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The alkali amphiboles glaucophane and crossite have been identified in metabasic lenses within quartzitic 
and calcareous schists and calcite marble (Pieske limestone) in the uppermost part of the Seve Nappes 
(Upper Allochthon), southern Norrbotten, Sweden. During regional prograde metamorphism, these 
metabasites transforrned from epidote amphibolite (M1) to quartz-zoisite eclogite (M2a); metamorphic 
conditions of eclogite forrnation are estimated to be T= 610±- 90°C and P m;n = 14.9 ± 1.5kb, i.e. similar 
to the conditions reported for eclogites in the Eastern Seve Belt in the Vasterbotten Caledonides further 
south. Retrogression of the eclogites occurred in two stages along a steep P-T trajectory and under 
hydrous conditions. An early stage (M2b), preceded by deformation of the eclogite assemblage, is 
characterized by the growth of sodic-calcic amphibole (barroisite) porphyroblasts; the glaucophane and 
crossite are also inferred to have grown during this stage. Subsequent retrogression (M3) is characterized 
by the onset of greenschist facies conditions. The occurrence of glaucophane and crossite confirms the 
presence of high-pressure metamorphism under conditions of a low geotherrnal gradient in the rocks 
forming the outermost part of the Baltoscandian miogeocline. 
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Considerable attention has recently been focused 
on the nature, age and significance of high-pres
sure metarnorphic rocks in terrains lying west of 
the Caledonian thrust front in Scandinavia. Most 
of this work has concerned the classical high
pressure metamorphic rocks in the window of 
autochthonous (?), Precambrian gneisses of 
southwestern Norway (see reviews by Bryhni et 
al. 1977, Griffin et al. in press). However, data 
from the less well known occurrences in the Ca
ledonian allochthons have also been reported 
(Zwart 1974, van Roermund 1982, in press, 
Krogh et al. 1982, Andreasson et al. in press, 
Austrheim & Griffin in press). 

The bulk of these high-pressure metamorphic 
rocks consists of metabasites with low-pressure 
protoliths which have been progressively meta
morphosed to quartz- or orthopyroxene-bearing 
eclogites. Following Coleman et al. (1965), these 
so-called country-rock eclogites can be classified 
as type B eclogites, i.e. eclogites associated with 
medium- and/or high-grade gneisses (Griffin et 
al. in press). As expected, glaucophane is absent 
within these rocks, although some occurrences of 
this mineral have been reported in eclogites from 
the lower-temperature gneiss region of south-

western Norway (Krogh 1980) and, outside the 
Scandinavian mainland, at Svalbard (Horsfield 
1972, Ohta 1979). 

Recent work aimed at elucidating details of 
the tectonostratigraphic framework of the Upper 
Allochthon (Gee & Zachrisson 1979) in southern 
Norrbotten, Sweden (Stephens et al. in press), 
led to the discovery of metabasic (M. B. Ste
phens unpublished data) lenses containing am
phibolitic, eclogitic and relict eclogitic (retro
eclogite) mineralogies hosted by metasedimen
tary rocks in the Råvvejaure area (Fig. 1). Fur
ther investigation of these metabasites has re
vealed that they contain the alkali amphiboles 
glaucophane and crossite. 

The purpose of this note is to describe the 
geological setting of these rocks, present prelimi
nary data on the petrography and mineral com
position of the eclogites and retro-eclogites, and 
discuss their position in P-T space. It is empha
sized that this note represents a progress report, 
EMP ( electron microprobe) analyses from only 
two specimens (BFMS 82103, quartz-zoisite eclo
gite and BFMS 82097, glaucophane-bearing re
tro-eclogite) being presented at this stage. Fur
ther work on the structure and metamorphism of 
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PLACE- NAMES 
I - Ikesjaure 
M - Mavasjaure 
P Pieskehaure 
R - Rllvve jaure 
Va- Vaimok 
V - Virihaure 

