FIGURES

CHAPTER 1



FIGURE 1.01 Geographical map of the study area.
Based on Topographisk Kart 11171, Dale, 1:50,000.
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FIGURE 1.02 Tectonostratigraphic map of Central
and Southern Norway, after Roberts et al, 1981.
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FIGURE 1.03 Locality map of the Basal Gneiss
Region, showing the main areas of interest

discussed in the text.
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FIGURE 1.04 Geological map of the Sunnfjord area,
modified after Kildal (1970).
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FIGURES

CHAPTER 2



FIGURE 2.01 Typical stripey gneiss of the
Vardheia Unit from near Elde, Flekkefjord. Note
dark micaeous and pale quartzo-feldspathic layers.
Also note disharmonic folding of more competent
quartzo-feldspathic layers.

FIGURE 2.02 Large mesoperthite megablast showing
strain induced extinction and marginal development
of phengite and albite subgrains (top RHS). The
mesoperthite sits in a matrix of granulated
feldspar and quartz. Crossed polars, scale bar 1
mm. Specimen 79/19, Vardheia Unit, Elde.

FIGURE  2.03 Hinge of F2  microfold in
phengite-gneiss. Phengites lie 1in a matrix of
sodic plagioclase (cloudy) and quartz (clear) and
contain abundant sphene inclusions (dark lozenges).
Plane polarised light, scale bar 1 mm. Specimen
79/21, Vardheia Unit, Eldevika.

FIGURE 2.04 Migmatitic gneiss, Raudenebben, by
Dalsfjord, from the Vardheia Unit. Scale bar 30
cm.






FIGURE 2.05 Boudinaged rootless recumbant
isoclinal fold (Fp) in mafic pod within psammitic
gneiss. Coast south of Asnes, Gjorlangerfjord.

FIGIRE 2.06 Margin of felsic backvein in
phengite-eclogite, coast south of Asnes. Eclogite
is LHS, passing rightwards into garnet + quartz +
phengite +/-  omphacite. Note increasing
symplectisation of omphacite into the ore
quartz-rich area. Q = quartz, p = phengite, 0 =
omphacite, G = garnet. Scale bar 1 mm.



2.:06




FIGURE 2.07 Section through peridotite-gneiss
outcrop to the north of Varden, by Storetjorna,
showing a relationship of peridotite to K-poor

gneisses of the Gjorlanger Unit. See text for
details.
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FIGURE 2.08 Fresh anorthositic trocto]i@e,
Instetjorna, showing olivine and plagioclase-rich
layers.

FIGURE ~ 2.09 Photomicrograph of anorthositic
troctolite (specimen D170) illustrating cumulus
olivine (0) and plagioclase (p) with intercumulus
augite (A) and hypersthene (H). Note cloudy nature
of plagioclase and deep pigmentation of pyroxene
cores.

FIGURE 2.10 Fine-grained 2-pyroxene + spinel
symplectite between olivine (bottom left) and
plagioclase (RHS). The dark rim between
symplectite and plagioclase contains tiny garnets.
The minute needles in the plagioclase are probably
zoisites. Scale bar 0.1 mm.

FIGURE_ 2.11 Garnet-zoisite-amphibo]ite mimik ing
rhythmic graded igneous layering, north of

Instetjorna. Hammer head points towards top of
graded units.






FIGURE 2.12 Displacement of light bands across a
dark amphibolite streak - syn-igneous fault? North

of Instetjorna.

FIGURE 2.13 Strongly attenuated metabasite with
white bands forming due to streaking-out and
decomposition of igneous plagioclase. Recumbant
folds are F2. West of Saurdalsfjellen.

FIGURE 2.14 Thick granular garnet corona in
coronite from Aurevagen, south of Hellevik
(specimen D132). Below garnet 1is fine-grained
omphacite + kyanite +/- zoisite intergrowth (after
plagioclase). Above garnet are coarser omphacites,
probably replacing igneous augite. Scale bar 1
.

FIGURE 2.15 Omphacite + kyanite intergrowth as in
Figure 2.14 overgrown by discreet euhedra of
garnet, with omphacite inclusions. Scale bar 1 mm.
Specimen D133, Aurevagen near Hellevik.
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FIGURE 2.16 Extremely fine-grained sillimanite
needles intergrown with plagioclase after white
mica. Foliated meta-anorthosite, Gjorlangernova.

FIGURE 2.17 Typical amphibole-plagioclase-quartz
symplectite after omphacite. Coarse-grained
retroded eclogite, Gjorlangernova. Scale bar 1
m.

FIGURE 2.18 Eclogite/amphibolite showing
actinlitic amphibole (pale, thin dark rims) in
apparent  textural equilibrium with omphacite
(darker, thick dark rims). Garnet in lower
right-hand corner.
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FIGURE 2.19 Garnet from bimineralic eclogite
between Gjorlanger and Solvik (specimen D205). "The
micrograph is reproduced in figure 4.11 as a line
drawing. Note colour zoning with darker red core,
small hornblende (H) and ilmenite (I) inclusions in
the core and rutile (R) and omphacite (0)
inclusions near the paler rim.

