
International Geology Review, Vol. 48, 2006, p. 861–881.
Copyright © 2006 by V. H. Winston & Son, Inc. All rights reserved.
Metamorphic Evolution of the Tønsvika Eclogite, 
Tromsø Nappe—Evidence for a New UHPM Province
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Abstract

Eclogites within the Tromsø Nappe of the Uppermost Allochthon in the Scandinavian Caledo-
nides record a complex P-T history, involving a prograde subduction-related stage. Information on
the early prograde stage of the metamorphic evolution is provided by a relict amphibolite-facies
inclusion suite within garnet. The inclusion assemblage comprises hornblende, oligoclase, albite,
paragonite, biotite, and quartz. Included hornblende is chemically distinct from the secondary horn-
blende appearing in the matrix. Thermobarometric estimates on included hornblende and oligoclase
yield pressures of ca. 1.3 GPa at 600–700°C. Maximum pressure conditions recorded are 3.36 GPa
at 735°C, based on coexisting garnet, omphacite, and phengite, well within the coesite stability field.
Post-eclogite decompression resulted in omphacite decomposition to three successive diopside +
plagioclase symplectite stages: S1, S2, and S3. The width of the lamellar spacing (L) and the com-

position of the clinopyroxene vary as follows: LS1 > LS3 > LS2 and , indicating that

the three symplectites were formed at different P-T conditions. Thermobarometric estimates give
840°C at 1.41 GPa for S1, 700°C at 1.12 GPa for S2, and 740°C at 0.98 GPa for S3. Recrystallization
under amphibolite-facies conditions occurred at 650–700°C, 0.9–1.0 GPa. The geothermobaromet-
ric results, together with previously published age dating of the rocks, indicates that initial uplift
rates were very high, estimated at 3.6 cm/yr.

Introduction

ECLOGITES AND RELATED rocks within high-pressure
(HP) and ultrahigh-pressure (UHP) terranes have
been thoroughly studied during the last three
decades, and the knowledge of worldwide distribu-
tion of such terranes is steadily increasing. The
distinction between high-pressure (HP) and ultra-
high-pressure (UHP) metamorphism can be summa-
rized in the definition of UHP metamorphism as “a
type of metamorphism that occurs at very high litho-
static pressures within the eclogite facies but above
the stability field of quartz” (Carswell and Compag-
noni, 2003, p. 3). UHP metamorphic terranes are
mainly results of continental collisions. Carswell
and Compagnoni (2003) listed 22 UHPM terranes
worldwide, of which four have a less certain status.

The positive recognition of UHP metamorphism
relies on the identification of mineral indicators
such as coesite or diamond. The preservation of
coesite in such terranes is, however, very limited

and indirect petrographic and/or petrologic evi-
dence is needed to support a UHP origin. Inclusions
of polycrystalline quartz with associated radial
expansion fractures in the host mineral have been
taken as firm evidence of the former presence of
coesite. Another indirect method is the use of suit-
able geothermobarometers to estimate maximum
pressure conditions for the metamorphism (e.g.,
Gilotti and Ravna, 2002; Ravna and Terry, 2004). 

Geological Setting

The Tromsø Nappe (earlier Tromsø Nappe Com-
plex; e.g. Krogh et al., 1990), makes up the upper-
most part of the Uppermost Allochthon of the
Scandinavian Caledonides (Fig. 1). The Tromsø
Nappe consists of a sequence of polymetamorphic
high-grade metasediments (garnet mica schist,
marble, calc-silicate rocks) with frequent bodies of
mafic (eclogite and garnet amphibolite) and ultra-
mafic rocks (Krogh et al., 1990; Ravna et al., 2006).
Krogh et al. (1990) presented data on eclogites
and associated gneisses from this area, indicating
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862 RAVNA AND ROUX
minimum pressures of 1.7–1.8 GPa at 700–750°C,
with a later overprint at ~0.8–1.0 GPa/600–650°C.
Partial melting of eclogite within the Tromsø Nappe
is common (Krogh et al., 1990), and recent work by
Stevenson (2005, and pers. com.) confirms two epi-
sodes of partial melting. An early episode producing
peritectic garnet + melt at 2.0–2.2 GPa, 762–
844°C, and a younger one producing peritectic
hornblende + melt (garnet being a restite phase)
occurred at 1.0–1.3 GPa, 743–950°C (Stevenson,
2005). Ravna et al. (2006) described a prograde
subduction-related metamorphic evolution of garnet
ultramafics from spinel- to garnet-bearing assem-
blages, and the subsequent uplift. Cr-bearing spinel
and garnet apparently coexisted during subduction
over a pressure range from 1.39 to 2.38 GPa at tem-
peratures of 675–740°C. The post maximum-P
uplift path includes two temperature maxima—one
at ~750–800°C, 1.8 GPa and the second at > 750°C,
1.0 GPa. 

Corfu et al. (2003) presented U-Pb zircon and
titanite ages for the eclogitic rocks of the Tromsø
Nappe.  Pr imary magmatic  z i rcons f rom a
trondhjemitic layer within the large Tromsdalstind
eclogite gave an age of 493 +5/–2 Ma, interpreted as
the intrusion age of the protolith. Zircons from the
Tønsvika eclogite (Figs. 1 and 2), which is studied
herein, defined an age of 452.1 ± 1.7 Ma. Slightly
younger ages of 451–450 Ma were provided by high-
Al titanites from an eclogite and a calc-silicate rock.
A low-Al titanite from a post-eclogite hornblende-
bearing leucosome gave an age of 450.3 ± 0.9.
Rutile fragments from the Tønsvika eclogite gave an
age of 428.4 ± 0.8 Ma, interpreted to reflect a reset-
ting during uplift and cooling. These results show
that the HP/UHP event and subsequent uplift with
partial melting of the eclogite happened within only
a few million years (Corfu et al., 2003). A K-Ar
age of late hornblende in a retrogressed eclogite
gave 437 ± 16 Ma (Krogh et al., 1990). Hornblende

FIG. 1. Tectonostratigraphic map of the Tromsø region, modified after Ravna et al. (2006). 
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40Ar/39Ar isotope correlation ages are reported
within 419.4 ± 2.1 and 481 ± 1.8 Ma (Dallmeyer
and Andresen, 1992) from various parts of the
Tromsø Nappe.

