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ABSTRACT

An unusual occurrence of blackwall rock occurs on a promontory in Lake Kvesjoen, in the Norwegian Caledonides, at the
contact between a lens of ultramafic rock (Fo—En-rock) 200 m in diameter and amphibolite-facies metapelitic country-rocks. The
blackwall contains corundum, staurolite, tourmaline and four micas: muscovite, paragonite, margarite and biotite. Accessories
include allanite—epidote, apatite, ilmenite, rutile, monazite, and zircon. The blackwall evolved from a normal quartz-rich
staurolite—garnet-biotite metapelite by progressive loss of SiO, to the silica-deficient Fo-rich ultramafic rock at about 570 C and
6.5 kbar. Thermodynamic modeling of the metasomatic process predicts first the disappearance of garnet and excess quartz, and
then the production of corundum from excess Al,O3. Subsequent desilication of plagioclase then results in the formation of
paragonite and margarite in addition to the “primary” muscovite and biotite. Abundant development of biotite at the expense of
staurolite and muscovite at a late stage of the process leads to the observed dark biotite-rich corundum-margarite rock. The model
process predicts the observed blackwall mineralogy and also suggests that the corundum—margarite rock represents a mature end-
product of the metasomatic reaction. The SiO; lost by the metapelite reacted with forsterite and enstatite of the ultramafic rock to
form talc. The chemical potential of SiO, imposed by the talc—forsterite assemblage was much lower than that given by quartz
saturation in the metapelite under the prevailing conditions during the active process. The resulting gradient in chemical potential
was the prime driving force in the formation of the blackwall.

Keywords: blackwall, metasomatism, margarite, corundum, ultramafic rocks, desilication, Lake Kvesjoen, Norwegian
Caledonides.

SOMMAIRE

Nous signalons un exemple inhabituel de “paroi noire” sur un promontoire dans le lac Kvesjoen, dans les Calédonides
norvégiennes, au contact entre une lentille de roche ultramafique (roche a Fo-En) d’un diamétre de 200 m et un encaissant
métapélitique (faciés amphibolite). La paroi noire contient corindon, staurolite, tourmaline et quatre micas: muscovite, paragonite,
margarite et biotite. Parmi les accessoires, on trouve allanite—épidote, apatite, ilménite, rutile, monazite, et zircon. Cette paroi
noire s’est formée a partir d’'une métapélite banale a staurolite — grenat — biotite et riche en quartz par perte progressive de SiO,
a la roche ultramafique adjacente, riche en Fo et déficitaire en silice, a environ 570 C et 6.5 kbar. Un modéle thermodynamique
du processus métasomatique prédit d’abord la disparition du grenat et de I‘excédent de quartz, et ensuite la production de corindon
a partir de I’excédent en Al,O3. Une désilication subséquente du plagioclase a donné lieu a la formation de paragonite et de
margarite, ajoutées a la muscovite et la biotite “primaires”. Un développement tardif et abondant de biotite aux dépens de staurolite
et de muscovite a donné I’aspect sombre de la roche a corindon-margarite. Le modéle prédit la minéralogie observée de la paroi
noire et méne a I’hypothese que la roche a corindon—-margarite représente un terme stable de la réaction métasomatique. La silice
perdue par la métapélite a réagi avec la forstérite et I’enstatite de la roche ultramafique pour former du talc. Le potentiel chimique
de SiO; fixé par I’assemblage talc—forstérite était largement inférieur au niveau établi par la métapélite saturée en quartz au cours
du processus aux conditions préconisées. Le gradient en potentiel chimique qui en résulta était le moteur principal de formation
de la paroi noire.

(Traduit par la Rédaction)

Mots-clés: paroi noire, métasomatose, margarite, corindon, roches ultramafiques, désilication, lac Kvesjoen, Caledonides
norvégiennes.
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INTRODUCTION

The occurrence of forsterite-rich mantle rocks as
pods and lenses is common in many orogenic belts.
These so-called Alpine-type peridotites reflect deep
mechanical crust-mantle interaction during subduction,
nappe stacking and later exhumation (Coleman 1971,
Chidester & Cady 1972, Lockwood 1972, Evans 1977,
Stigh & Ronge 1978, Bucher-Nurminen 1991). The ul-
tramafic rocks commonly form solitary and isolated
bodies of tens to some hundreds of m in length. Rare
occurrences may even be a few km in size.