FIGURE 2.20 Textural relationships in a chlorite
harzburgite. Note paraliel orientation of chlorite
(C), enstatite (E) and oxide (0); also replacement
of enstatite by talc (T) + olivine (F) or
anthophyllite (A) + olivine, with anthophyllite
overgrowing the foliation.

FIGURQ 2.21 Pod of chlorite-pyroxene-garnetite in
chlorite harzburgite, Solvik. Scale bar 30 cm.






FIGURE 2.22 Jadeite-bearing coronite, Balsarvika.
White patches are intergrowths of jadeite + zoisite
+ paragonite, green patches are omphacite, pink
coronas are garnet with jadeite or omphacite
inclusions. Black is lichen.

FIGURE 2.23 Coronite-eclogite with
meta-anorthositic blocks, Balsarvika.

FIGURE 2.24 Bimineralic coronite-eclogite,
Balsarvika. Note the omphacite-filled veins (v).






FIGURE 2.25 Photomicrograph of jadeite-zoisite
intergrowth with paragonite (P) and the edge of a
garnet corona at the top of the field of view with
abundant jadeite inclusions. From Balsarvika,
specimen D187. Scale bar 1 mm.

FIGURE 2.26 Augite heavily clouded with ilmenite,
partially transformed to omphacite (0) and rutile
(R) by garnet corona (G). Secondary hornbiende (A)
overgrows the omphacite and garnet. Scale bar 1
mm.

FIGURE 2.27  Idiomorphic Fe-Ti oxide with clear
chlorite inclusions, surrounded and partly replaced
by garnet. Textural relationships suggest an
igneous origin. From the ilmenite-ore mine,
Sordal. Scale bar 1 mm.

FIGURE 2.28 Coarse garnet-amphibole-Fe-Ti oxide
rock which can locally be seen to be mimicking an
igneous texture. Leirpol, Flekkefjord.






FIGURE 2.29 Pod of white zoisitite pod with
blackwall = reaction selvage against enclosing
dunite. Successive reaction zones are garnet
(pink), hornblende and chlorite (black) and
anthophyllite/talc (not visible in this
photograph).






FIGURE 2.30 Schematic section through the Flekke
Unit as reconstructed from a number of localities.
E = eclogites, squares indicate coronites or

unaltered igneous assemblages. See text for
details.
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FIGURE 2.31 Typical appearance of grey, poorly
deformed gneisses of the Gjorlanger Unit,
Gjorlanger. Note patchy grain size variation and
fine-grained aplitic lens above and Teft of hammer
head. The gneiss at the extreme top left of the
field of view has been mildly sheared to form an
augen-gneiss.

FIGURE 2.32 Close-up of centre of field of view
in figure 2.31, showing porphyroblastic texture and
aplite lens. This is typical of the least altered
charnockitic rocks.

FIGURE 2.33  Shear-zone in grey augen-gneiss of
the Gjorlanger Unit, south of Flekke. Note the
extreme flattening of the white feldspar augen.
Pencil is 15 cm long.






FIGURE 2.34

A. Photomicrograph of charnokitic gneiss fron
south of Flekke in the Gjorlanger Unit. Clots of
lamellar hypersthene (H), augite (A) and quartz 1lie
in a matrix of plagioclase (P) clouded with
extremely fine zoisite and white mica.
Plane-polarised 1ight, scale bar 1 mm.

B. Expanded view of hypersthene with exsolutior
lamellae of calcic pyroxene. Clear grains are
quartz. Fine coronas of garnet (G) rim the
pyroxene against the plagioclase. Scale bar 0.f
mm.

FIGURE 2.35 Hydration products in altere
charnockitic grey gneiss from the Gjorlanger Unit
Slightly altered pink hypersthene 1lies at to
right, surrounded by quartz. To its left is |
corona with a core of actinolite + quartz +/
biotite (A), rimmed by fine beads of garnet, thel
hornblende + biotite (HB) against plagiocias
(perthitic) clouded with fine zoisite (P). Not
the more brown-coloured biotite replacing thi
jlmenite. The corona is a result of hydration o
granulite-facies pyroxenes. Plane polars, scal
bar 1 mm.

FIGURE 2.36 Slightly deformed grey gneiss wit
recrystallisation of hydrous phases. B = biotite
G = garnet, Z = zoisite, H = hornblende, F
granular microcline + albite intergrowth. Scal
bar 1 mm.






FIGURE 2.37 Sketch of metabasic dykes now
consisting of eclogite, in grey orthogneisses of
the Gjdrlanger Unit. Solid lines - sharp margin.
Hatched lines - diffuse margin. "Lobe" indicated
is that shown in figure 2.39. Figures indicate
locations of samples D80-83 and D83A. From cutting
by road from Gjorlanger to Solvik.
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FIGURE 2.38 Basic sheet in grey gneiss,
Gjorlanger Unit between Gjdorlanger and Solvik. The
basic sheet is an eclogite with a blocky appearance
(Tower half of field of view) whose upper boundary
js diffuse, marked by the whiter, streaky rock,
some of which extends into the eclogite sheet as
back-veins. Sample D83A comes from just below the
hammer head.

