05 0.98 0.05 0.05 0.66 99.00 2.66 0.52 0.91
Sillimanite-mica
AE132 gneiss 81.90 9.80 1.39 0.27 1.11 1.36 0.40 2.69 0.02 0.08 1.04 99.00 2.04 0.56 1.73
AE133 Biotite gneiss 80.20 10.00 1.92 0.36 2.62 0.14 0.14 4.29 0.01 0.07 1.27 99.80 2.00 0.42 4.29
" FeO = FeOtotal.
“* ASI = Aluminum Saturation Index (Al / (Ca — 1.67*P + Na + K)).
" Fe-index = FeOtot/(FeOtot+MgO).
Table 3
Representative mineral chemical data.
Sample No. AE126B AE126B AE126B AE126B AE126B AE124
Analyse No. #12 #11 #21 #14 #19 #24
Mineral phase K-feldspar Biotite Biotite Muscovite Muscovite Muscovite
SiO4 64.89 38.80 37.01 49.86 47.19 47.20
TiOy 0.00 2.09 2.31 0.01 0.02 0.01
Al,03 18.42 20.13 19.04 31.42 34.55 33.18
FeO 0.00 6.80 12.73 1.66 0.83 1.94
MnO 0.00 0.03 0.10 0.01 0.00 0.00
MgO 0.01 17.04 13.14 1.75 1.24 1.24
CaO 0.02 0.00 0.01 0.07 0.39 0.01
NaO 2.60 0.09 0.13 0.09 0.19 0.14
K0 13.39 9.30 9.76 10.33 8.26 11.07
Cry03 0.03 0.00 0.02 0.00 0.00 0.00
Total 99.34 94.43 94.24 95.20 92.62 94.78
Si 2.98 5.56 5.51 6.61 6.33 6.34
Ti 0.00 0.23 0.26 0.00 0.00 0.00
Al 1.00 3.40 3.34 4.91 5.47 5.25
Fe 0.00 0.82 1.58 0.18 0.09 0.22
Mn 0.00 0.00 0.01 0.00 0.00 0.00
Mg 0.00 3.64 2.91 0.35 0.25 0.25
Ca 0.00 0.00 0.00 0.01 0.06 0.00
Na 0.23 0.02 0.04 0.02 0.05 0.04
K 0.79 1.70 1.85 1.75 1.41 1.90
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Sum cations 5.00 15.37 15.51 13.82 13.66 14.00
Mg/(Mg + Fe) - 0.82 0.65 0.65 0.73 0.53
Kfs 0.77
An 0.00
Ab 0.23

" structural formula based on 5 cations.
" structural formula based on 22 O.

orthoamphibole-cordierite amphibolitic schist. Granitoid gneisses are of
granitic, granodioritic, quartzdioritic, and tonalitic composition. Albi-
tite occur as larger bodies or vein alteration cutting through both mafic,
granitoid and felsic rocks. Quartzite is interlayered with garnet
amphibolite, granitoid gneisses, and garnet- and cordierite-bearing mica
gneiss. The quartzite is extensive and following the main structural trend
of the area (Padget and Brekke, 1996; Fig. 1) and contain variable
amounts of sillimanite and occurs partly as nodular and foliated silli-
manite gneisses (Brogger, 1934; Bugge, 1943; Elliot and Morton, 1965).

The relationship between the Mg-K rich scapolite metagabbro, Mg-rich
orthoamphibole-cordierite amphibolitic schist and sillimanite nodular
gneisses is evident, i.e., by the localities Ringsjo (Fig. 1; Engvik and
Austrheim, 2010) and Atangen (Fig. 2a).

The sillimanite gneisses were studied and sampled in detail at the
Valle locality in the Kragerg-Bamble area (Fig. 1) where the lithology
occurs as a c. 800 m thick layer included in various quartzite and mica-
rich gneisses. The sillimanite-bearing gneiss are showing peculiar
nodular structures (Fig. 2b). The nodules are a few-cm large spherical to
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Fig. 2. Field photos, Bamble lithotectonic domain: a) 0.5 m thick layer of
sillimanite-nodular gneiss in the orthoamphibole-cordierite-bearing amphibo-
lite at locality Atangen. b) Sillimanite-nodular gneiss, locality Valle. c) Foliated
sillimanite-bearing gneiss, locality Valle. d) K-feldspar-layers in mica-rich
gneiss, locality Valle.