The Tromsø Nappe is underlain by the Skattøra
migmatite complex (Selbekk et al., 2000), and tec-
tonically separated from it by a major thrust fault
(Fig. 1). The Skattøra migmatite complex makes up
the upper part of the Nakkedal Nappe Complex and
comprises an original Si-undersaturated (nepheline
normative) layered mafic complex with layers of
anorthositic to ultramafic composition, with gab-
broic compositions as the dominant rock type. The
rocks have been subject to a high degree of partial
melting at high temperatures (~900°C) and high
H2O content, producing a network of anorthositic
dikes (Selbekk et al., 2000).

This paper presents petrological evidence for
UHP metamorphism of a small eclogite body within
the Tromsø Nappe, northern Norway. The eclogite
body is located on the 1:50,000 topographic map
sheet Tromsø 1534 III, at Tønsvika on the mainland
~30 km northeast of the city of Tromsø (Fig. 1). It
crops out for about 100 m along the seashore, and
the rocks are excellently exposed (Fig. 2).

Analytical Procedures

Selected mineral compositions are given in
Tables 1–6. The samples were analyzed with a JEOL
840 SEM with an EDAX analyzer, using the EDAX
SEM-Quant standardless method with optimized
SEC factors based on analyses of a set of various
mineral standards. Operating conditions were 20 kV
accelerating voltage and a beam current of 3 nA.
Anhydrous minerals (garnet, spinel, pyroxene, and
olivine) are normalized to 100 wt% total, amphi-
boles to a total of 98 wt%, and mica to 96 wt%.

Lithology

The studied outcrop (Fig. 1) consists of marble,
garnet mica schist/gneiss, and mafic rocks (eclogite
and garnet amphibolite). The mafic rocks occur as
lenses and boudinaged layers ranging from a few cm
up to ~15 m in thickness within marble and garnet
mica schist (Figs. 2 and 3). The largest lens shows a
distinct zoning comprising a massive isotropic core
of an essentially bimineralic eclogite with shiny
cleavage planes of pristine omphacite, and a foliated
flaser-textured marginal zone of partially retro-
graded eclogite. Spectacular coarse-grained zones

FIG. 2. Detailed map of the Tønsvika eclogite. 
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up to 60 cm wide, consisting of garnet, clinopyrox-
ene, and biotite, with up to 3 cm long needles of
rutile, occur. Locally, calcite may be present in
substantial amounts (up to 10%). 

Eclogite
The eclogite is fine- to medium-grained with

granoblastic texture. It consists essentially of garnet
(30–40%) and omphacite (50–60%). Rutile, calcite,

TABLE 1. Data on Diopside-Plagioclase Symplectites, Sample T-54A30

Zone Type Size
Average spacing (L) close to 

the reaction front  XNa Cpx XAb Plag

S1 Lamellar Coarse 12 µm 0.23 0.15

S2 Lamellar Fine 5.5 µm 0.17 0.18

S3 Lamellar Intermediate 7 µm 0.15 0.14

TABLE 2. Selected Garnet Analyses1

Sample: T-54A3 T-65 T-68-1 T-68-2 T-41

Rock type: Ecl Ecl Amph Grt-mica schist Grt-Phe schist

at incl max Mg rim max-P core rim core rim core rim

SiO2 38.32 38.85 38.62 39.43 38.95 38.40 37.90 37.72 38.91 38.15

Al2O3 21.41 21.40 21.63 22.02 21.90 21.39 21.33 21.27 21.80 21.34

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 25.43 22.97 24.38 17.87 24.04 26.02 28.98 30.04 24.96 27.91

MnO 0.70 0.53 1.10 0.54 0.73 1.05 0.79 1.28 0.45 1.23

MgO 5.12 6.95 5.45 7.77 7.73 6.28 4.72 4.72 8.00 4.90

CaO 9.02 9.30 8.82 12.38 6.64 6.87 6.29 4.97 5.88 6.47

100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Normalized to 8 cations

Si 2.99 2.99 3.00 2.99 2.99 2.98 2.98 2.98 2.99 2.99

Al 1.97 1.94 1.98 1.97 1.98 1.96 1.98 1.98 1.98 1.97

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 1.66 1.48 1.58 1.13 1.54 1.69 1.91 1.98 1.60 1.83

Mn 0.05 0.03 0.07 0.03 0.05 0.07 0.05 0.09 0.03 0.08

Mg 0.59 0.80 0.63 0.88 0.89 0.73 0.55 0.56 0.92 0.57

Ca 0.75 0.77 0.73 1.00 0.55 0.57 0.53 0.42 0.48 0.54

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

X(Fe) 0.54 0.48 0.52 0.37 0.51 0.55 0.63 0.65 0.53 0.60

X(Mn) 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.03 0.01 0.03

X(Mg) 0.20 0.26 0.21 0.29 0.29 0.24 0.18 0.18 0.30 0.19

X(Ca) 0.25 0.25 0.24 0.33 0.18 0.19 0.17 0.14 0.16 0.18

1Totals are normalized to 100 wt%.
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pyrite, apatite, biotite, and titanite are accessory
phases. Garnet locally contains inclusions of par-
gasite, plagioclase, omphacite, biotite, phengite,
paragonite, quartz, rutile, and calcite. Closely
spaced amphibole, plagioclase and paragonite occur
in certain domains within garnets (Fig. 4A and 4B).
In one sample (T-54A3), garnet encloses apparently
coexisting albite (An02-03) and oligoclase (An12-15),
together with inclusions of amphibole, paragonite,
and quartz (Fig. 4B). Rare omphacite inclusions are
present along the garnet rims. Matrix omphacite
locally contains inclusions of phengite, rutile, and
quartz. 