FIGURE 2.39 Metabasic sheet (now eclogite) in
lower field of view, with a diffuse-bordered 1lobe
of eclogite extending into the overlying gneiss -
Samples D80, D81, D82 and D83 come from the area
right of the hammer. Note the unfoliated nature of
the gneiss and the eclogite.

FIGURE 2.40 Partly altered granulite-facies
paragenesis from basic dyke by Gjdrlangerfjord.
Marginally  amphibolitised  augite (A) and
hypersthene (H) 1ie in a matrix of heavily clouded
plagioclase (P) and clear K-feldspar (K). Later
beads of garnet rim the pyroxenes.






FIGURE 2.41 Basic dyke cutting charnockitic
granodiorites south of Flekke. This dyke has a

granulite-facies paragenesis similar to that in
figure 2.40.

FIGURE 2.42 Close-up of dyke margin showing its
sharp, non-tectonic nature.

FIGURE 2.43 Streaky grey gneiss with more mafic

and more felsic areas, typical of the transition
between grey gneiss and metabasite.
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FIGURE 2.44 Diffuse bodies of metabasite
(amphibolite with relics of garnet and omphacite)
in grey gneisses, Gjorlanger Unit near Trollefoss,
south of Flekke.

FIGURE 2.45 Garnet 1in kyanite eclogite from
Haheia (specimen D123) with core zone full of
hornblendic actinolite inclusions, along with minor
quartz and zoisite. This photomicrograph is
reproduced as a line drawing in figure 4.10. Scale
bar 1 mm.

FIGURE 2.46 Kyanite eclogite west of Jyttevatnet
(specimen D77). G = garnet, 0 = omphacite (with
dark marginal symplectite), K = kyanite (with
zoisite inclusions), P = phengite, Z = zoisite.
Scale bar 1 mm.

FIGURE 2.47 Quartz-phengite-omphacite-kyanite
rock with omphacite almost completely altered to a
submicroscopic symplectite and kyanite (K) rimmed
by fibrolitic sillimanite (S). Scale bar 1 mm.
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FIGURE 2.48 Omphacite in heavily altered massive
green gneiss, with exsolution lamellae of another
(omphacitic?) pyroxene. Scale bar 0.3 mm.

FIGURE 2.49 Textural relationships of corona in
altered charnockitic gneiss. A bead-1ike corona of
garnets (G) rims a very fine-grained granular mass
of amphibole + plagioclase + quartz (A) which has
probably replaced omphacite. Inclusions of
ilmenite and rutile (black), apatite and zircon
also appear. Outside the garnets there is a
fine-grained mass of biotite (B), surrounded by
microperthite, clouded with zoisite, white mica and
biotite (F).

FIGURE 2.50 Breccia of grey-gneiss fragments in a
matrix of amphibolite (A) on the margin of a
websterite body. Gjdorlanger.
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FIGURE 2.52 Garnetite veins, bordered by
omphacite-pyroxenite (pale green) cutting
websterite in roadcut by route 607, Gjorlanger.

FIGURE 2.53 Fine interbanding of garnet,
omphacite and amphibole-rich bands (omphacite paler
green than amphibole) near eastern end of
websterite outcrop, Gjorianger. This example lies
below and Teft of the hammer in figure 2.62.
Sample 79/9a comes from one of these bands. Hammer
head for scale, lower frame.






FIGURE 2.54 Textural relationships in websterite.
Anhedral oxide is rimmed by chlorite (C), amphibole
(A) or garnet (G). A small relic of pleonaste
spinel (dark grey) lies in the oxide mass with a
small chlorite growing into it (pale grey). To its
right is a large mass of garnet (G) with chlorite
and amphibole inclusions. An amphibole at the top
of the frame has oxide speckling in its core,
typical of replacement products of the early
pyroxenes. Specimen D45 from south of
Gjorlangerelva.

FIGURE 2.55 Typical "atol1" garnet from eclogite
D116 in the Basal Gneisses east of Breidvatnet.
Note the biotite-feldspar symplectites after
phengite and marginal diopside-plagioclase
symplectite surrounding the omphacite. Scale bar
0.3 mm,

FIGURE 2.56 Garnet from eclogite in the Basal
Gneisses with glaucophane inclusions (G) and
omphacite inclusion (0). Scale bar 0.3 mm.
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FIGURE 2.57 Relationship of younging direction

(arrowed) and S; fabric to grade layering (Sg)
in metacumulate from north of Instetjorna.

FIGURE 2.58 Recumbant Fo fold from west of the
summit of Vardheia, Vardheia Unit.

FIGURE 2.59 Tight isoclinal F2 folds defined by
omphacite, zoisite or garnet-rich layers in
eclogite. Bogevik, Tyssedalsvatnet.
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FIGURE 2.60 F2 chevron folds folding S
foliation in garnet amphibolite (retrograde
eclogite). North slopes of Haheia, Flekke Unit.