Dark bands or zones mostly consisting of biotite
occur commonly at the contacts between such Alpine-
type ultramafic bodies and the quartzofeldspathic rocks
of the envelope. The bands are soft and black masses of
biotite and are consequently called blackwall. The thick-
ness of the blackwalls is variable, but typically the zones
are some tens of cm thick. Depending on the metamor-
phic conditions during blackwall formation, chlorite or
amphibole and other minerals may be part of the
blackwall assemblage. Many well-documented field
studies of blackwall occurrences (e.g., Read 1934,
Phillips & Hess 1936, Matthews 1967, Curtis & Brown
1969, Griffin 1971, Frost 1975, Cooper 1976, Evans
1977, Sharpe 1980, Sanford 1982, Peacock 1987,
Grapes & Palmer 1996, Puschnig 2002, Dubinska &
Wiewiora 1999, Takla et al. 2003) have shown that these
exceptional rocks typically developed systematic zoned
sequences of assemblages at the contact between rocks
of contrasting compositions. Therefore, the investiga-
tors concluded that blackwalls form as result of chemi-
cal potential gradients and diffusive mass-transfer of
major rock-forming components across the contact. In
a classic paper, Thompson (1959) showed that a simple
predictable zoned sequence of reaction products will
develop at the contact of dunite (forsterite) and quartz-
ite (quartz) by a process called bimetasomatism, diffu-
sion of Si toward the ultramafic rock and Mg toward
the felsic rock.

However, blackwall formation may also involve in-
filtration metasomatism and mass transfer by fluid flow.
It has also been shown in most field studies (for a selec-
tion of references, see above) that the contacts between
bodies of ultramafic rocks and their envelope are tec-
tonic in nature, and the sheared faults along the contact
are preferred paths of migration for fluid flow.
Blackwall formation is thus the result of combined in-
filtration — diffusion metasomatism, with a component
of fluid flow parallel to the contact and a diffusive flux
normal to the contact, with clear evidence for the im-
portance of mass transfer in rock-forming processes in
general (e.g., Curtis & Brown 1969, Frost 1975).

The mineral zonation that develops in the blackwall
depends on metamorphic grade at which the metaso-
matic process takes place and on the rock type forming
the envelope of the ultramafic body. However, shells of
chlorite and particularly biotite are the most common.
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In the lower- and middle-amphibolite facies, an ideal
zonal sequence through a contact zone between an ul-
tramafic rock and gneiss may consist of: biotite gneiss /
quartz-free gneiss / mica-rich gneiss / biotite shell
(blackwall) / actinolite — chlorite — biotite rock / actino-
lite — chlorite — talc rock / talc — forsterite rock (e.g.,
Winter 2001). Under lower-grade, greenschist-facies
conditions, chlorite may be the only blackwall sheet sili-
cate. However, muscovite-rich zones commonly form
in desilicated quartzofeldspathic rocks near the contact
(e.g., Koons 1981).

In this study, we present information on blackwall
rocks with an unusual mineralogy that evolved from a
slab of garnet — staurolite — biotite schist wedged into a
body of ultramafic rock. The metasomatic process trans-
formed the primary schist into a desilicated corundum-
rich residue. The focus of the investigation is on the
reactions and mineralogical changes that accompany the
step-wise transformation of one rock into the other. The
principal questions include: what kind of specific pro-
cesses lead to the development of minerals not origi-
nally present in the unaltered rock, and what are the
driving forces for component migration in quantitative
terms. Finally, we attempt to thermodynamically model
the development of Al-rich blackwall quantitatively in
order to predict the succession of assemblages in the
altered rock and to evaluate the preserved state of the
metasomatic process.

REecIoNAL GEOLOGICAL SETTING

The blackwall rocks of this study were collected
from a small promontory in Kvesjoen, a lake of the
Nordli district, east of Grong, about 200 km north of
Trondheim, Norway (Fig. 1). The precise locality is
Storhammaren (map sheet Murusjéen 1:50000, 1923,
coordinates 51.4/47.9). The promontory is composed of
ultramafic rock and at the lakeshore of Kvesjoen there
is an exposed outcrop of blackwall and the contact with
the unaltered mica schist.

The rock association at the Storhammaren outcrop
is part of the Upper Allochthonous Unit of the Scandi-
navian Caledonides (Fig. 1) (Roberts & Gee 1985, Gee
et al. 1985). This stack of far-traveled nappes can be
further divided into a lower series of nappes, the Seve
nappes, and an upper series of nappes, the Kéli nappes
(not distinguished in Fig. 1). The contact of the Kéli
and Seve nappes is a major thrust fault that occurs im-
mediately west of the Kvesjéen locality (Fig. 2). The
investigated occurrence of blackwall rock is part of the
lower unit, the Seve nappes of the Upper Allochthonous
Unit (Fig. 2). Mica schist and gneiss dominate this
supracrustal unit. In addition to the aluminous
metasedimentary units, minor amounts of quartzite and
marble occur in the sequence. The felsic rocks are lo-
cally migmatized further to the east. Extensive areas of
outcrop within the unit are composed of amphibolite.
The mafic rocks are of igneous origin, but now have an
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Fic. 1. Geological map of Norway (Roberts & Gee 1985) showing the blackwall locality
at Kvesjoen—Murusjéen described in this paper. Note that the locality is in the Seve
Nappes of the Upper Allochthonous Unit, which are not distinguished from the
tectonostratigraphically higher Kéli Nappes in the western part of the Upper
Allochthonous Unit (Fig. 2).