Chemical zoning is locally present in garnets
containing inclusions of amphibole and/or plagio-

clase, but is otherwise not prominent. In the
domains containing amphibole and plagioclase, gar-

net has a relatively low Mg# ,

with an increase toward the rims (Fig. 5A) and a
sudden drop at the outermost rim. This zoning
pattern is interpreted to represent prograde growth
zoning modified by retrograde diffusion along the
rims during cooling. 

Lath-like symplectite aggregates of biotite + pla-
gioclase in the matrix are interpreted as pseudomor-
phs after phengite (Fig. 4C). Relict phengite (Simax =
6.78) rich in Ti (TiO2 ~ 3.00 wt%) are preserved as
inclusions in garnet (Fig. 4C) and omphacite.

Mg# 100∗Mg

Mg Fe
2+

+
--------------------------=

 
 
 

FIG. 3. Field relationships of the Tønsvika eclogite, showing the close association with garnet mica schist and marble. 
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FIG. 4. Textural relationships in eclogite and garnet amphibolite. A. An essentially bimineralic eclogite (sample
T-54A3) with garnet and omphacite. Two stages of diopside + plagioclase symplectite can be seen at the center of the
image. B. Details of the distribution of solid inclusions garnet (sample T-54A3). Note the appearance of albite and
oligoclase in apparent equilibrium. C. Inclusion of high-Si phengite in eclogite garnet (sample T-65). Aggregate of biotite
+ plagioclase in the matrix after former phengite. D. Omphacite with lamellae of quartz (sample T-64). E. Al-rich titanite
overgrowing rutile in a calcite-rich eclogite. F. Coexisting garnet + hornblende + plagioclase in garnet amphibolite
(Sample T-68-1). G. Electron backscatter image of three stages of symplectite after omphacite (sample T-54A3). 
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Omphacite (XNa = 0.20–0.40) in the matrix
occurs as mosaic textured sub- to anhedral equidi-
mensional grains (0.1–2 mm). Needles of SiO2
(quartz) oriented parallel to the (110) cleavage
planes (Fig. 4D) are present in some samples, the
density being highest within the core of the grains.
Partial breakdown of omphacite to symplectitic

intergrowths of plagioclase + diopside is common,
and the presence of two generations of symplectite is
a general feature (Fig. 4A). Locally, however, three
distinct zones of symplectite are observed (Fig. 4G).
The spacing of the symplectite lamellae in these
three zones is different; the outer zone (S1) has the
coarsest lamellae, the intermediate zone (S2) has the

FIG. 5. Zoning profiles of garnet from (A) eclogite (sample T-54A3), (B) garnet amphibolite (sample T-68-1), and (C)
garnet mica schist (sample T-41). The amphibolite and mica schist garnets both show evidence of retrograde diffusion
zoning, indicating that the cores are relics of the UHP event.
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finest, and the innermost zone (S3) has intermediate
spacing. The symplectites do not appear to be
deformed. 

Dark green to bluish green kelyphitic rims of
hornblende around garnet (Fig. 4B; Amph 2a), and
dark green hornblende developed along grain
boundaries between garnet and omphacite (Fig. 4B;
Amph 2b), are common. Locally diopside in sym-
plectite is partly replaced by greenish hornblende,
and large poikilitic hornblende may totally replace
the secondary diopside. Aggregates of secondary
biotite + plagioclase ± clinozoisite are also seen
replacing garnet. All the amphiboles found in eclog-
ite are classified as pargasites (Leake et al., 1997).
Inclusions (Amph I) and Amph 2a are most Al-rich
(Al(VI) > 1.00). Na(M4) is highest in Amph I (Table
3; Fig. 6).

The amount of calcite varies. It appears as sub-
to anhedral grains in matrix and seems to be in
textural equilibrium with garnet and omphacite.
Rutile (<5%) is common as inclusions in both gar-
net and omphacite and may occur either as small
parallel-aligned, prismatic crystals in the core zone
of garnet, or as elongated needles along preferred
orientations of ~60/120°. Rutile in matrix may be
rimmed by either ilmenite or high- to low-Al titanite
(Fig. 4E). 