FIGURE 2.61 F3 fold 1in grey gneisses,
Gjorlanger. Intrusive breccia bordering websterite
lies in the core of the fold.

FIGUIRE 2.62 F3 fold deforming garnet-rich
banding 1in websterite body, Gjorlanger. The

garnetite bands are probably related to the veins
shown in figure 2.52.
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FIGURE 2.63 F3 fold in orthogneisses of Basal
Gneisses with 1imb folded around open upright Fy

fold. Roadcut on route 57, south end of
Breidvatnet.

FIGURE 2.64 Open, upright folding of Fgq phase
in meta-psammites of the Vardheia Unit south of
Asnes, Gjorlangerfjord.






FIGURE 2.65 Equal area stereographic projections
for poles to foliation Sj;, contoured by the
Mellis method. Each circle represents 1 point and
occupies 1% of the total area.

A.
B.
C.
D.

A1l measurements for the study area.

A1l measurements to the east of Haheia.

A11 measurements to the west of Haheia.
Orientations of lineations. Open square - axes
to minor folds (Fp). Filled square - mineral
lineations, augen elongation. Also plotted is
the S-Pole girdle fitted to the highest
concentrations of points A, B and C.
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Figure 2.6SB




Figure 2.65C




Figure 2.65p




FIGURE 2.66 Typical quartz-phengite-albite-garnet
assemblage associated with Sy in psammitic
gneiss, with marginal development of biotite +
K-feldspar + quartz (B) around the phengite (P).
Plane-polarised 1ight, scale bar 1 mm.

FIGURE 2.67 Tectonic disruption of garnet corona
in meta-anorthositic gabbro from north of Sordal.
Note gaps between clots of garnet, which are filled
with quartz (Q) or barroisite (B). Core of the
corona consists of omphacite (dark, symplectic
rims) and barroisite. Scale 1 mm.

FIGURE 2.68 F3 bending of S1 phengite causing
undulose extinction and formation of sub-grains in
adjacent albite and quartz. Phengitic grey gneiss,
Gjorlanger. Crossed polars, scale bar 1 mm.






FIGURE 2.69 §1 foliation formed by chlorite,
olivine and oxide in chlorite peridotite, deformed
by F3 crenulations. Post Sj anothophyllite (A)
and later talc (T) is fractured or bent by Fj.
Note fractures in anthophyllite and wundulose
extinction in talc. From roadcut by Flekke school.
Crossed polars, scale bar 1 mm.

FIGURE 2.70 Heavily strained and granulated
quartz and feldspars in mylonitic gneiss, east
shore of Breidvatnet near boundary between Basal
Gneisses and Gjorianger Unit.
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CHAPTER 3



FIGURE 3.01 Major -element concentrations of
Gjorlanger Unit 1ithologies plotted against the
differentiation index of Thornton and Tuttle
(1960). Analyses have been recalculated to 100%
water-free.

Symbols:-

Open circles = Basal Gneisses

Closed circles = Grey Gneisses

Open squares = K-poor gneisses

Closed squares = Massive green gneisses
Close triangles = Metabasic dyke rocks
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FIGURE 3.03 AFM and K20-Nag0-Ca0 plots for
compositions of rocks from the Gjorlanger Unit and
Basal Gneisses. Symbols as for figure 3.01.



pod . 0S . omoz <—N

au [1D3|D-2]D)

L Jeo

- 0
(o] 4//‘ u _
(o]
21311810Y]
€€ 8Jnbig |
ONx 4



FIGURE 3.04 Normative feldspar triangular
diagrams (after Streckeisen, 1976a) with
compositions of rocks from the Gjdorlanger Unit and
Basal Gneisses. Symbols as for figure 3.01.

"Quartz-feldspar rocks"
"Feldspar rocks"

Numbers along Or-An join correspond to the
composition classification of Streckeisen (1976a).
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FIGURE 3.05 Classification of Gjorlanger Unit and
Basal Gneiss lithologies using "immobile" elements.
fields are those of Floyd and Winchester (1978).

Abbreviations:

Sub-AB - sub-alkali basalt

AB - alkali basalt

A - andesite

TA - trachyandesite

Ba - basanite, nephelinite
T - trachyte

RD + D - rhyodacite + dacite

R - rhyolite

C+P - comendite + pantellerite
Ph - phonolite

Plotted numbers are equivalent plutonic
compositions from figure 3.4.
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FIGURE 3.06

A Silica vs alkalis plot for rocks of the
Gjorianger Unit and Basal Gneisses. Solid 1ine
separates fields for alkaline and subalkaline
rocks. Hatched 1lines define field for
high-alumina-basalt trend of Kuno (1960).

B. Si02 vs Ca0 plot for Gjorlanger Unit and
Basal Gneisses. Vertical hatched line X indicates
Peacock index for Gjorlanger Unit grey and massive
green gneisses, line Y Peacock index for K-poor
gneisses.