amphibolite-facies assemblage. The mica schist con- metamorphic conditions of approximately 600 C and
tains, in addition to biotite, muscovite, plagioclase and 7 kbar (Bucher & Frey 2002). Toward the Kéli Thrust,
quartz, staurolite, garnet, and occasionally kyanite. The  the metamorphic grade decreases slightly, and
assemblages of amphibolites and metapelites imply — migmatitic textures are absent in the study area. The
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Fic. 2. Geological map of the Kvesjden—Murusjoen area (Foslie 1959, Sigmond et al. 1984) showing the units of the Upper
Allochthonous (Fig. 1). Note the abundance of outcrops of ultramafic rocks along the major thrust fault between the Seve and
Koéli nappes within the Upper Allochthonous Unit. Blackwall locality: Storhammaren (Fig. 3).

Seve unit is overthrust by the Kéli nappes (Fig. 2), an
extensive stack of low-grade thrust sheets containing
flysch-type metasedimentary rocks and ophiolite with
greenschist-facies serpentinites (Bucher-Nurminen
1991).

A distinct feature of the area is the occurrence of a
large number of isolated Alpine-type peridotites in the
Upper Allochthon (Qvale & Stigh 1984, Bucher-
Nurminen 1988). More than 20 ultramafic bodies
greater than 50 m in diameter occur in the immediate
Kvesjoen—Murusjoen area (Fig. 2). The ultramafic rocks
are concentrated along the main thrust separating the
Seve and Kéli nappes within the Upper Allochthonous
Unit. The close spatial relationship of ultramafic rocks
to major thrust faults in the Scandinavian Caledonides
in general suggests that the ultramafic rocks represent
fragments of mantle tectonically emplaced along the
zones of major thrust separating the crustal stacks of
nappes (Bucher-Nurminen 1991). All the ultramafic
rocks are of the same metamorphic grade as the host
gneiss and schist (Bucher-Nurminen 1988). The
isofacial nature of the ultramafic rocks shows that re-

gional amphibolite-facies metamorphism overprinted
the ultramafic bodies after their emplacement.

THE BLACKWALL OuTCROP

The Storhammaren ultramafic body (Fig. 3) mea-
sures about 200 m in diameter and is well exposed along
the shore of Kvesjoen. The yellow-brown outcrop of
coarse-grained peridotite is in contact with marble and
amphibolite to the east and with garnet mica schist to
the west. Along the western contact, a thin (~20 cm)
biotite-rich blackwall separates the mica schist from
peridotite (locality A, Fig. 3). About 40 m from the con-
tact, a thin zone or band of mica schist and gneiss oc-
curs within the peridotite (locality B, Fig. 3). The site of
the outcrop suggests that the slab of finely banded schist
and gneiss has been tectonically wedged into the peri-
dotite. Biotite-rich blackwall rocks are present at local-
ity B; they contain conspicuous cm-size crystals of
corundum. All blackwall samples described in this pa-
per are from locality B. The samples of unaltered mica
schist have been collected from locality A, about 4 m
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Fic. 3. Outcrop map showing the blackwall association at Storhammaren, a promontory in the lake Kvesjoen. The geological
position of the outcrop within the Scandinavian Caledonides is given in Figures 1 and 2. Samples of unaltered mica schist
were collected at locality A, and blackwall rock samples, from locality B.

from the contact (e.g., k81006). At locality B, an irregu-
larly banded sequence of mica schist is exposed (Fig. 3).
The felsic rocks show diverse extents of metasomatic
alteration, and the banding is roughly parallel to the
contacts to the peridotite. The immediate contact with
the peridotite consists of a thin zone (a few cm) of chlo-
rite and talc. The altered mica schist varies from garnet-
bearing but quartz-free staurolite—garnet schist (sample
k81003, k81004, k81005) to corundum-bearing stauro-
lite—biotite schist (samples k8298, k81002) and corun-
dum-rich biotite schist (ks299, ke1001). The irregular
distribution of the blackwall rocks at locality B (Fig. 3)
excludes simple diffusion-induced metasomatism
(bimetasomatism) with mass transfer normal to the
schist—peridotite contact as the exclusive rock-forming
process. The field situation at locality B rather suggests
that fluid advection parallel to the schist wedge was an
important component of the alteration process.