Garnet amphibolite
Garnet amphibolite occurs along the recrystal-

lized margins of larger eclogite bodies and as
smaller fine-grained greenish black lenses and
bands within garnet mica schist and marble. Garnet
is concentrated in 4–5 mm wide zones along the

TABLE 3. Selected Clinopyroxene Analyses1

Sample: T-54A3 T-65

Rock type: Ecl Ecl

Mineral/stage: omph S1 S2 S3 omph

SiO2

54.12 52.25 52.11 52.01 52.64

Al2O3 8.64 6.79 5.46 4.9 6.3

TiO2 0.41 0.49 0.47 0.53 0.49

FeO 6.51 6.9 7.42 6.8 6.3

MnO 0 0 0 0 0

MgO 9.69 11.52 12.42 13.2 11.97

CaO 15.29 18.73 19.71 20.4 19.11

Na2O 5.34 3.33 2.42 2.16 3.17

Total 100 100 100.01 100 100

Normalized to 4 cations

Si 1.95 1.9 1.9 1.9 1.91

Al(iv) 0.05 0.1 0.1 0.1 0.09

Al(vi) 0.31 0.19 0.14 0.11 0.18

Ti 0.01 0.01 0.01 0.01 0.01

Fetot 0.2 0.21 0.23 0.21 0.19

Mn 0 0 0 0 0

Mg 0.52 0.62 0.68 0.72 0.65

Ca 0.59 0.73 0.77 0.8 0.74

Na 0.37 0.23 0.17 0.15 0.22

Total 4 4 4 4 4

1Totals are normalized to 100 wt%.
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margins of the smaller lenses. The amphibolite
locally is strongly aligned parallel to the foliation of
the enclosing schist.

The garnet amphibolite consists mainly of green-
ish hornblende, plagioclase, and garnet in a fine-
grained mosaic texture (Fig. 4F), with minor biotite,
quartz, clinozoisite, rutile, and titanite. Locally,
recrystallized hornblende + plagioclase mimic the
preceding symplectite texture from the omphacite
breakdown. Hornblende (0.05–0.35 mm) and
plagioclase (< 0.1 mm) each comprise up 30–40 %
of the rock, whereas idioblastic to subidioblastic
garnet (< 0.4 mm) and biotite are each present in
amounts of 5–10 %. Hornblende, plagioclase, and
garnet are chemically zoned. Garnet cores are
chemically similar to the eclogite garnets, showing a
typical retrograde diffusion zoning with decreasing
Mg# toward the rim (Fig. 5B). Hornblende is classi-
fied as tschermakite (Leake et al., 1997), and the Al
content increases, whereas the Mg# decreases from
core to rim. The Na-content of hornblende in the
garnet amphibolite is significantly lower as com-
pared to those occurring in the eclogite (Table 3;
Fig. 6). Plagioclase is zoned from An20 (core) to An36
(rim). Biotite is unzoned. Rutile occurs as inclusions
in garnet and as separate grains in the matrix.

Garnet mica schist
Banded mica schist is fine- to medium-grained

with a greyish color, commonly with rusty spots after
pyrite. Alternating bands consist of mica- and

quartz-rich assemblages. In the mica-rich bands,
the biotite/phengite ratio varies, and pure garnet-
phengite schist appears locally. Where mafic lenses
are embedded in mica-rich rocks, the margins of the
mafic rocks have a high content of biotite. The most
common variety consists essentially of biotite,
phengite, quartz, plagioclase, and garnet. Minor
constituents are hornblende, rutile, ilmenite, cal-
cite, and pyrite. Some of the bands are totally devoid
of biotite and plagioclase and consist only of garnet
+ phengite + quartz + rutile. Garnet occurs as idio-
blastic to sub-idioblastic grains with small com-
monly parallel-aligned inclusions of quartz, rutile,
and biotite. Zoning is displayed by decreasing Mg#
from core to rim (Fig. 5C). Phengite cores are rich in
Si (6.75–6.80 as a 22 oxygen basis) and Ti (2.10–
2.25 wt %). Si shows a marked decrease from core to
rim (Table 4). Plagioclase shows increasing An-con-
tent (An19 to An31), whereas biotite is virtually
unzoned. 

Marble
Marble is commonly relatively pure, with subor-

dinate amounts of quartz and zoisite. Locally, biotite
is present in substantial amounts. Phengite, garnet,
rutile and titanite are common accessory phases. 

P-T Estimates and Metamorphic Evolution 

The interpreted metamorphic evolution of the
Tønsvika eclogite and associated rocks is based on

FIG. 6. Chemical variation of amphiboles from some of the metamorphic stages described in the text.
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the micro-textural appearance of different mineral
assemblages.

Subduction
Stage I—early amphibolite stage. Preserved

inclusions of hornblende + oligoclase + albite +
paragonite + quartz in eclogite garnet define an
early (pre-eclogite) amphibolite facies stage (stage
I). The garnet zoning profile in Figure 5A shows a
minimum in Mg# around the entrapped inclusions
of hornblende and plagioclase, whereas the Ca
content appears to be constant. This is interpreted
as representing a relict core of an early garnet grow-
ing in equilibrium with the inclusion-suite minerals.
The mantle zones of the garnet have a relatively flat

zoning profile with higher Mg#, indicating partial
homogenization of the garnet at eclogite-facies
conditions. We thus infer that the lowest Mg# repre-
sents the most pristine amphibolite-facies garnet
composition.

Metamorphic temperatures and pressures for this
assemblage were estimated using the garnet-horn-
blende Fe-Mg thermometers of Perchuk et al.
(1985), Powell (1985), and Ravna (2000a), the horn-
blende-plagioclase thermometer of Holland and
Blundy (1994), and the garnet-hornblende-plagio-
clase-quartz geobarometers of Kohn and Spear
(1990). The garnet-hornblende thermometers all
give temperatures in the range 585–635°C and,
combined with the two barometers (for Mg- and Fe-