Symbols as for figure 3.01.
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FIGURE 3.07 Normative nepheline-olivine-quartz
projection for rocks of the Gjorlanger Unit and
Basal Gneisses. Solid line divides alkaline and
subalkaline fields of Irvine and Baragar (1971).
Hatched 1line represents the critical plane of

silica undersaturation. Symbols as in figure
3.01.
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FIGURE 3.08 Al,03 vs normative plagioclase
plot for gneisses of the Gjdrlanger Unit and Basal
Gneisses. Solid line separating theoleiitic and
calc-alkaline fields comes from Irvine and Baragar
(1971). Symbols as for figure 3.01.
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FIGURE 3.09 Si02 vs Kp0 plots for gneisses of
the Gjorlanger Unit and Basal Gneisses with
compositional fields of other rock suites.

A. Comparison with anorthosite-mangerite-rapakivi
granite suites.
So]i? 1ine - Nain, Labrador (de Waard + Wheeler
1971).
Dashed 1ine - Jotun-Bergen suite, Norway
(Kolderup, 1921; Deitrickson, 1958; Batty and
McRitchie, 1975; Austrheim, 1978).
Dash-dot 1ine - Roaring Brook, Marcy Massif,
Adirondacks (de Waard, 1970).
Dottid line - Morin series, Quebec (Philpotts,
1966).

B. Comparison with:-
Long dashed 1ine - Madras charnockites (Howie,
1955; Subramaniam, 1959).

Short dashed 1line - Archaean grey gneisses
(Tarney, 1976).
Dash-double dot 1line - Tuolumne Intrusive

Series, Sierra Nevada Batholith (Bateman and
Chappel, 1979).

Symbols as for figure 3.01.
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FIGURE 3.10 Triangular Rb-Ba-Sr diagram of el
Bouseily and el Sokkary (1975) with compositions of
gneisses from the Gjorlanger Unit and Basal

Gneisses (excluding the dyke-rocks). Symbols as
for figure 3.01.
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FIGURE 3.11 Log linear plot of Ba vs Sr for
gneisses of the Gjorlanger Unit and Basal Gneisses
(excluding dyke-rocks). Solid 1lines are of
constant Ba/Sr ratio. Symbols as for figure 3.01.
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FIGURE 3.12 Log-log plot for K vs Rb (with 1ines
of constant K/Rb ratio for reference) showing
compositions of 1ithologies from the Gjorlanger
Unit and Basal Gneisses. Symbols as for figure
3.01.
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FIGURE 3.13 Rb vs Sr for rocks of the Gjdrlanger
Unit and Basal Gneisses with solid lines of
constant Rb/Sr ratio. Symbols as for figure 3.01.
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FIGURE 3.14 Isochron diagram for the Rb-Sr system
for selected grey gneisses from the Gjorlanger
Unit.  Samples marked "DG-" come from a single
outcrop by the junction of routes 57 and 607 to the
south of Flekke (see figure 1.01). Reference
isochrons are for 1500 Ma and 1200 Ma.
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FIGURE 3.15 Compositional variation across a
metabasic (eclogite) dyke in a roadcut by the road
from Gjorlanger to Solvik. See figure 2.37 for
sample locations.

Squares - dyke-rocks
Circles - immediately adjacent grey gneiss
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FIGURE 3.16 Variation diagrams for metabasites of
Gjorlanger Unit and Basal Gneisses with major and
trace element compositions plotted against the
modified Larsen index of Nockolds and Allen (1953).
Solid lines are trends for the gneisses of the same
lithological units.

Upright triangles - basic dykes

Inverted triangles - concordant basic sheets

Diamonds - eclogites/amphibolites in
Basal Gneisses
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FIGURE 3.17 Metabasites of the Gjoérlanger Unit
and Basal Gneisses plotted on "immobile element"
discrimination diagrams of Floyd and Winchester
(1975). Symbols as for figure 3.16.

Abbreviations:-

CAB - continental alkali basalt

CTB - continental tholeiitic basalt
OAB - oceanic alkali basalt

0TB - oceanic tholeiitic basalt
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FIGURE 3.18 Metabasites of Gjorlanger Unit and
Basal Gneisses plotted on "immobile element" plots
of Pearce and Cann (1973). Symbols as for figure
3.16.

Abbreviations:-

OFB - ocean floor basalt
WPB - within plate basalt
CAB - calc-alkali basalt

LKT - Tow-K tholeijite
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FIGURE 3.19 Ca-Mg-Fe and AFM diagrams comparing
the compositions of websterites in the Gjorlanger
Unit with orthopyroxene eclogites from More og
Romsdal, BGR (from Smith, 1976 and D A Carswell,
unpublished data).

Symbols:- squares
circles

= orthopyroxene eclogites

= Dalsfjord websterites

Enclosed fields:- Solid line Mg-Cr peridotites
and pyroxenites
BGR.

Dashed 1ine Fe-Ti peridotites
and pyroxenites,
BGR (from Carswell
et al, 1983).



oo~+
ﬂ.

Fi
gure 3.19
19 A+
B




FIGURE 3.20 Variation diagrams comparing the
compositions of Dalsfjord websterites with other
pyroxenites from the BGR.

Symbols:-
Closed circles

Dalsfjord pyroxenites (this
work).