PETROGRAPHY
Ultramafic rocks

Outcrops of ultramafic rocks are conspicuous be-
cause of their yellow to brown weathering rinds and lack
of vegetation cover. Nine samples from four outcrops
have been examined microscopically. Earliest-genera-
tion minerals includes very large and deformed relict
forsterite and, in a few samples, enstatite. All other min-
erals are texturally younger than the Fo + En assem-
blage. Chlorite and talc are ubiquitous in all samples.
Tremolite and cummingtonite are modally abundant in
several samples. The assemblages and modal composi-
tions are typical of amphibolite-facies lherzolites (Evans
1977). Very late in the reaction—recrystallization history
of many of the rocks, minor antigorite formed together
with small amounts of magnetite, with the antigorite
epitactically overgrowing chlorite of the amphibolite-
facies assemblage.
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The randomly oriented flakes of talc cross-cutting
fractured euhedral crystals of forsterite suggest the re-
placement of forsterite by talc (Figs. 4a, b). This reac-
tion requires the introduction of a silica-rich aqueous
fluid. Similar textures suggest an analogous replacement
of enstatite by talc. Such replacement of forsterite and
enstatite is pervasive and not restricted to the outer zones
of the ultramafic bodies. Subhedral tremolite occurs
with chlorite (Fig. 4c). Very minor amounts of antigorite
formed in the terminal phase of the reaction history. Its
scarcity reflects minor retrogradation during cooling.

Although the textures shown in Figure 4 clearly dem-
onstrate forsterite resorption and its replacement by talc,
forsterite forms a stable assemblage with talc (Fig. 4d).
Talc is both an alteration product of forsterite resorp-
tion and in equilibrium with forsterite at the same time.
The reaction forsterite + SiOyqq + H,O  talc is an equi-
librium reaction; it stops when the supply of externally
derived SiOy,q ceases, leaving the stable assemblage Fo
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+ Tlc in the rock. The chemical potential of SiO is then
controlled and defined by the ultramafic rock, specifi-
cally by the assemblage Fo + Tlc in the presence of H,O
(for more details, see below).

The absence or scarcity of magnesite in the alteration
assemblage is important and unusual in view of other
occurrences of ultramafic rocks in the Scandinavian
Caledonides (Bucher-Nurminen 1988). Magnesite does
occur as a minor phase in some samples, indicating that
the fluid was poor in CO,. The stable assemblage at the
peak of the regional amphibolite-facies metamorphism
was forsterite + talc + chlorite + tremolite, with talc
largely predominant over tremolite.

Mica schists
Mica schists have a variable mineralogy and bulk

composition. The most common rock is a garnet—stau-
rolite mica schist. It contains more than 15% quartz and

Fic. 4. Photomicrographs of textures in ultramafic rocks: a) replacement of olivine by talc, frame area of b) detailed texture of
olivine dissolution and replacement by talc, c) tremolite growth by reaction of olivine with fluid, d) resorption of olivine by
SiO, metasomatism. Width of field of view: a and ¢: 4 mm, b and d: 1 mm; crossed polarizers.
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about 20-30% feldspar. Euhedral porphyroblasts of
staurolite (up to 5 mm) make up about 10-15% of the
rock; also present are garnet (10%), biotite (20%) and
chlorite (10%). Chlorite appears to be a part of the main
assemblage. Small grains of tourmaline constitute sev-
eral percent of the rock. White mica is scarce; in some
samples, muscovite and paragonite are present in small
amounts. The mica schist is a typical metapelite of the
lower- to middle-amphibolite facies, and the AFM con-
figuration is shown in Figure 5. The main-stage meta-
morphic assemblage is Qtz + Pl + Bt + Grt + St + (Chl)
— Ms (Figs. 6a, b) (all abbreviations after Kretz 1983).

Samples of mica schist, collected at the blackwall
outcrop (e.g., k1005, locality B, Fig. 3), show the same
appearance and field aspect as the samples from local-
ity A outside the ultramafic body. However, the samples
are devoid of quartz and contain significantly more bi-
otite (30-40%) than mica schist of the envelope. A new
generation of fine-grained and euhedral staurolite is
present (Fig. 6¢). The rocks also contain texturally late
muscovite (Fig. 6¢) and some kyanite. The textural fea-
tures suggest that the metasomatic process has modi-
fied the mica schist at locality B.

Blackwall rocks

Sample k8298 is a representative sample of a finer-
grained, dark gray, less biotite-rich metasomatized mica
schist of the blackwall assemblage. The rock consists
of biotite (30%), muscovite (20%) intergrown with mi-
nor paragonite, and staurolite (20%) as major constitu-
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ents. Strongly corroded staurolite porphyroblasts are
coarse (mm sized) and resemble the staurolite of the
inferred mica schist protolith (Fig. 7a). The texture sug-
gests that staurolite has been dissolving in late
blackwall-forming reactions. Euhedral corundum with
a blue core is present as randomly oriented crystals some
mm across. Paragonite occurs in two textures: a) asso-
ciated with muscovite in an arrested reaction relation-
ship, as indicated by patchy, corroded grain outlines
within muscovite (see below in Mineral Compositions),
and b) as texturally late randomly oriented grains over-
growing matrix biotite (Fig. 7b). Large (mm-sized)
blades of margarite (>5%) cross-cut and overgrow ma-
trix biotite, indicating late formation of the mica
(Fig. 7c). Margarite and paragonite formed at late stages
of the blackwall-forming process. Biotite of the matrix
is randomly oriented and was also formed by the
blackwall-forming process (Fig. 7c). A few grains of
kyanite (1-2 mm), with an irregular outline indicating
resorption, occur intergrown with muscovite and
margarite, but also are present as strongly resorbed
grains in staurolite. The kyanite textures are very simi-
lar to the occurrence of kyanite in the altered mica schist
(xk1005). We interpret kyanite as an intermediate prod-
uct that formed at early stages of alteration of the mica
schist protolith. Blue-green tourmaline is characterized
by abundant inclusions of margarite, fine-grained kyan-
ite, and rare biotite and muscovite. Rutile, ilmenite, apa-
tite, zircon, epidote-allanite (Fig. 7b), rare specks of
xenotime, and monazite (partly reacted to apatite, chlo-
rite and thorite) are accessories.