slightly elongate aggregates of quartz and sillimanite. The sillimanite
gneisses show a variable degree of foliation. The elongation of the
spherical nodules forms a lineation flattened into the foliation. The
sillimanite gneiss varies spatially with layers including preserved nod-
ules between horizons where the nodules are aligned in the foliation as a
variable sillimanite-mica-quartz-K-feldspar gneisses, grading into well-
foliated sillimanite gneiss (Fig. 2c¢). The sillimanite gneisses can
contain K-feldspar-rich layers (Fig. 2d).
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5.1. Geochemical composition

The geochemical composition of the major elements in Table 2 and
Fig. 3 illustrates the rocks peraluminous composition. Both biotite
gneisses and sillimanite-bearing gneisses are silica-rich (76-94 wt%
SiO5) with an aluminum saturation index (ASI = Al/(Ca-1.67P + Na +
K)) >1.0 for all samples (Fig. 3a). The alkali and calcium content (NazO
+ K20 + CaO) show a broad general variation of 0.9-7.2 wt% for the
measured samples (Fig. 3b). Both Na;O and CaO occur low, while K,O
shows a variation, at highest up to 6.8 wt%, contributing to the spread
(Fig. 3b). The Fe-index (FeO'""/(FeQ™" + MgO); Frost et al., 2001) varies
from 0.31 to 0.60, which confirm magnesian character for high SiO,
compositions. (Fig. 3c).

6. Mineral chemistry and reaction microfabrics

The sillimanite- and nodular gneisses are quartz-dominated with
various modal contents of K-feldspar, sillimanite, white mica and bio-
tite. Plagioclase occurs only locally and minor, and zircon, tourmaline,
apatite, spinel and Fe-oxide accessory (Table 1). K-feldspar is Kfs;7Abas,
biotite is Mg-rich (Mg# = 0.65-0.82; Ti = 0.23-0.26 a.p.f.u.) and white
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Fig. 3. Geochemical characteristics of nodular and sillimanite gneiss, major
elements: a) The aluminum saturation index (ASI) plot (after Maniar and Pic-
coli, 1989) shows a peraluminous composition of the sillimanite-bearing
gneisses. b) Na + K + Ca composition versus SiO, plot illustrates a lowering
with increasing SiO, content. ¢) Fe-index versus SiO, illustrates a magnesian
composition (Frost et al., 2001) of the sillimanite gneisses.
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mica is muscovite with Si = 6.33-6.61 a.p.f.u. (Table 3). The rocks show
different reaction fabrics and microfabrics, which are described as
follows:

I - Biotite-breakdown reaction fabrics: Biotite is typically aligned with
its basal plane in the foliation (Fig. 4 a-c). It can be partly replaced by
muscovite, present along the cleavage plane of biotite (Fig. 4). Musco-
vite can also occur along microfractures in biotite (Fig. 4d). Associated
are small Fe-oxides along the cleavage planes (Fig. 4) but also along
microfractures or phase boundaries of muscovite and biotite (Fig. 4e-f).

II - K-feldspar-breakdown reaction fabric: Coarse (few hundred pm in
diameter) K-feldspar, quartz and biotite crystals are aligned within the
foliation plane (Fig. 5a). K-feldspar can be partly (Fig. 5 a, ¢, d) or
completely replaced by fine-grained aggregates of white mica (Fig. 5 b,
e, f). The different grey scale in BSE-image of the fine-grained white
mica aggregate (Fig. 5f) reflects minor variations in the content of Al and
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K versus Mg and Fe. Roundish quartz inclusions are common in the
muscovite aggregates (Fig. 5b, e).

IIT - Sillimanite growth fabrics: Sillimanite needles occur both in
sillimanite-rich layers parallel to the foliation and as fibrous crystals
included in quartz and muscovite (Fig. 6). They show typically a few pm
thickness and a few tens of pm length. Sillimanite is found as irregular
aggregate replacing white mica (Fig. 6¢-f, 7a-b).

IV — Muscovite microfabric: Muscovite forms several hundred pm long
elongate crystals, typically a few tens of pm wide with an aspect ratio of
ca. 5:1 (Fig. 6¢-d, 7a-b). Generally, phase boundaries dominate, which
are mostly lobate and thus irrational (Fig. 6¢-f, 7a-b, 8a-c), i.e., they are
not dominated by the cleavage plane (the basal plane). Micas included in
quartz show similar crystallographic orientations, which is interpreted
as representing coarse grains connected in 3D and is not indicating a
preferred orientation associated to the foliation (Fig. 7).