Dalsfjord pyroxenites (A
Korneliussen, pers comm,
1981).

Orthopyroxene eclogites (D A
Carswell, pers comm, 1982).
- Orthopyroxene eclogites
(Smith, 1976).

Open circles

Closed triangles
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FIGURE 3.21 Compositional variation across a
zoisitite pod and its blackwall reaction selvage
against the host dunite. Sketch at the top of the
diagram is true-scale traced from a rock slab.
Solid lines are sharp boundaries, dashed 1lines are
gradational.

Mineral abbreviations:-

Anthoph = anthophyllite
01 = o0livine

Chl = chlorite

Hb1 = hornblende

Gt = garnet
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Figure 3.22
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TABLE 3.1 - Major element analyses and CIPW norms of gneisses, GJOrlang;r Unit and Basal Gneisses.

Unit Gjbrianger Unit Basal Gneisses
Sample | fine grained grey gneisses ’ massive or augen gneisses (’-‘-3) massive green gneisses K-poor gneisses
Mass £| 79/4 026 030 097 D9 0G-1 DGz DG-5 DG-7 |'79/12  79/33A T9/43A M D78 O79 {79/438 DI D112 D113 D14 0I5 D20 Disa| 023 024 D121 | 79737 79/44A  79/45  79/46  Di17
510, 61.66 59.29 65.75 56.39 SB.64 77.48 59.81 57.13 57.74 | 66.08 64.78 67.40 68.69 72.25 74.36 | S1.44 58.68 56.40 S4.44- 54.02 54.79 50.95 59.35)|66.99 60.2 65.43 | 58.57 76.32  63.51 62.57 55.27
A1,0; | 15.80 16.65 15.24 18.77 17.60 12.56 18.47 16.99 18.30 | 14.49 14.70 15.28 14.20 13.51 13.41 | 17.78 17.32 18.07 18.04 19.54 20.37 18.09 17.72|15.82 17.03 16.23 | 19.63 ~ 12.47 18.83 W.01 19.49
10, 0.90 0.98 0.63 1.07 0.87 0.0 0.77 1.23 1.07 0.94 0.93 0.63 0.63 0.38 0.28 1.3 V.06 1.05 1.09 1.36 1.26 1.4 1.03) 0.42 0.64 0.49 0.76 0.18 0.62 0.64 1.0
Fe,0, 1.7 178 1.53 1.20 .43 008 1.76 6.40 5.3 1.63 1.69 1.50 0.70 1.31 0.56 0.88 0.98 1.12 1.94 1.80 2.04 2.5 0.14| 1.33 1.84 1.04 1.93 0.33 0.69 1.66 1.58
" Fed 5,27 6.08 4.40 7.3 6.07 0.59 4.69 3.7 3.04 5.09 5.35 3.30 3.7 1.91 1.01 9.55 6.87 7.38 6.67 7.40 5.76 8.84 6.65| 2.55 4.19 3.4 3.39 0.44 1.43 1.96 4.84
Mg0 2,74 2.77 V.48 1.88 372 0.22 1.33 176 1.47 1.05 1.13 1.40 0.80 0.6) 0.66 451 2.84 323 338 1.88 LM 391 24| 2.% 411 247 2.06 0.15 0.57 1.13  2.50
Ca0 5.14 6.34 3.73 5.02 7.23 145 5.32 5.55 5.66 3.20 in 3.98 2.92 3.8 3.13 7.99 6.30 7.2 1.80 6.97 7.44 8.98 6.13| 4.40 7.32 5.5 4.39 0.43 1.39 2.1 5.16
"‘20 3.28 3.72 2.79 4.54 4.06 3.07 4.83 3.63 4.94 3.43 3.52 2.88 3.33 4.55 2.62 3.65 4.26 3.60 4.15 5.5 4,85 3.54 3.98| 4.47 4.16 amn 5.1 2.66 5.14 4.31 5.23
xzo 2.30 1.01 3.6 1.79 0.59 4.08 1. 2.33 1.3 3.46 3.26 3.17 3.81 1.48 2.30 1.18 0.9 0.73 0.86 0.61 0.89 0.37 1.14] 0.75 0.32 0.46 3.48 6.37 7.43 5.51 3.9
P,0 0.25 0,42 0.5 0.20 0.17 0.30 0.15 0.52 0.2 0.23 0.2 0.17 0.16 0.07 0.07 0.3 026 034 031 039 03 03 0.27) 0312 0.2 0.14 0.31 0.01 0.12 0.27 0.54
S 0.04 0.00 0.00 0.02 001 000 0.01 0.01 0.02 0.00 0.02 0.00 0.00 0.03 0.05 0.15 0.02 0.02 0.07 0.06 003 011 0.06| 0.00 0.02 0.00 0.00 0.06 0.02 0.00 0.06
H,04 0.80 0.5 0.92 0.55 0.18 0.29 0.96 1.35 0.87 0.92 0.46 0.51 0.40 0.27 0.02 0.4 054 043 0.73 0.35 064 0.65 0.57| 0.66 0.21 0.4 0.26 0.30  0.27 0.58 0.3