TABLE 4. Selected Amphibole Analyses1

Sample: T-54A3 T-68-1

Rock type: Ecl Amph

Amph 1 Amph 2a Amph 2b Core Rim

SiO2 42.4 38.79 42.94 43.68 42.92

Al2O3 18.12 19.78 15.24 15.43 17.34

TiO2 0.15 0.14 0.32 0.64 0.44

FeO 12.12 13.45 11.51 12.32 13.05

MnO 0 0 0 0 0

MgO 11.38 10.59 13.3 11.95 10.74

CaO 9.64 11.38 10.9 11.53 11

Na2O 3.59 3.78 3.49 1.68 1.96

K2O 0.6 0.1 0.31 0.77 0.55

Total 98 98 98 98 98

Schumacher normalization

Si 6.14 5.68 6.21 6.31 6.2

Al(iv) 1.86 2.32 1.79 1.69 1.8

Al(vi) 1.23 1.1 0.81 0.94 1.16

Ti 0.02 0.02 0.04 0.07 0.05

Fe3+ 0.09 0.2 0.15 0.15 0.15

Fe2+ 1.38 1.45 1.24 1.34 1.43

Mn 0 0 0 0 0

Mg 2.46 2.31 2.87 2.57 2.31

Ca 1.5 1.79 1.69 1.79 1.7

Na 1.01 1.07 0.98 0.47 0.55

K 0.11 0.02 0.06 0.14 0.1

Total 15.78 15.95 15.83 15.47 15.45

1Totals are normalized to 98 wt%, and structural formulae calculated according to the calculation scheme of Schumacher 
(1991).
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end members; Kohn and Spear, 1990), a pressure of
~1.2 GPa. Combinations of the two thermometric
expressions of Holland and Blundy (1994) and the
two barometric expressions of Kohn and Spear
(1990) all intersect close to 700°C/1.38 GPa (Fig.
7). The difference in temperatures obtained by the
two different mineral pairs may be related to chemi-
cal parameters and/or later thermal overprint. The
present amphibole composition is outside the range

(too high NaM4) for the calibration of the Fe-Mg
thermometer of Ravna (2000a) but within the limits
used by Perchuk et al. (1985) and the original cali-
bration of Graham and Powell (1984), later revised
by Powell (1985). Later thermal overprint could,
however, also have affected the Fe-Mg distribution
between hornblende and host garnet. Thus the horn-
blende-plagioclase thermometers, which are
expected to be more robust to later overprinting

FIG. 7. A. P-T calculations of the various metamorphic stages described in the text. B. Details in the P-T range 0.5–
1.5 GPa, 550–750 oC.
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as they are based on net-transfer reactions, are
preferred here. Also, the hornblende composition in
the present assemblage is far more sodic than the
recommended compositional limits given by Kohn
and Spear (1990). The effect of this parameter is
uncertain. To conclude, the estimated P-T condi-
tions for stage I are not well established. 

Stage II—eclogite stage. Stage II is identified by
the stable matrix assemblage garnet + omphacite ±
phengite ± quartz + rutile ± Al-rich titanite. As
mentioned above, matrix phengite is totally decom-
posed to aggregates of biotite + plagioclase; thus,
inclusions of phengite in virtually unzoned garnet
and omphacite are regarded as part of the maxi-
mum-P stage II assemblage. For thermobarometric
calculations of the maximum pressure conditions,
we have taken mineral compositions based on the
criteria recommended by Ravna and Terry (2004;
maximum Si content in phengite, maximum Jd con-

tent in omphacite and maximum  in

garnet). A combination of the garnet-clinopyroxene
Fe-Mg thermometer of Ravna (2000b) and the gar-
net-clinopyroxene-phengite barometer of Ravna and
Terry (2004) intersects at 735°C/3.36 GPa, well into
the coesite stability field (Fig. 7), thus presenting
the Tromsø Nappe as a new possible candidate for
the UHPM family. Any retrograde resetting of the
mineral compositions would bring the pressure esti-
mates to lower values. 

Abundant, parallel-oriented needle-like inclu-
sions of pure SiO2 in omphacite may be exsolution
features. The presence of clinopyroxene with ori-
ented quartz needles in several UHP terranes (e.g.
Smith, 1984; Katayama et al., 2000) has led to a
general conclusion that CaEs-bearing pyroxene is
stable only at UHP conditions. However, reversed
experiments by Gasparik (1986) show that CaEs-
bearing pyroxene also is stable well into the quartz
stability field. This issue has been discussed by
Page et al. (2005), who present evidence for quartz +
amphibole exsolution in omphacite from HP eclog-
ites in the Eastern Blue Ridge, southern Appala-
chians, United States. They concluded that the
presence of a diluted (5–10 %) CaEs component in
clinopyroxene does not require UHP conditions. In
the Tønsvika eclogite, neither amphibole nor other
minerals have been detected along the quartz rods
in the omphacite, indicating that exsolution was
from an earlier omphacite enriched in the Ca-Eskola
molecule after the reaction (Smyth, 1980):

2Ca0.5 0.5AlSi2O6 = CaAl2SiO6 + 3SiO2

2CaEs = CaTs + 3SiO2.

However, we regard the status of the omphacite with
exsolved quartz rods as uncertain. 