S
Fe-oxide

Fig. 4. Biotite replacement microfabrics (abbreviations after Whitney and Evans, 2010): (a-c) Biotite and white mica occur in alternating lamellas parallel to the
cleavage plane, along which also Fe-oxide and locally some chlorite occurs. Sample AE126, photomicrograph (b taken with crossed polarizers). (d-f) White mica
occurs along cleavage planes of biotite and along microcracks through biotite and quartz. Fe-oxide is present along grain boundaries and associated with white mica.
Locally, kaolinite is observed along the cleavage planes in biotite. Sample AE4, BSE-images.
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Fig. 5. K-feldspar breakdown microfabrics. (a-c) K-feldspar showing various replacement to white mica. Photomicrographs, sample AE126, crossed polarizers (c is
closeup of area marked in (a) by white-dashed line). (d) K-feldspar showing white mica along microcracks within the crystal. BSE-image, sample AE126. (e) Former
K-feldspar completely replaced by fine-grained white mica with included quartz. Note lobate phase boundaries to quartz. BSE-image, sample AE129. (f) Fine-grained
aggregate of white mica, as replacement of K-feldspar. Different grey scale reflects smaller variation in the mineral chemistry. BSE-image, sample AE129.

V — Nodules: The sillimanite nodules, peculiar in outcrop scale
(Fig. 2b), are in microscale constituted by mainly quartz and sillimanite
(Fig. 6a-b). Quartz grains are sub- to anhedral and varying in grain size
from 0.5 to 2 mm. The quartz has a variable shape-preferred orientation
(SPO). Sillimanite crystals occur along quartz grain boundaries but also
included in quartz and mica (Figs. 6, 7a-b, 8).

VI — Foliation: The foliation is characterized by alternating quartz-
rich, sillimanite-rich and/or mica-rich layers (Fig. 8e-f). Whereas
muscovite shows a shape but not an associated crystallographic orien-
tation and lobate phase boundaries (Fig. 8a-c), biotite is showing
rational phase boundaries with its cleavage plane aligned into the foli-
ation (Fig. 9e-f). Quartz is medium- to coarse-grained and has a shape-
preferred orientation with the long axis of grains of a few hundred pm
aligned in the foliation and a typical aspect ratio 4:1. Quartz commonly

forms so-called ribbon grains characterized by elongate grains with a
width of 50-100 pm and an aspect ratio of 4:1. (Figs. 8b-d, 9), where the
long axis of grains, i.e., the ribbon boundary, is typically a phase
boundary (to sillimanite and/or mica) and the short axis of grains is a
grain boundary at high angle to the ribbons (Figs. 8d, 9a, c). Low-angle
grain boundaries are rare in the ribbons and quartz shows typically a low
relative misorientation (the average grain orientation spread is lower
than 3°, Fig. 9c). There is no apparent crystallographic preferred
orientation of quartz (Fig. 9b). Sillimanite-crystals are elongated with a
marked SPO and associated crystal-preferred orientation (CPO) char-
acterized by the (001) direction within the foliation plane (Fig. 9).

VII - Retrograde mineral reactions:

Retrograde mineral reactions are indicated by typical low-grade
minerals as chlorite, kaolinite, prehnite and pumpellyite occurring as



A.K. Engvik et al.

LITHOS 456-457 (2023) 107317

Fig. 6. Sillimanite growth microfabrics. (a, b) Sillimanite as thin needles included in quartz. Sample AE126, photomicrographs, b) taken with crossed polarizers. (c,
d) Sillimanite needles included in quartz and muscovite. Note the lobate phase boundaries of white mica. Sample AE129, photomicrographs, crossed polarizers. (e, f)

Sillimanite replacing white mica. BSE-image, sample AE129.

lamellas commonly included in biotite or within microscale veins
(Table 1, Fig. 4a-b, f). Sillimanite show partly a late alteration to sericite.
The low-grade facies minerals and reactions from the region are
described in detail by Austrheim et al. (2022).