Fig. l. Tectonostratigraphic setting of the Råvvejaure area, southern Norrbotten Caledonides. Compilation based on Kutting 
(1972), Boyle (1980), Zachrisson & Stephens (1984) and unpublished work by K. Kullerud and P. Snilsberg. Lithological 
abbreviations (Upper allochthon): p= undifferentiated phyllite, cp= calcareous phyllite, s = undifferentiated schist, l= limestone, 
m = marble, q = quartzite, g = greenstone/greenschist, qk = quartz keratophyre, a = metabasite, i= sheeted intrusive complex, ga 
= gabbro, u= ultramafite, t = trondhjemite. 

the Råvvejaure area and the extension of the 
eclogite-bearing unit towards Pieskehaure, to the 
southwest, is presently being carried out. 

Geological setting 
The eclogites and retro-eclogites described here 
occur within a restricted area of c. 15 km2 in the 
upper part of the Tslikkok Lens (Zachrisson & 
Stephens 1984 and Figs. l and 2). Together with 

amphibolite, they occur as lenses mappable 
along strike for a few metres up to several tens of 
metres. They are hosted by quartz (-gamet) and 
calcareous schists as well as calcite marble show
ing no evidence for migmatization. The metaba
sic lenses are generally massive in appearance, 
although smaller lenses and the boundaries of 
larger bodies are intensely foliated.This foliation 
is concordant to the transposition foliation in the 
surrounding schists and marbles. 

The rock association described above has been 



NORSK GEOLOGISK TIDSSKRIFT 2 (1984) 

• METABASITE, SCHIST 

� SCHIST, � METABASITE 

Note 157 

.// =��::v Nl 
CONTACT 

71/J REGIONAL 
FQIATION 

O 1 km 

Fig. 2. Geological map of the Råvvejaure area, distribution of metabasite (amphibolite, eclogite and retro-eclogite) lenses and 
location of analyzed samples. 

traced c. 10-15 km to the southwest (K. Kullerud 
and P. Snilsberg pers. comm. 1983) so that it 
links up with the Pieske limestone of Kautsky 
(1953) and Kulling (in Strand & Kulling 1972, 
1982). Eclogites and retro-eclogites have also 
been observed in the schists and gneisses in the 
lower part of the Tslikkok Lens (Zachrisson & 
Stephens 1984). Preliminary investigations sug
gest that this mega-lens is bounded by thrusts, 
the overlying sequence being composed of bio
tite-bearing phyllites, impure marbles and 
greenschists. Zachrisson & Stephens (1984) have 
correlated the latter with the Kali Nappes of 
Vlisterbotten, further south, and suggested that 
the Tslikkok Lens forms the uppermost unit in a 
nappe complex equivalent to the Se ve Nappes 
further south. The Seve Nappes are thought to 
have comprised the outermost part of the Balto
scandian miogeocline while the Kali Nappes 
formed a number of suspect terranes (Coney et 

al. 1980) which lay outboard of this margin dur
ing early Palaeozoic time (Gee 1975, Stephens & 
Gee in press). 

Petrographic observations 

Optical microscopy indicates significant minera
logical and textural variations which reflect the 
complex metamorphic evolution of the metaba
sites. Three important stages of mineral growth 
have so far been recognized and are referred to 
here as Mt. M2 and M3. The metabasites consist 
mainly of garnet, a variety of amphiboles includ
ing colourless and pale green to pale blue-violet 
types, zoisite, clinopyroxene, quartz, white mica, 
carbonate and opaque minerals, all belonging to 
the M2 assemblage. In several specimens, the 
shape preferred orientation of M2 minerals de
fines a foliation which deflects around xenoblas
tic garnet crystals; locally, the garnet grains show 
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idioblastic rims free from inclusions which over
grow this foliation. The M1 mineral assemblage is 
represented by inclusions in the cores of M2 min
erals, particularly gamet. They include (blue) 
green amphibole, quartz, epidote-group miner
als, white mica and opaque minerals. Late-stage 
mineral assemblages (M3) include (blue-)green 
amphibole (± magnetite ± plagioclase feldspar 
± epidote ± biotite), occurring as narrow kely
phitic rims around gamet grains, secondary mica, 
titanite rims around rutile, and a pervasive, fine
grained ( < 0.02 mm) symplectitic intergrowth of 
plagioclase feldspar and pale green amphibole. 
In the following petrographic description of the 
analyzed samples BFMS82103 and BFMS82097, 
some of the critical relations within the group of 
M2 minerals are emphasized. 