Total | 99.46 99.67 99.85 99.92 100.51 100.23 99.92 100.23 100.10 [100.63 99.96  100.28 99.43 99.67 99.27 | 99.48 100.15 100.23 99.63 100.12 100.29 100.01 100.26 | 99.82 100.38 99.63 |100.06 99.53 100.09  99.85 99.30
ap 0.8 0.97 0.34 0.46 0.39 0.69 034 1.20 - 0.53 0.56 0.39 0.37 Q.16 0.16 0.88 0.60 0.79 0.72 0.9 0.77 0.77 0.63] 0.28 0.51 0.32 0.72 0.02 0.28 0.63 1.25
py 0.07 0.00 0.00 0.03 0.00 000 0.001 0.05 - 0.00 0.04 0.00 0.00 0.06 0.89 { -0.28 0.04 0.04 013 0.11 0.06 0.29 0.11§0.00 004 0.19 0.00 0.11 0.04 0.00 0.1
1] .7V 1.86 1.19 2.03 1.65 0.9 1.46 2.33 - 1.78 1.76 1.19 1.19 0.72 0.53 2.62 200 1.9 2,007 258 239 273 1.9%| 0.79 l.22 0.9 1.44 0.34 1.8 L2 1.9
or 13.65 5.96 18.67 10.57 3.48 24.11 10.10 13.77 - 20.45 19.27 18.73 22.52 8.75 13.59 | 6.97 538 431 5.08 3.60 65.26 2.19 6.74( 4.43 1.89 272 | 0.5 37.64  43.91 32.56 19.4
ab 27.76 31.48 23.61 38.42 34.36 25.98 40.87 30.71 - 29.02 29.79 20.37 28.18 38.50 22.17 | 30.89 36.05 30.46 35.12 46.9% 41.04 30.80 33.68)|37.82 35.20 34.78 | 43.24  22.5) 43.49 36,47 4374
an 21.57 25.72 17.52 25.55 27.5) 5.23 23.67 23.18 - 13.92 14.68 18.63 12.56 12.07 15.07 | 28.65 25.45 30.92 28.06 26.60 31.18 31,93 27.12(20.88 26.85 24.48 | 19.75 2.07 6.11  B.70 19.99
c 0.00 0.00 0.80 0.00 0.00 1.8 0.00 0.00 - 0.00 0.00 0.22 0.00 0.00 1.08 0.00 0.00 000 0.00 0.00 0.0 0.0 0.00|] 0.00 0.00 .0.00 | 0.22 0.44 0.09 '2.27 0.00
wt 1.69 2.58 2,22 1.74 2.07 0.2 2.5 337 - 2.36 2.45 217 1.01 1.89 0.8) 1.27  1.42 .62 2.81 2.61 29 371 0.20f 1.93 267 1.5 2.79  0.48 1.00 2.41  2.29
w| 0.9 1.23 000 11.25 3.03 0.00 0.73 0.39 - 0.19 1.02 0.00 0.37 1.5 0.00 3.5 1.1 232 3.59 2,27 1.49 436 0.64{ 0.07 3.52 0.79 | 0.00 0.00 0.00 0.00 0.87
di (en| 0.46 0.56 0.00 0.39 1.54 0.00 026 0.13 - 0.05 0.31 0.00 0.1 0.72 0.00 1.6 ©0.71 0.98 1.74 076 0.59 1.99 0.24] 0.04 2.10 0.45 | 0.00 0.00 0.00 0.00 0.44
fs| 0.48 0.66 0.00 0.98 1.4 0.00 0.47 0.27 - 0.14 0.75 0.00 0.28 0.82 0.00 1.8 1.01 1.22 1.79 1.58 0.92 235 0.41]| 0.02 1.04 0.3 0.00 0.00 0.00 0.00 0.41
hy en| 6.36 6.33 6.68 4.28 7.72 0.5 304 425 - 2.56 2.50 348 1.88 0.79 1.64, ' 6.74 6.37 7.4 6.68 52 374 1.75 5.76| 5.59 8.13 5.70 5.13 0.37 1.2 2.81 0.00
fs| 6.66 7.4 577 9.72 7.8 0.8 S5.39 8.60 - 6.31 6.09 3.78 4.98 0.91 0.83 8.53 9.01 9.64 6.90 6.81 583 9.16 9.86| 2.87 4.03 3.95 3.3 0.12 0.39 1.17  0.00
a 16.58 14.21 25.01 3.80 S.59 41.00 9.91 10.20 - 22.2%6 20.14 26.64 25.53 32.79 42.42 0.00 9.74 B8.42 482 0.00 3.2 1.23 12.12|24.3% 13.06 23.14 238 35.08 1.23 10.43 0.0
ol fo| 0.00 0.00 000 0.00 0.00 000 0.00 0.00 -~ 0.00 0.00 0.00 0.00 0.00 0.00 2.05 0.00 0.00 0.00 045 000 0.00 0.00f 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.05
fal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -~ 0.00 0.00 0.00 0.00 0.00 0.00 2.86 0.00 000 000 1.03 000 000 000f 000 000 000 | 0.00 0.00 0.00 0.00 4.6
ne 0.00 0.00 0.00 0.06 0.00 0.00 0.00 000 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 000 000 000 000| 0.00 000 0.0 | 0.00 0.00 0.00 0.00 0.28
o1 57.99 S51.66 67.29 52.80 47.73 91.10 60.94 54.69 - n.nm 69.19 69.75 76.22 79.65 78.19 | 37.85 51.26 43.20 44.22 50.57 49.56 34.22 52.54|66.62 50.15 60.64 §6.19 95.23  B9.09 79.46 63.46