7. Discussion
7.1. Mineral reactions

Assuming immobile Al, the observed replacement of biotite by
muscovite can be written as:
3Biotite—>muscovite + 9 (Fe, Mg) + 2 K + 6 quartz +2 H,0 (@D)]

3 K(Mg, Fe)3(AISi3019) (OH),— KAl (AlSis010) (OH), +9 (Fe**, Mg™")
+2 K" +6Si0,+2H,0

The replacement of biotite to muscovite releases Fe, Mg, K, SiO, and
water (Fig. 10). The muscovite partly replacing biotite occurs along the
cleavage planes (Fig. 4). SiO» is conserved as quartz and the excess of Mg
and K is interpreted to be released in the fluid. Fe is represented by Fe-
oxide; Fig. 4 illustrates Fe-oxide along mica cleavage planes and grain
boundaries (Fig. 4a-e) as well as in the replacement product of musco-
vite (Fig. 4e-f). Muscovite (Fig. 4d) and Fe-oxide (Fig. 4f) along micro-
cracks and Fe-needles along grain boundaries (Fig. 4e) indicate Fe-
mobility by channelized fluid flow. Assuming transportation of the
released elements and water, the reaction leads to a molar volume loss of
39%, according to the molar volumes of biotite (c. 151 /cm3), muscovite
(141/cm®) and quartz (23/cm3; molar volumes based on Robie and
Bethke, 1962).

The observed replacement of K-feldspar to muscovite and sillimanite
can be described by a two-staged quartz and potassium-producing
mineral reaction: In the first stage, by infiltration of water (possibly
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Fig. 7. EBSD data of quartz-mica aggregates (sample AE 129). (a) Micas are colour coded by crystallographic orientation (three Euler angles) overlying band
contrast. (b) Phase map with quartz in yellow, mica in red and sillimanite in blue colours. (c-e) Pole figure of crystallographic orientations of mica, quartz and
sillimanite planes and directions, colour coding and orientation correspond to the map in (b). Note the similar orientation of mica in (a) and the missing association of
the long axes of mica to the orientation of the basal plane of mica and the lobate phase boundaries. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

partly released due to the breakdown of biotite), K-feldspar breaks down
to white mica where K-feldspar is replaced to muscovite in micro-
fractures through K-feldspar (Fig. 5a, c-d), or as a complete replacement
and pseudomorph after K-feldspar (Fig. 5b, e-f):

3 K — feldspar + H,O—white mica + 6 quartz+2 K (2)

3 KAISi; 05 + H,0—KAIL(AISi;01) (OH), + 6 Si0, +2 K*

The reaction produces in addition to muscovite, also substantial
amounts of quartz and excess potassium (Fig. 10). The crystallisation of
muscovite consumes in addition minor amounts of Fe and Mg. The very
fine-grained muscovite crystals with a random orientation are inter-
preted as an early and incomplete reaction stage where the different
intensities on BSE-images reflect smaller variations in chemistry
(Fig. 5f). For the reaction (2) a molar volume loss of 15% is achieved
assuming transportation of the released K, according to the molar vol-
umes of K-feldspar (c. 109/cm3), muscovite and quartz.

In the next stage, muscovite breaks down to sillimanite illustrated as
the radiating sillimanite-needles with muscovite in quartzite (Fig. 6a-d)
and sillimanite replacement in muscovite (Fig. 6e-f):

2 muscovite—3 sillimanite + 3 quartz +2 K+2 H,0 3)

2 KAL(AISi304)(OH),—3 ALSiOs + 3 Si0, +2 K™ +2 H,0

Transformation of K-feldspar produces sillimanite, quartz and is
releasing a K-rich fluid. The incomplete breakdown reaction is illus-
trated by Fig. 6e-f. The molar volume loss of the reaction is 22%
assuming transportation of the released K and water, based on the molar
volumes of K-feldspar, sillimanite (50/cm3) and quartz.

White mica produced in reaction (2), can break down producing
sillimanite, quartz, additional K and water following reaction (3), which
can again trigger the breakdown of K-feldspar (reaction 2). The release
of K produces a peraluminous rock, in accordance with the geochemical
data (Table 2; Fig. 3).