The M2 mineral assemblage in the massive 
quartz-zoisite eclogite (BFMS 82103) consists of 
gamet, clinopyroxene, zoisite, colourless amphi
bole, white mica, quartz and rutile. lnclusions in 
gamet are (blue-)green amphibole, quartz, epi
dote-group minerals and rutile (M1 assemblage). 
The clinopyroxene and zoisite show intracrystal
line strain features such as undulose extinction, 
subgrain development and minor recrystalliza
tion; together with gamet, quartz and rutile, they 
form an earlier stage of M2 growth (M23). Opti
cally strain-free, colourless amphibole as well as 
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Fig. 3. Relict pale green to 
pale blue-violet amphibole 
(glaucophane = gl.) porphyr
oblasts (M2b) in fine-grained 
symplectite (albite + actino
Iite). Original outlines of the 
amphibole grains are defined 
by the arrays of fine-grained 
opaque minerals (magne
tite). 

white mica overgrow the deformed M2a assem
blage, mark the onset of secondary alteration 
and are referred to a later stage of M2 growth 
(M2b)· A more advanced stage of retrogression is 
marked by the occurrence of M3 mineral assem
blages including (blue-)green amphibole kely
phite around garnet, titanite rims around rutile 
and the fine-grained, symplectitic intergrowth of 
plagioclase feldspar and pale green amphibole 
secondary after clinopyroxene. 

The foliated garnet-amphibole specimen 
(BFMS 82097) has been sampled from a retro
eclogite body. It consists of garnet and pale blue
violet amphibole porphyroblasts surrounded by 
finer grained M3 mineral assemblages, i.e. (blue) 
green amphibole ( ± magnetite ± plagioclase 
feldspar) kelyphite and plagioclase feldspar -
pale green amphibole symplectite. The garnets 
contain inclusions of (blue-)green amphibole, 
quartz, epidote-group minerals and opaques (M1 
assemblage).The original outlines of the amphi
bole porphyroblasts are defined by a regular net
work of magnetite grains occurring as a ghost 
structure within the fine-grained symplectite 
(Fig. 3); original crystal lengths up to 2 mm are 
inferred. Several amphibole porphyroblasts show 
distinct optical zoning having pale green cores 
with pale blue-violet rims. The amphibole por
phyroblasts are optically strain-free and aligned 
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in a foliation which deflects around and deforms 
the gamet grains. As in BFMS 82103, the garnets 
are thought to have grown prior to the coarse 
matrix amphiboles, thus defining earlier (M23) 
and later (M2b) stages of M2 growth. 

Mineral composition data 

Analytical techniques 
EMP analyses of gamet, clinopyroxene and Ml> 
M2b and M3 amphiboles were carried out on 
specimen BFMS 83103 while garnet as well as 
M2b and M3 amphibole compositions are report
ed for specimen BFMS 82097. Four more or less 
contiguous garnet-clinopyroxene pairs, separated 
only by a narrow rim of M3 amphibole, are in
cluded in the mineral analyses from specimen 
BFMS 82103. Locations of these samples are 
indicated in Fig. 2. Analyses have been carried 
out on an ARL-SEMQ-70 electron microprobe 
at the Geological Survey of Sweden, Uppsala, by 
C. Ålinder and on an ARL-EMX electron micro
probe fitted with a LINK energy dispersive sys
tem at Mineralogisk-Geologisk Museum, Oslo. 