kyanite

kyanite g A AFM \ Si SFM
staurolite in blackwall
+ quartz staurolite in micaschist corundum
+ muscovite + muscovite
+Hz0 slaur ) + Hz0
»

=21
biotite

a)

FiG. 5.

&

chlorite

h
biotite

a) AFM diagram of assemblages in mica schists; the prominent rock type contains the assemblage Grt + Bt + St + Pl +

Chl + Ms + Qtz; bulk rock k81006 and mineral compositions are shown. b) SFM projection of rock and mineral compositions

of kB298 and k8299 from excess corundum and muscovite.



136

Blackwall sample k8299 is a black biotite-rich rock
containing large, cm-sized crystals of corundum, coarse
staurolite, tourmaline and three white micas (paragonite,
margarite and muscovite). Randomly oriented mm-sized
biotite represents more than 40 vol.% of the rock. As in
sample KB298, biotite formed after the last penetrative
deformation, and it is the main product of blackwall
formation. Also, the corundum crystals (about 25 vol.%)
are randomly oriented and developed late, after defor-
mation (Fig. 7d). It is not present in the mica schist and
gneiss envelope of the ultramafic body. Thus corundum
grew together with biotite after the last major phase of
deformation. The occurrence and texture of staurolite
in this sample are similar to those in sample k8298, sup-
porting an explanation as corroded relic from the mica
schist. A few grains of resorbed kyanite are present, but
its textural status is somewhat uncertain. The grains are
texturally very similar to resorbed kyanite in the altered
mica schist (ke1005). Thus it is interpreted as being
relict from an intermediate stage of the blackwall-form-
ing process. Muscovite is a minor phase in this sample
(~5%). Paragonite and margarite both are late and oc-
cur in similar textures as in sample k8298. Both micas
occur in equal amounts, about 10 vol.%. Large crystals
of essentially unzoned tourmaline contain numerous
inclusions of biotite. Accessories are rutile, ilmenite,
apatite, epidote—allanite, monazite, and zircon.

TABLE |. COMPOSITION OF THE ROCKS AT KVESIOEN,
NORWEGIAN CALEDONIDES

Raock type Blackwall Schist!  Mica schist
Sample KB2%8  KB29Y  KBIOOI KBI00Z KBI00S KBI006
Si0, wi.% 33.63 26.09 24.51 32.36 46.49 50.95
Ti0), 1.74 1.59 1.69 1.39 117 2.66
AlLO; 38.42 4578 41.47 847 2599 17.65
Fe, 0% 10.54 10.48 11,62 8.64 8.95 12.90
MnO 0.06 0.06 0.08 Q.05 0.14 0.29
MgO 6.54 6.47 9.53 5.49 4.87 575
CaO 0.58 1.66 170 1.26 3.44 3.50
Na,O 0.09 0.90 0.48 1.18 374 234
K,0 530 3.98 541 5.15 2797 263
PO 0.09 (.11 0.22 (.06 0.31 0.69
CO. 0.09 0.09

C 0.02 0.02

H,0 332 3.09

Total 99.79 99.56 96.71 94.05 97.88 99.36
LOI* 3.27 3.19 1.89 276 0.91 0.63
Si 32.28 24.57 2310 353 43.97 49.64
Al 4348 50.82 46,05 44.27 29.00 20,19
Fe#* 7.62 743 824 632 6.37 10.48
Mg 9.36 9.08 13.46 7.94 6.86 838
Ca 0.60 1.67 172 1.32 3.49 3.63
Na 0.17 1.64 0.88 225 6.86 4.22
K 6.49 4.78 6.51 6.37 3.33 3.22
O 150.70 146.77 142.48 149.35 153.26 155,77

' Altered quartz-free gamnet mica schist. * Loss on ignition adjusted for FeO
determination and 1otal Fe difference (rom (otal Fe = Fe,O,. ** Total Fe as Fe, 0.
X-ray-fluorescence data.
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Rock k8299 is considered to be representative of the
most altered version of the original mica schist. In con-
trast to the original mica schist, none of the blackwall
rocks contain garnet. The thermodynamic modeling pre-
sented below predicts that garnet of the mica schist is
the first mineral that will disappear in the course of the
metasomatic process. The main arguments in favor of
the garnet-staurolite mica schist being the protolith of
the corundum-margarite blackwall are the following: a)
staurolite occurs exclusively in the garnet-staurolite
mica schist outside the ultramafic rock, b) there is a
close spatial association of partly altered mica schist and
corundum-biotite rocks at locality B (Fig. 3), c) stauro-
lite contains characteristic epidote—allanite inclusions in
both rocks, d) both rocks contain characteristic tourma-
line crystals of similar composition, e) garnet-stauro-
lite mica schist is the only rock in the envelope close to
the slab of corundum-margarite blackwall (Fig. 3).