Decompression

Stage III—symplectite stages. The post-eclogite
decompression is well documented within the
present eclogites, the most striking feature being the
decomposition of omphacite to symplectitic inter-
growths of diopside + plagioclase. Most of the stud-
ied samples show two distinct zones of symplectite
breakdown, whereas three stages have been docu-
mented in one sample (54A3). These have been
denoted as stages S1, S2, and S3 (Table 1). Accord-
ing to Joanny et al. (1991), the phase transition
omphacite to Ca-clinopyroxene + plagioclase can be
classified as a discontinuous precipitation reaction.
The lamellar spacing (L) is thus a function of tem-
perature according to the growth law

log L = A – BT,

where A and B are constants. On this basis, Joanny
et al. (1991) were able to construct an empirical
geothermometer as a function of the spacing of
symplectitic lamellae. We have used this method to
estimate the formation temperature for the three
lamellar symplectite stages in sample 54A3. As the
accuracy of this method is strongly dependent on
how we measure the width of the lamellae, we have
made our measurements on the thinnest and best-
preserved lamellae as close to the reaction front as
possible to reduce the uncertainties of the cutting
effect and other effects, according to the recommen-
dations of Joanny et al. (1991). The results are sum-
marized in Table 1, and calculations give a
temperatures of 840 ± 50°C for S1, 700 ± 50°C for
S2, and 740 ± 50°C for S3. Pressure estimates for
the three symplectitic stages can be obtained from
the compositions of clinopyroxene and plagioclase
in each of them using the jadeite-in-clinopyroxene
coexisting with plagioclase barometer of Holland
(1980). S1 gives 1.41 GPa at 840°C, S2 1.12 GPa at
700°C, and S3 0.98 GPa at 740°C (Fig. 7). 

Fluid inclusions in omphacite could contribute
to the presence of a fluid phase during the symplec-
tite-forming events. This will greatly enhance the
diffusion rate, and thus increase the width of the
lamellae. A possible effect of such fluids can not be
excluded. It is, however, not realistic to suggest that

apyr
Grt

* agrs
Grt( )

2
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this could have affected the three stages indepen-
dently of each other—all three stages should have
been equally affected and the relative width of the
lamellae would have been the same. Furthermore, at
the estimated P-T conditions for stage S2 and S3, an
H2O-rich fluid phase would probably have caused
extensive amphibolitization of the symplectite
domains. 

Stage IV—amphibolite stage. Hydration and
recrystallization within amphibolite facies condi-
tions is well expressed along the well-foliated mar-
gins of more massive eclogite lenses and in thinner
bands within garnet mica schist and marble. The
stable assemblage is garnet + hornblende + plagio-
clase + quartz ± biotite + rutile. Garnet cores have a
composition that reflects that they are remnants of
the earlier eclogite facies, with relatively high Mg#
relative to the rim. Also, hornblende and plagioclase
show zoning that can be related to a pressure
decrease, with plagioclase showing a distinct
increase in anorthite from An21 (core) to An35 (rim).
The core composition of the garnet was most proba-
bly not in equilibrium with core compositions of
either hornblende or plagioclase. Attempts to esti-
mate P-T conditions on core compositions have
therefore not been made. Application of the Powell
(1985), Perchuk et al. (1985), and Ravna (2000a)
garnet-hornblende Fe-Mg thermometers on rim

compositions all yield similar temperatures of 650–
670°C. A combination of the Holland and Blundy
(1994) hornblende-plagioclase thermometers and
the Kohn and Spear (1990) barometers intersect
tightly at ~660°C, 0.91 GPa (Fig. 7). Thus, all avail-
able thermometric methods give identical results.

In the garnet mica schist, the assemblage garnet
+ biotite + phengite + plagioclase + quartz can
give both temperature and pressure. The garnet-
biotite-muscovite-plagioclase geobarometer (linear
expression derived from THERMOCALC; Powell and
Holland, 1988—see appendix) have been used in
combination with various versions of the garnet-
biotite Fe-Mg thermometer. Thermometers used are
Perchuk et al. (1985) and Kaneko and Miyano
(2004, 2005). In addition we have combined the
Ferry and Spear (1978) calibration of the garnet-
biotite thermometer with the empirical lnKD vs. (Sca +
XMn)Grt relationship shown for garnet-biotite pairs
from the Tromsø Nappe (Krogh et al., 1990) to
retrieve a new thermometric expression: 

The results are given in Table 7. As in the garnet
amphibolite, cores of garnet, biotite, phengite, and

T °C( )

2089 1403.5* XCa XMn+( )Grt
95.6*P GPa( )+ +

KD 0.782+ln
----------------------------------------------------------------------------------------------------------------------- 273–