Analytical results 
Garnet. - Representative EMP analyses and cal
culated structural formulae of garnet cores and 
rims are presented in Table l (Analyses 1-3) 
while the end-member compositions of all the 
gamet compositional data are illustrated in Fig. 
4. In the calculation of the structural formulae, it 
has been assumed that all iron is in the ferrous 
state. Fig. 4 shows a marked variation in garnet 
composition as well as the presence of a pro
nounced compositional zoning of the "prograde 
type" with increasing MgO/FeO ratio and de
creasing MnO content from core to rim. Gamet 
rims contain up to 42 mol.% pyrope component. 

Clinopyroxene. - A representative EMP analysis 
and calculated structural formula of a clinopyrox
ene is presented in Table l (Analysis 4) while the 
end-member compositions of all the clinopyrox
ene compositional data are illustrated (Fig. 5) in 
the end-member diagram of Essene & Fyfe 
{1967). Ferric iron content and structural formu
lae have been calculated assuming ideal structur
al formulae and charge balance (Neumann 1976). 
The analyzed clinopyroxenes are homogeneous, 
show little variation in composition between 
grains and lie in the omphacite field. Their ja-
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Fig. 4. Compositional variation of garnets in terms of the end
member compositions, pyrope, grossular + andradite and al
mandine + spessartine. 

Aanite 

Fig. 5. Compostional variation of clinopyroxenes in terms of 
the end-member compositions, augite, acmite and jadeite. 
Clinopyroxene composition fields after Essene & Fyfe (1967). 

deite content ranges from 33-44 mol.%, al
though clinopyroxene analyses containing > 2.0 
mol.% acmite component have a maximum ja
deite component value of 40 mol.%. 

Amphibole. - Representative EMP analyses and 
calculated structural formulae of amphiboles are 
presented in Table l (Analyses 5-10) while all 
the amphibole data are illustrated (Fig. 6) in the 
various compositional field diagrams of Leake 
(1978). Ferric iron content and structural formu
lae have been determined following the proce
dure recommended by Leake (1978, p. 503). 
There is a marked variation in amphibole com-
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Table l. Representative gamet, clinopyroxene and amphibole compositions and structural formulae. The garnets, clinopyroxene 
and M2b amphiboles occur as porphyroblasts, the M1 amphibole as inclusions in garnet and the M3 amphiboles either as kelyphitic 
rims around gamet (8, 9) or as a symplectitic intergrowth with albite (10). The clinopyroxene (4) is omphacitic in composition 
while the amphiboles (5-10) show ferroan pargasite, barroisite, glaucophane, ferroan pargasite, magnesio-hornblende and 
actinolite compositions, respectively. 
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position which reflects varying optical properties 
and is related to the stage of amphibole growth. 
Thus, (blue-)green M 1 amphibole inclusions in 
gamet are low-silicalhigh-alumina, calcic amphi
boles of ferroan pargasite composition (Table l, 
Analysis 5). The M2b colourless amphiboles in 
BFMS 82103 are sodic-calcic with a barroisite 
composition (Table l, Analysis 6). The M2b pale 
blue-violet amphiboles in BFMS 82097 belong to 
both the alkali and sodic-calcic groups; they 
show glaucophane-crossite (Table l, Analysis 7) 
and barroisite compositions, respectively. A mi
croprobe stepscan profile across an optically 
zoned pale blue-violet amphibole reveals an in
crease in Si and Na and a decrease in Ca from 
core to rim resulting in a barroisite core and 
crossite rim (Fig.7). M3 amphiboles (Table l, 
Analyses 8-10) are calcic, varying in composition 
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from ferroan pargasite and magnesio-homblende 
(blue-green amphibole rims around garnet) to 
actinolite (symplectitic intergrowth with plagio
clase feldspar of composition Ab99). 