CHeMicAL CoMPOSITION OF THE BLACKWALL Rocks

The chemical composition of garnet—staurolite mica
schist k81006 from the envelope of the ultramafic body
representing the protolith of the corundum-margarite
blackwall (Fig. 3), sample k81005 representing partially
altered mica schist, and the four samples of blackwall
rock are given in Table 1 (major elements) and Table 2
(trace elements). The high Si-content of the mica schist
contrasts with the low-Si, high-Al attributes of the
blackwall rocks (Fig. 8). It follows from the observa-
tions presented in the previous sections that the mica
schist is the protolith of the margarite—corundum
blackwall. The chemical composition of the samples

TABLE 2. TRACE-ELEMENT CONCENTRATIONS IN THE ROCKS FROM
KVESIOEN, NORWEGIAN CALEDONIDES

Sample KB298 KB299  KBIOOT KB1002 KB1005 KBI1006
Bappm 8573 4914 3831 9707 864 484
Cr 126 121 125 161 76 43
Ni 69 61 73 32 63 45
Ph 34 38 44 53 49 13
Rb 167 145 216 157 127 98
Sc 23 17 34 29 21 14
Sr 942 2436 1096 3121 971 166
v 193 196 241 193 92 186
Zn 83 103 87 88 156 553
Zr 316 260 322 206 261 318
C 625 769

Ce 105 102

Cl 09 77

F 753 736

Ga 28 30 37 33 29 <5
La 169 145

Nb 31 32 43 54 41 47
Th 20 17 46 42 31 14
u 8 7 19 8 10 3
Y 89 77 113 165 81 44
Cu 7 6 3 4115

X-ray-fluorescence data.
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thus shows that the latter represents an Al-rich residuum
of the mica schist after extraction of silica. Following
Dugald Carmichael’s arguments from his classic 1968
paper, the mobility of Al was probably low during
blackwall formation as a result of the low solubility of
Al-phases in typical crustal fluids (Carmichael 1968).
Thus if normalized to constant aluminum, it is evident
that both blackwall samples have lost a very high pro-
portion of SiO, (Fig. 9). As for the other major oxides,
MgO and K,O (especially in KB298) are slightly en-
riched, and FeO (total iron) and Na,O are depleted with
respect to the inferred protolith (Table 2, Fig. 9). Other
gains and losses are small and somewhat uncertain to
quantify because of the large representative volume
owing to the coarse-grained nature of the rocks. On the
basis of conservation of Al, Ti is conserved as well
(Fig. 9), supporting the Al-conservation assumption.
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From Figure 9, it follows that the entire process is
overwhelmingly dominated by SiO; loss. The Al-con-
servation model invoked here implies that all aluminum
of the blackwall sample k8299 (about 46 g per 100 g
rock) is inherited from the mica schist; the same amount
of Al was contained in 190 g of rock. The mass loss
associated with the transformation of mica schist to
margarite—corundum blackwall is attributed mostly to
the loss of SiO; (90% of the mass loss). Fe,O3 contrib-
utes 8%, and Na,O, about 2% of the mass loss. Because
of similar densities of the two types of rocks, this corre-
sponds to a volume loss of about 50%. Much of this
volume loss is compensated by the associated increase
in volume of the ultramafic rock, which results from
forsterite replacement by talc (Mg-balanced talc-form-
ing reaction corresponds to a 50% volume increase). The
blackwall rock gains small amounts of MgO, CaO and
K20. The total of the mass gain is only 4% of the mass

TABLE 3. COMPOSITIONS OF WHITE MICAS FROM BLACKWALL SAMPLE KB299

Muscovite

Paragonite Margarite

Si0, wt.% 46.29 44,12 43.72 43.57 43.25 43.25

45.74 45.57 45.54 44.06 45.56 45.37

32.62 32,62 32.77 32.62 31.64 31.38

TiO, 076 042 046 044 040 053 028 027 030 020 029 0.14 021 0.19 025 020 0.17 0.18
AlLQO, 37.60 36.79 36.02 35.95 36.67 35.97  41.61 41.72 4226 41.39 41.39 41.30  47.95 48.69 48.31 48.69 49.71 49.62
FeO [38 1.73 1.76 1.85 1.82 1.88 065 070 071 0.76 094 0.86 078 0.84 0.76 0.84 0.69 0.71
MgO 0.67 076 0.74 0.67 056 0.69 011 012 0.12 0.14 012 0.17 042 042 042 042 032 039
CaO 0.02 0.03 0.02 0.64 075 054 1.15 0.67 183 9.01 933 945 933 993 10.52
Na,0 213 164 167 173 180 1.62 532 609 5350 564 536 4.99 2,65 225 223 225 L70 172
K,O 6.93 655 675 692 624 6.15 1.15 126 1.35 .14 1.88 0.83 0.13 0.14 0.13 0.04 0.02
BaO 0.78 2.84 2.93 293 387 4.03 007 0.16 0.14 0.12 039 046 0.09