7.2. Relation between mineral reactions, metasomatism and microfabric
development

As introduced above, deformation of rocks can increase the rates of
mineral reactions and vice versa, e.g., during incongruent dissolution-
precipitation creep (e.g., Wassmann et al., 2011; Wheeler, 1992;
Wintsch et al., 2005). Fluids can enhance mineral reaction by brittle
deformation (e.g., Jamtveit et al., 2016), or cause change of fabric by
dissolution of pre-existing phases and concomitant precipitation of new
ones (e.g., Putnis, 2021). All deduced reactions above (reactions 1-3)
cause, assuming transportation of released elements and water, a vol-
ume reduction. Assuming phase molar volume after Robie and Bethke
(1962), the reactions reduce molar volume loss by 15-39% the involved
phases, which will enhance rock deformation.

In our study the missing CPO of quartz, the subordinate low-angle
grain boundaries and only few sutured high-angle grain boundaries
together with the low grain orientation spread, i.e., little internal
misorientation of quartz with misorientation angles lower than 5°, re-
veals that dislocation creep of quartz cannot explain the elongate
ribbon-structure of quartz. The formation of quartz-ribbons in high
grade metamorphic granulites has been discussed to involve epitactic
growth during quartz-producing mineral reactions by diffusional creep
(Engvik et al., 2020). Also, the SPO of mica without a corresponding
CPO together with the lobate phase boundaries are suggesting, that the
foliation is not a secondary foliation formed by rotation of originally
homogenously distributed grains into the foliation plane. Coarse
muscovite with lobate boundaries to quartz imply low nucleation rates,
no crystallographic or surface-energy control during growth and no
obvious crystallographic relationship to quartz. Thus, the microfabric
shows no evidence of quartz dislocation creep, which implies that bulk
stresses at the given pressure/temperature conditions (600 to 700 °C at
mid-crustal levels) were not sufficient for a notable accumulation of
strain by dislocation creep. Therefore, we can use experimentally cali-
brated flow laws for dislocation creep of quartz at geological relevant
strain rates (e.g., Luan and Paterson, 1992; Tokle et al., 2019) as an
upper bound for the stress, which indicates that stresses were below a
few tens of MPa. Instead, we interpret the nodular or foliated micro-
fabric to represent growth of muscovite, quartz and sillimanite during
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Fig. 8. Polarized light micrographs of foliation microfabric, sample AE129 (a-c, e-f) and AE 123 (d). (a-d) Muscovite with lobate phase boundaries associated with
elongate quartz grains aligned in foliation (crossed polarizers). (e, f) Biotite can be present aligned with the basal plane in the foliation plane and rational phase

boundaries (f is taken with crossed polarizers).

metasomatic reactions via incongruent dissolution-precipitation creep
at low bulk stresses (e.g., Wassmann and Stockhert, 2013). The differ-
ence in microfabric might reflect locally varying stress/strain conditions
and possibly heterogeneities in the microfabric of the rock educt. The
nodular sillimanite gneisses might represent a coarser educt, whereas
the foliated sillimanite gneisses represent a finer grained rock educt. A
finer grain size can be expected to lead to a lower viscosity given the
polyphase mineral assemblage and fluid availability and therefore ac-
commodating the higher amount of strain, compared to the coarser
grain size, given the grain size dependence of dissolution precipitation
creep (e.g., Wassmann and Stockhert, 2013; Wheeler, 1992; Wintsch
etal., 2005; Wintsch and Yi, 2002). The metamorphic phase assemblage
might have partly inherited the original grain size distribution of the
rock educts. Additionally, locally different stress/strain conditions were
caused by the volume loss during mineral reactions and associated
dissolution-precipitation processes, as described above. Similar defor-
mation and fabric evolution by major element loss during
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transformation and formation of sillimanite schist are also described
Hunter and Andronicos (2013).

7.3. The origin of K-Mg-metasomatic fluid

The mineral replacement and deduced reactions above document
release of the chemical active K- and Mg-components forming the
metasomatic fluid: The breakdown of biotite to muscovite releases K,
Mg, Fe, quartz and H,0 (reaction 1). HoO is reacting with K-feldspar to
produce additional amounts of white mica and quartz (reaction 2).
During a subsequent reaction muscovite is replaced by sillimanite, again
releasing quartz and a K-rich fluid (reaction 3).