Metamorphic conditions of eclogite and 
glaucophane-crossite-barroisite formation 

P-T conditions of eclogite formation have been 
estimated on the basis of the partitioning of Fe2+ 
and Mi+ between coexisting garnet and clino
pyroxene (Ellis & Green 1979) and the P-T de
pendence of the jadeite content of omphacite 
(Gasparik & Lindsley 1980). 

K0([Fe2+ /Mg2+ ]gt[Fe2+ /Mg2+ ]cp•) val u es range 
between 7.1 and 19.0. The application of these 
extreme K0 values and the corresponding xg. 
(Ca/Ca+ Mg+ Fe) values (0.18 and 0.22) in 



NORSK GEOLOGISK TIDSSKRIFT 2 (1984) 

10 
SILICIC EOENITE 

u 
PARGAS IlE 

EOENITE �....i 

�� z:!æ: • 

�r o 
SILICIC FERAO- EDENITE �a! � � FERRJAN FERRO-EClHITE f'lt.RGo\SITE 

Mg��2· 05 

a. 
00 

8.0 

0.0 
FERRO-

;� � u a! 
� ! 

r'IRl·......srTE 

7.5 7.0 6.5 6.0 

Si in the standard cell 

CAOSSITE RIEBHKITE 
GLAUCOPIW<E Mg��e2• o.s 

GLAUCOPHANE 1 111\GNESIO· 

b. 

C. 

d. 

10 
0.0 

10 

0.0 
8.0 

WINCHITE 

FEARO-
WINCHITE 

.-�· 
0.3 0.7 

AIEBECKITE 

Fe3• l ( Fe3• + A fl' l 

BARROISITE 

.. . . 
2 2 4 

FfRRO- BARROISITE 

10 

7.5 7.0 6.5 6.0 

Si in the standard celt 

10 TREMOLITE l!miHE MAGI610- ,.._".,. E i &HE11WC!11' 
ACTINOLITE ACTte. • • h �z 

J� 
�IIIW11' FERRO- FEIRl-IIRNI!WD' h FfRRO-TSCH 

/>lTHa 

0.0 
8.0 

li �� 
75 7.0 6.5 6.0 

Si in the standard cell 
Fig. 6. Oassification of amphiboles according to Leake (1978). 
a. M1 (open circle) and M3 (filled circle) calcic amphiboles 
where (Na + K)A>0.50 and Fe3+ <Alv'. b. M2b alkali amphi
boles where (Na + K)A < 0.50. c. M2b sodic-calcic amphiboles 
where (Na + K)A < 0.50. d. M3 calcic amphiboles where (Na + 
K)A < 0.50. Analyses from the same grain are identified by the 
figures l (grain l) or 2 (grain 2). 

the calibration scheme of Ellis & Green (1979) 
provides a pair of steep lines on a P-T diagram 
(Fig. 8). The intersection of these lines with the 
P-T locus corresponding to a maximum jadeite 
mol.% value of 40% in the clinopyroxenes (Ga
sparik & Lindsley 1980) provides a temperature 
of 610 ± 90°C and a minimum pressure of 14.9 ± 
l.Skb. An alternative approach based on com
bining the minimum Fe2+ /Mg2+ ra ti os in both 
garnet and clinopyroxene in each of the garnet-
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Fig. 7. Microprobe stepscan profile across optically zoned am
phibole porphyroblast in BFMS 82097. 

clinopyroxene pairs provides a range in K0 val
ues between 9.0 and 14.7, corresponding 'X& 
values of 0.20 and 0.22, a temperature estimate 
of 615 ± 45°C and an estimate of minimum pres
sure of 14.9 ± O. 7kb. Even at PH2o = P1otal> meta
morphic temperatures of 600°C and minimum 
pressures of 15kb are consistent with (Fig. 8) the 
lack of any evidence for migmatization in the 
rocks of the Tsakkok Lens. The P-T parameters 
inferred here are significantly lower than the P-T 
conditions reported by van Roermund (in press) 
for formation of eclogites in the Central (migma
titic gneiss) Belt of the Seve Nappes in Vaster
botten. The eclogites in the upper part of the 
Tsakkok Lens formed, however, at comparable 
temperatures and pressures to the eclogites in 
the Eastern (schist-amphibolite) Seve Belt. 