Total 96.56 94.87 94.06 94.06 94.65 94.17  95.61 96.64 96.46 94.60 96.60 95.98  93.77 94.48 94.43 9435 94.2]1 94.54
St apfu 6.03 598 600 599 594 598 582 577 576 570 580 5.79 438 434 437 435 422 419
VAL 1.97 202 200 201 206 2.02 2,18 223 224 230 220 221 3.62 3.66 3.63 3.65 378 3.81
VIAL 3.80 3.86 3.83 3.82 3.89 3.85 406 401 407 402 401 401 396 399 396 399 4.04 399
Ti 007 004 0.05 005 004 006 003 003 0.03 002 003 001 002 002 003 002 002 0.02
Fe 0.15 020 020 021 021 022 007 007 0.08 008 0.10 0.09 0.09 0.09 0.08 009 008 0.08
Mg 0.13 0.15 015 0.14 011 0.14 002 002 0.02 003 002 0.03 0.08 0.08 0.08 008 006 0.08
Ca 000 000 0.00 000 000 0.00 009 0.10 0.07 0.16 009 0.25 1.30 133 1§35 133 142 150
Na 0.54 043 044 046 048 043 1.31 150 135 £42 132 124 0.69 058 0.58 058 044 044
K 15 113 118 121 (.09 1.09 0.19 020 022 0.19 031 0.14 002 002 0.02 000 001 0.00
Ba 004 0.15 0.16 0.16 021 022 000 001 0.0l 001 002 0.02 000 000 0.00 000 000 0.00
Xn 0.34 056 0.57 061 0.65 0.60 0.77 077 017 075 081 0.74 0.51 0.53 050 0.33 0.55 0.51
Mrg 0.16 0.00 0.00 000 0.28 0.19 550 5.65 446 9.05 3531 1545  064.54 68.76 69.28 69.62 70.07 77.03
Pg 31.79 27.56 27.33 27.53 30.39 28.53 82.73 83.04 82.25 80.28 76.93 76.21 34.35 30.01 29.58 30.38 23.57 22.79
Ms 68.05 72.44 72.67 72.47 69.33 71.27 11.77 11.31 13.28 10.68 17.75 8.34 111 123 1.13 0.00 036 0.17

Single-point analyses on grains. On back-scattered electron images. lighter grey areas in single grains are more Ba-rich (see Figs. 11, 12,
13). There are trace amounts of Mn, Cr, Cl, and F. Cation proportions, in atoms per formula unit {(ap/i), are calculated on the basis of
22 atoms of oxygen.
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loss. Whereas the ultramafic body is an obvious source
for MgO, the sources for other components are less ap-
parent. However, all small gains and losses of compo-
nents other than SiO, (and perhaps Fe,O3) are probably
related to the compositional heterogeneity of the
protolith. The samples have not been analyzed for bo-
ron; however, the presence of twice as much tourma-
line in the blackwall (x8299) compared to the unaltered
mica schist suggests that boron has been passively en-
riched in the blackwall as a result of silica loss of the
original mica schist. The major-element data thus show
that blackwall formation is essentially a process of
silica-loss accompanied by a minor loss of iron, which
increased Xwvyg of the bulk rock.

Abundant biotite (and tourmaline) control the high
content of MgO (6.54 and 6.47%) and K,O (5.30 and
3.98%) in k8298 and 299, respectively. The higher
modal proportion of paragonite, margarite and lower
modal muscovite in k8299 are reflected in higher Ca
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(1.66% Ca0), Sr (2436 ppm) and Na (0.90% Na,0),
with lower Ba (4915 ppm) in k8299 compared to k298
(with 0.58% CaO, 942 ppm Sr, 0.09% Na,O and 8573
ppm Ba). The carbon content of the blackwall (625 and
769 ppm C; Table 2) is mostly present as CO, (0.09%)
in fluid inclusions (no carbonate is present), and minor
organic carbon as graphite (0.02%) (Table 1), which is
consistent with the presence of ilmenite, rutile and low
bulk-rock oxidation ratios of 40.9 (ks298) and 27.7
(kB299).