The source of fluids is commonly ambiguous when describing fluid-
rock interaction and metasomatism and is often difficult to resolve. The
scapolite metagabbros of the Bamble lithotectonic domain contain
locally a conspicuous high amount of phlogopite (K-Mg-rich mica/bio-
tite). Lieftink et al. (1994) and Engvik et al. (2011) have earlier
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boundaries
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Fig. 9. EBSD data of quartz ribbons separated by sillimanite-rich layers (sample
AE 123). (a) Quartz colour coded by crystallographic orientation (three Euler
angles) overlying band contrast. Low-angle grain boundaries (<10° misorien-
tation angle) are indicated by yellow lines, high-angle grain boundaries (>10°
misorientation angle) by red and Dauphiné twin boundaries are indicated by
green lines. (b) Corresponding pole figure for quartz <c> and <a> axes and
poles to {r}rhombohedral planes. Colour coding and orientation correspond to
the map in (a). (c) Grain orientation spread map showing that relative mis-
orientations are generally below a few degrees. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

documented that this intense scapolitisation was caused by K- and Mg-
rich fluids. By this study we now document one possible source of the
K-Mg-metasomatic fluid by the breakdown of biotite, K-feldspar and
white mica. In addition, the biotite breakdown releases Fe, correlated
with tiny Fe-oxide crystals along microfractures and grain boundaries in
the restite. As a metasomatic fluid actively transports Fe (Liebscher,
2007), Fe might also be released to the surroundings with an additional
contribution to the Fe-deposits in the area (Engvik et al., 2014).
Furthermore, Cl and B are known to be chemical active components
during the metasomatism of the Bamble lithotectonic domain by
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Fig. 10. Simplified overview 2D sketch on the element transport, illustrating
evolution of a possible granitic protolith during mineral transformation,
metasomatism and evolution of sillimanite gneiss under molar volume loss and
isostatic stress. See text for discussion.

extensive occurrence of tourmaline (Bast et al., 2014) and chlorapatite
(Engvik et al., 2009; Harlov et al., 2002; Nijland et al., 1993). In the
studied sillimanite quartzites tourmaline is a frequent accessory phase
(Fig. 5¢). Chlorine is an important ligand in hydrothermal fluids and
controls solubility and mobility of several metal ions (Liebscher, 2007).

Stable isotopic studies from the Bamble-Kragerg area indicate marine
evaporites or a seawater source for the Cl-bearing fluid (Bast et al., 2014;
Engvik et al., 2018), while Dahlgren et al. (1993) indicated both
magmatic and metamorphic source for the metasomatic fluids. But
questions on fluid source can also be discussed in the frame of local or
regional source, and the answers will depend on the considered scale.
The possible seawater or magmatic source together with increasing
temperature could on the regional scale initiate metamorphic reactions.
The replacement of biotite (above reaction 1; Fig. 4) illustrates a possible
internal source of water that again can initiate breakdown of K-feldspar
and white mica to quartz and sillimanite (Figs. 5-6). The documented
microfabrics illustrate that the fluid flow is channelled along micro-
fractures and grain boundaries (Figs. 4d-f; 5c-d).

8. Conclusions

Our study shows that the nodules of the sillimanite gneiss are mainly
comprised by quartz and sillimanite (Fig. 6a-b), formed by the mineral
reactions (1-3) where K-feldspar, biotite and white mica in original
biotite gneisses are consumed and K-Mg-rich fluids are released
(Fig. 10). These fluids documented by the microfabrics of the sillimanite
gneisses can explain the intense K-Mg metasomatism of scapolitisation
in the Bamble lithotectonic domain.

As introduced above, the presence of sillimanite has been taken as
argument in favour of a sedimentary rock origin (e.g., Spry et al., 2022),
other studies have assigned their origin in a granitoid environment
(Hunter and Andronicos, 2013; McLelland et al., 2002a). The protolith
of the Bamble nodular gneiss was most likely a mica gneiss or granite
and in accordance with Brggger (1934), Vernon (1979), McLelland et al.
(2002a) and Spry et al. (2022) who attributed sillimanite formation to
hydrothermal fluids and alkali leaching.
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No evidence of major strain accumulated by dislocation creep was
detected to be involved in the microfabric evolution, indicating gener-
ally low bulk stress conditions (at the most a few tens of MPa). Instead,
we suggest that the nodular or foliated microfabrics formed by incon-
gruent dissolution and precipitation creep depending on the local stress/
strain conditions during the mineral replacement reactions (breakdown
of K-feldspar and biotite) associated molar volume loss and the micro-
fabric of the rock educt. In this way metasomatism can actively
contribute to a deformation fabric during mass transfer and molar vol-
ume change. Our study demonstrates the importance of incongruent
dissolution-precipitation during metasomatism.
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