Previous indications of high-pressure metamor
phism under conditions of a low geothermal gra
dient in the Seve Nappes have been solely based 
on the occurrence of coexisting garnet and om
phacitic clinopyroxene in the absence of plagio
clase feldspar in silica-saturated metabasites. The 
recognition of glaucophane and crossite in the 
Tsakkok Lens independently confirms this type 
of metamorphism in the Seve Nappes. The pet
rographic observations indicate that the sodic
calcic and alkali amphiboles post-date the eclo
gite mineralogy. Bearing in mind the relative 
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Fig. 8. Estimated P-T conditions of eclogite formation (narrow 
black field) and retrograde P-T path (arrow). Curves 1-4 after 
Ellis & Green (1979) with K0 = 7.1, 9.0, 14.7 and 19.0 and x& 
= 0.18, 0.20, 0.22 and 0.22, respectively. Curve 5 from Ga
sparik & Lindsley (1980) and curve 6 from Winkler (1979). The 
maximum glaucophane stability field is taken from Maresch 
(1977). 

position of the maximum glaucophane stability 
field (Maresch 1977) and the estimated P-T con
ditions of eclogite formation (Fig. 8), it appears 
that the sodic-calcic and alkali amphiboles 
formed during retrograde metamorphic condi
tions when both temperature and especially pres
sure were declining and water entered the sys
tem. Such an inferred retrograde P-T trajectory 
for the eclogites of this study (Fig. 8) satisfactori
ly explains the absence of glaucophane during 
subsequent phases of metamorphic readjust
ment. Early stages of retrograde P-T trajectories 
in high-pressure terrains elsewhere in the Cale
donides are characterized by virtually isothermal 
uplift followed by a period of more rapid cooling 
(Boland and van Roermund 1983, Griffin et al. 
in press). It is emphasized, however, that the 
inferred retrograde P-T trajectory of Fig. 8 
strongly depends on the mean temperature esti
mate of the eclogites. When more data become 
available, they may lower the mean temperature 
which, in turn, will steepen the retrograde P-T 
trajectory. 

Conclusions 

The following conclusions are made: 

l. Metabasites in the Pieske limestone of south
em Norrbotten, Sweden (Tsiikkok Lens, Seve 
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Nappes) reveal a complex history of deforma
tion and metamorphism. They developed 
from epidote amphibolite (M1) to quartz-zoi
site eclogite (M2a). Early, retrograde, hydrous 
mineral reactions (M2b) are characterized by 
the growth of amphiboles, including glauco
phane, crossite and barroisite. Finally, green
schist facies conditions prevailed during the 
formation of, for example, kelyphitic rims of 
arnphibole around garnet and a symplectitic 
intergrowth of albite and actinolite after om
phacite (M3). Conspicuous deformation of the 
eclogite assemblage occurred prior to growth 
of the M2b minerals. 

2. Metamorphic conditions of eclogite formation 
are estimated to beT = 610 ± 90oC and P min = 

14.9 ± l.Skb. 
3. P-T conditions of eclogite formation in the 

upper part of the Tsiikkok Lens are conspicu
ously lower than the P-T conditions reported 
for the Central Seve Belt eclogites further 
south in Viisterbotten. The eclogites of the 

Tsiikkok Lens formed, however, under similar 
temperatures and pressures compared to the 
Eastern Seve Belt eclogites. 

4. The occurrence of the alkali amphiboles glau
cophane and crossite independently confirms 
the presence of high-pressure metamorphism 
under conditions of a low geothermal gradient 
in the Seve Nappes. 

5. The glaucophane and crossite formed during 
conditions of rapidly decreasing pressure and 
slightly decreasing temperature associated 
with uplift and the introduction of water into 
the system. 
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