=

TABLE 7. Calculated P-T Values Based on Various Geothermobarometers

Sample Rock type Stage P GPa T°C Methods

T-54A3 Eclogite I 1.2 585–635 Pea85a, P85, R00a + KS90

I 1.38 700 HB94 + KS90

T-65 Eclogite II 3.36 735 R00b + RT03

T-54A3 Eclogite III S1 1.41 840 Jea91 + H80

III S2 1.12 700 Jea91 + H80

III S3 0.98 740 Jea91 + H80

T-68-1 Grt-amphibolite IV 0.91 660 Pea85a, P85, R00a + KS90

T-68-1 Grt-amphibolite IV 0.91 660 HB94 + KS90

T-68-2 Grt-mica schist IV rim 1.0–1.06 675 Pea85b, KM04, RR06b + RR06a 

1Thermometers: Pea85a = Perchuk et al., 1985; P85 = Powell, 1985; R00a = Ravna, 2000a (garnet-hornblende Fe-Mg);
R00b = Ravna, 2000b (garnet-clinopyroxene Fe-Mg); HB94 = Holland and Blundy, 1994 (hornblende-plagioclase); Jea91 =
Joanny et al., 1991 (symplectite lamellae spacing); Pea85b = Perchuk et al., 1985; KM04 = Kaneko and Miyano, 2004,
2005 (garnet-biotite); RR06b = this paper (garnet-biotite Fe-Mg). Barometers: KS90 = Kohn and Spear, 1990 (garnet-horn-
blende-plagioclase-quartz); RT03 = Ravna and Terry, 2004 (garnet-clinopyroxene-phengite); H80 = Holland, 1980 (albite
in clinopyroxene); RR06a = this paper (garnet-biotite-muscovite-plagioclase-quartz).
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plagioclase were probably never in equilibrium,
inasmuch as plagioclase obviously was absent dur-
ing the highest pressures. The cores of phengite in
garnet mica schist and garnet phengite schist are
probably relics of the maximum-P stage, as their
high-Si content is equal to that in the phengite
included in eclogite garnet. Core compositions have
thus not been used for thermobarometry in the
garnet mica schist. Rim compositions give results in
the range 620 to 677°C and 1.0 to 1.06 GPa, the
recently calibrated garnet-biotite thermometer of
Kaneko and Miyano (2004, 2005) yielding the low-
est temperature. This thermometer is, however, only
calibrated for fairly low Ca garnets (XCa = 0–0.07),
whereas the Ca-content of garnet in sample T-68-2
is substantially higher (XCa = 0.15). The other two
expressions give temperatures that are comparable
with the garnet-hornblende (Perchuk et al., 1985;
Powell, 1985; Ravna, 2000a) Fe-Mg thermometers

as well as the hornblende-plagioclase thermometers
(Holland and Blundy, 1994).

The P-T estimates for the different metamorphic
stages and the metamorphic evolution for the Tøns-
vika eclogite and associated rocks are summarized
in Figures 7A and 7B, which give a detailed P-T
path for the post-eclogite evolution (Fig. 8).

Discussion

The present data provide good evidence for pro-
grade subduction-related metamorphism of the
Tromsø Nappe, in accordance with previous data
presented by Krogh et al. (1990) and Ravna et al.
(2006). Maximum pressures calculated for the Tøns-
vika eclogite are well within the coesite stability
field, indicating that these rocks reached UHP
conditions. However, so far, no indication of either
coesite or polycrystalline quartz aggregates have

FIG. 8. P-T-t path for the Tønsvika eclogite based on P-T calculations on various mineral assemblages (this paper),
data on partial melting (Stevenson, 2005, pers. com.), and age data from Krogh et al. (1990) and Corfu et al. (2003). 
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been identified, which makes the UHP nature of the
present rocks disputable. The most robust and reli-
able petrographical evidence is thus absent, and
only indirect evidence can be used. The reliability
of the garnet-clinopyroxene-phengite geobarometer
to discriminate between HP and UHP eclogites has
been shown by Ravna and Terry (2004). Application
of the barometer to a variety of HP and UHP eclog-
ites representing a large span in mineral chemistry
and P-T conditions has shown that the method is
capable, within uncertainty limits, to place well-
documented UHP eclogites within the coesite
stability field, whereas typical HP eclogites fall
within the quartz stability field (Ravna and Terry,
2004). Gilotti and Ravna (2002) used the method to
suggest UHP metamorphism within the North-East
Greenland eclogite province (NEGEP) without any
firm evidence for the presence of coesite or any
other petrographical UHP indicators. Recently, the
UHP nature of these eclogites was confirmed by the
discovery of coesite inclusions in zircon (Gilotti,
2005, pers. com.). 

One common feature of the several hundred
eclogite samples examined so far from the Tromsø
Nappe is that matrix phengite invariably is absent.
The common occurrence of lath-like aggregates of
biotite + plagioclase, apparently pseudomorphs
after primary phengite, indicates, however, that
phengite was a widespread matrix mineral. In a few
samples, relict phengite inclusions are preserved in
garnet and omphacite. Partial decompression melt-
ing is also a common phenomenon in the eclogites;
Stevenson (2005) has described two separate events
at different P-T conditions post-dating the maximum
P stage of the rocks. This indicates that post–max-P
heating was an important factor during the early
uplift stages of the subducted sequence, thus mini-
mizing the chances for coesite preservation. The
temperature increase would enhance the back-reac-
tion rate of coesite to quartz, and also the recrystal-
lization of any polycrystalline quartz aggregates
included in garnet or omphacite. The heat source for
the thermal peak estimated for symplectite stage S3
and the apparently coeval partial melting of eclogite
with production of melt + peritectic amphibole,
dated to 450 ± 0.9 Ma, most probably was the tec-
tonic juxtaposition of the UHPM Tromsø Nappe
rocks and the high-T Skattøra Migmatite Complex
(SMC). The SMC was migmatized at ~1.0 GPa and
900°C (Selbekk and Skjerlie, 2002) at 456 ± 4 Ma
(Selbekk et al., 2000). The chances to preserve
direct or indirect petrographic evidence for the

former presence of coesite would thus be minimal in
such a setting. Thus far we have to rely on the avail-
able geothermobarometers (Ravna, 2000b; Ravna
and Terry, 2004), which in our case clearly indicate
UHP metamorphism. Our conclusion on this basis is
that the Tromsø Nappe did indeed experience UHP
metamorphism.

The Tromsø Nappe and the underlying Nakkedal
Nappe Complex (Fig. 1), making up the Uppermost
Allochthon of the Scandinavian Caledonides, rests
tectonically on top of Silurian metasediments depos-
ited directly on the Lyngen Magmatic Complex (both
part of the Upper Allochthon). A U-Pb zircon age
obtained from a deformed tonalite dike within the
complex, yields 469 ± 5 Ma (Oliver and Krogh,
1995). The Lyngen Magmatic Complex represents
oceanic fragments obducted on the margin of the
Baltic continent in Ordovician (Taconic) time (Ped-
ersen et al., 1988, 1991), at the same time as the
Tromsø Nappe rocks were subducted to ~100 km
depth (Corfu et al., 2003), and the Skattøra Migma-
tite Complex underwent extensive melting (Selbekk
et al., 2000; Selbekk and Skjerlie, 2002). 