If the trace-element data of the blackwall material
(Table 2) are compared with the mica schist on the ba-
sis of Al conservation, several elements (Ba, Rb, Sr, F,
La, Y and V) are obviously enriched in the blackwall.
Barium (and Rb) are found in high concentrations in
muscovite and biotite, with muscovite > biotite, and Sr
is strongly enriched in margarite, a mineral that is not
present in the mica schist. The high F-content of the
blackwall rocks (753 and 736 ppm in k8298 and 299,

FiG. 6.

Photomicrographs of textures in mica schist k81006: a) St + Grt + Bt + Pl + Qtz, and b) St + Grt + Bt + Pl + Qtz, and in
altered Qtz-free mica schist kB1005: c) second generation of euhedral staurolite formed during metasomatism, relict kyanite,
and d) development of phengitic muscovite during alteration in assemblage St + Grt + Pl + Bt + Ms.
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FiG. 7.

Photomicrographs of textures in blackwall rocks: a) resorbed staurolite replaced by corundum, k81002; b) expansion

cracks around epidote-allanite inclusion in staurolite associated with micas and tourmaline, k8298; c) margarite blades in
biotite matrix, k8298; d) very coarse corundum with biotite and relict staurolite, kB299.

respectively) appears to be mainly present in apatite
(with ~1% F), biotite, tourmaline, and metamorphic
monazite (X-ray composition mapping data) rather than
in the white micas, where F is below detection limit.

MiINERALOGICAL COMPOSITION
OF THE BLACKWALL Rocks

Mineral compositions from the Kvesjéen blackwall
(Tables 3-6) were determined using a Cameca SX100
electron microprobe with internal PAP correction
(Pouchou & Pichoir 1984) at IMPG, Freiburg.
CAMECA-supplied natural and synthetic standards
were used for most of the major and minor elements.
Measuring times per element were 20 seconds with an
emission current of 10 nA and an acceleration voltage
of 15 kV. Alkali loss was minimized by increasing the
beam size to 5 m where possible. Back-scattered
electron imaging (BEI) also was used to identify very

fine-grained accessory minerals, fine-scale mineral
heterogeneity and to investigate alteration products and
retrograde minerals.

The white micas

Compositions of the three coexisting white micas is
shown in the KNC projection in Figure 10. Detailed
compositional features (Figs. 11, 12 and 13) are pre-
sented below.

Margarite, the brittle Ca-mica, contains variable
amounts of the paragonite component (22.8-34.4%)
(Table 3); the muscovite content is very minor (0.2 to
1.2%), and lower in sodium-rich (>2.2% Na,O) grains.
Margarite contains between 0.72 and 0.97% SrO, and
where measured, BaO is <0.10%.

Paragonite has a relatively variable composition
(Table 3). Where intergrown with muscovite, it has an
elevated muscovite component (>13.3%), contains mod-
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Fic. 8. Variation of bulk rock SiO, versus Al,O3 for mica schist k1006, altered mica
schist k1005 and blackwall rocks. The arrow indicates the evolving bulk-rock compo-
sition associated with alteration of mica schist and formation of blackwall rocks.

erate amounts of margarite component (4.5 to 15.5%)
and is rich in Ca where coexisting with margarite. Val-
ues of Xge vary between 0.74 and 0.81, and TiO; is
moderately high at 0.14-0.30 wt.%. Barium is low (0.1-
0.5 wt.%), and SrO ranges between 0.0 and 0.53%.

Muscovite in the blackwall rocks has a small
phengite component, ranging between 7 and 8% (Table
3). The paragonite content is between 27.3 and 31.8
mol.%. This extremely high Na-content of muscovite
coexisting with paragonite in the corundum-bearing
rocks greatly exceeds that of the maximum paragonite
content of muscovite defined by the paragonite—musco-
vite solvus in rocks with excess quartz and aluminosili-
cate. Although little is known about the
paragonite—muscovite solvus at corundum saturation,
the sodic muscovite grains probably reflect a metastable
product of the early decomposition of primary
paragonite originally present in the mica schist (see sec-
tion on modeling below). Compositional disequilibrium
in some white mica assemblages is indicated by inho-
mogeneous replacement textures (Fig. 11). In musco-
vite, Xpe, in the range 0.54-0.65, is invariably higher
than in the coexisting biotite. Titanium varies between
0.40 and 0.76 wt.%, and MnO is less than 0.02% and
mostly below the detection limit. The most notable fea-
ture of the muscovite is the high and variable Ba con-
tent, between 0.78 and 4.03 wt.% BaO. It is irregularly
distributed within grains. Muscovite of the staurolite—
garnet mica schist protolith does not contain more than
trace amounts of Ba.

Fic. 9. Element gain and loss of blackwall samples based on
normalization of the composition of the mica schist to the
Al content of blackwall sample k8299.

The distribution of interlayer elements K, Na, Ca,
Ba, Sr in the three micas is shown as element-concen-
tration maps in Figures 12 and 13. Figure 12 shows the
distribution in a heterogeneous grain of mica associated