The rock units of the Uppermost Allochthon are
believed to represent fragments of the Laurentian
continental margin (Stephens and Gee, 1985, 1989;
Roberts et al., 1985; 2001; 2002; Yoshinobu et al.,
2002; Roberts, 2003), and may thus be related to the
NEGEP (Gilotti, 1994; Gilotti and Elvevold, 1998;
Elvevold and Gilotti, 2000; Gilotti and Ravna,
2002). Dating of the North-East Greenland eclogites
has, however, yielded Devonian ages of ~400 Ma for
HP metamorphism in the western and central
blocks, similar to the ages of the Western Gneiss
Region of southern Norway (Krogh et al., 1974;
Carswell et al., 2003), and as young as Carbonifer-
ous age (360 ± 5 Ma; U-Pb zircon) for the UHP
metamorphism in the eastern block of the NEGEP
(Brueckner et al., 1998; Gilotti et al., 2004). There
is therefore no straightforward relationship between
the Tromsø and North-East Greenland eclogites.
Eclogites of similar (Taconic) age to the Tromsø
eclogites are reported from Biscayerhalvøya, Sval-
bard (Gee and Gromet, 1998) and the eastern Blue
Ridge of North Carolina (~460 Ma; Miller et al.,
2000). This Taconian link has been pointed out by
Steltenpohl et al. (2003), who also suggested that
eclogites within shear zones in the Lofoten igneous
province (Kullerud et al., 2001; Markl and Bucher,
1997) are of the same age.

The exhumation of the Tromsø Nappe rocks
appears to have been rapid, as evidenced by the
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dating of Corfu et al. (2003) and the P-T data pre-
sented here. Maximum pressures within the coesite
stability field (3.36 GPa at 735°C) apparently were
reached at 452.1 ± 1.7 Ma, whereas partial melting
involving peritectic hornblende at 1.0–1.2 GPa was
attained at 450.3 ± 0.9 Ma (Corfu et al., 2003).
These data are similar to those given for the early
exhumation of the Dora Maira (Rubatto and
Hermann, 2001). Using the approach regarding
lithostatic pressures vs. depth given by Rubatto and
Hermann (2001), a mean exhumation rate of 3.6 cm/
yr (36 km/m.y.) is obtained for the early Tromsø
Nappe rocks, compared to 3.4 cm/year for Dora
Maira. 

Summary

The eclogitic rocks from the Tromsø Nappe show
a complex metamorphic history, giving well-docu-
mented evidence of prograde subduction-related
evolution. The maximum pressure estimate pre-
sented in this paper indicates that UHP conditions
were reached. The post-eclogite P-T evolution of the
present rocks based on textural observations and
thermobarometry indicate a moderate increase in T
to >800°C during the initial phases of uplift from
3.36 GPa to ~1.4 GPa (Fig. 8), succeeded by cooling
at further uplift, and then by an event of approxi-
mately isobaric heating before final cooling and
decompression. This is in line with the observed
appearance of two separate stages of partial decom-
pression melting observed in eclogites from the
area, the oldest involving peritectic garnet occurring
at 2.0–2.2 GPa, 762–844°C and the youngest
involving peritectic hornblende at 1.0–1.3 GPa,
743–950°C (Stevenson, 2005). Initial uplift was
rapid, estimated at ~3.6 cm/y.

A summary based on the observed textural
observations and geothermobarometric estimates as
given in Figure 8, and additional data from Steven-
son (2005), is presented below.

1. Stage I is represented by hornblende + plagio-
clase (albite + oligoclase) + paragonite + biotite +
quartz included in garnet. Estimated P-T conditions
are 1.4 GPa/675°C. 

2. During Stage II, maximum P-T conditions for
eclogites give UHP conditions of up to 3.36 GPa at
735°C. 

3. Early post–max-P conditions pass through
conditions where partial melting of eclogites involv-
ing peritectic garnet is formed at 2.0–2.2 GPa and
760–845°C (Stevenson, 2005).

4. Attending Stage III, three stages of symplec-
tite formation (S1, S2, and S3) are recognized,
apparently being formed at 1.41 GPa/840°C, 1.12
GPa/700°C, and 0.98 GPa/750°C, respectively. The
partial melting involving peritectic hornblende
(Stevenson, 2005) may be related to the temperature
increase observed for stage S3 and the tectonic
coupling of the Tromsø Nappe rocks with the hot
Skattøra Migmatite Complex.

5. The tectonic juxtaposition of the Tromsø
Nappe and the Skattøra Migmatite Complex caused
strong ductile deformation and recrystallization of
the involved rocks as temperatures cooled off into
the amphibolite-facies regime (Stage IV).
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Appendix 

The reaction 
3 CaAl2Si2O8 + KMg3AlSi3O22(OH)2 = Mg3Al2Si3O12 + Ca3Al2Si3O12 + KAl2AlSi3O22(OH)2
3 anorthite + biotite = pyrope + grossular + muscovite

has a gentle slope in the P-T space and has been
used extensively as a reliable geobarometer (e.g.,
Ghent and Stout, 1981). We have used THERMOCALC

(Powell and Holland, 1988) and the thermodynamic
database of Holland and Powell (1998) to retrieve a
linearized geobarometric expression for this reac-
tion, given as

P(GPa) = 0.1171 + 0.001607T + 0.0001185T ln K,

where K is the equilibrium constant expressed as

.

.

For biotite and muscovite we employed the 

activity models , and

,

respectively. The activity model for anorthite is from
Holland and Powell (1992), and for garnet we used
the formulations of Ganguly et al. (1996).
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