TALLE 3.2 - Whole-rock trace element analyses of gneisses, GjGrlanger Unit and Basal Gnefsses

Unit
Sanple
ppnt

i

L

Cr

Pb
K/it
kb/Sr
Ea/Rt

Fire grained grey cneisses

79/4
1n
797
© A6
Bt

233
44
765
33
36

26
741
.1
21.81

C26
12
10E3
17

10
1220

b30  L97
- 6
- 14an

- 415

- 1422
177 247
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0.025
1374y
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1205

61

1775

6jdrlancer Unit
wassive green gnefsses
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16LE 3.3 - Average compositions of gneisses from the Gjdrlanger Unit and the Basal Gneisses wi th some other suites for

comparison.
Gjorlanger Unit/Basal Gneisses Av-crust -Tuolumne Madras Charnockites Mangerites

1 7 8 10 1 12 13 14 15
hss§ | % o [x o|x o |x o |x o |x ° X X o |x o] x o x o |x ) X o X
i 23 - 22 6 8 7 1 3 ?
sio, | 60.07  6.26 [59.55  2.81 | 66.73 1.46 [55.09  2.97 | 67.86 5.0z |59.98  3.29 | 60.30 66.41 4.68 [ 74.12  2.41 | 68.73  5.11 | 62.32  4.09 |50.81 1.80 | 55.50 | 57.13  0.33 | 58.06
Mgy 6.3 .91 117.20  1.20 | 14.67 0.40 | 18.37 0.97 15,20  1.47 {19.24  0.33 | 15.60 15.59 0.78 | 12.49  1.85 | 14.39 1.62 [ 15.44  0.45 |15.11 2.43 | 14.31 | 18.59  0.36 |16.7
| 179 1.45 1.67  0.54 2.93| 2.84 0.87 | 3.00

7.32 1.04 5.61 1.1 8.67 1.36 3.67 1.4 4,22 1.60 7.20 3.37 1.12 5.10 2.12 6.73 1.93 | 14.61 2.1

W | 558  2.06 2.02 1.26 2.29| 2.46 0,59 | 5.68
W27 L0 234 079 130 0.20 | 2.99  0.%0 | 2.2 1.30 | 157  0.76 | 3.90 .52 1.02| 0.84 050 1.44 094 | 2.58 1.32 | 536 1.67 | 0.87 ]| 1.75 0.1 | 0.73
w | - . - - . - - - - - - - - - - 0.03 0.04| 092 0.08| 0.07 0.05| 0.24 0.8 | 0.08| 0.09 0.00 0.23
w | 5.6 1.9 [ 5.50  0.95 | 3.47 0.43 | 7.42 0.87 | 4.73 1.5 | 3.26 1.56 5.80 3.78¢ 146 | 2.00 1.47| 332 11| 4584 160 | 9.04 092 | 2.08| 3.33 0.06 | 3.41
mp| 38 on | 39 o7 | 3.29 0.25 | 4.20 0.65 | 3.98 0.70 | 4.95  0.37 3.20 3.85 0.34| 294 1.4 3.1 0.28 | 3.89 0.28 ] 2.49 1M 3.66 | 5.06 0.10 | 4.81
Wl 18 17| 18 077 | 3.43 0.25 | 0.84 0.25 | 1.06 0.74 | 4.93 1.69 2.50 3.3 0.65 | 3.81 1.22| 2. 0.95| 2.86 1.71 | 0.54  0.29 | 6.17 | 5.63 0.16 | 5.30
M| 028 0.01 | 0.6  0.33 [ 0.20 0.04 | 0.33 0.04 | 0.12  0.06 | 0.31 0.15 0.24 0.6 0.05| 0.04 0.05| 0.06 0.05| 0.24 0.5 | 0.24 0.12 | 0.14 | 0.42 0.03 | 0.22
ppa
M 12 7 13 6 4 5 15 7 27 25 7 8 75 5 sl - - - - . . - - s | - - .
) - - 1001 212 | 612 232 | M40 202 408 287 | 1086 324 - - - . - . . 5 . . 5 = . - -
o 8 % 52 28 15 10 27 15 56 43 7 7 100 8 7| - - . = . . . - s | - - -
y 9 53 75 24 25 25 125 56 51 4 59 29 - 73 | - - - - « - - - 70 | - - .
[ 9 5 4 3 5 5 n 5 6 3 6 4 - 8 1 - - . . - ; - - - 18 1 -
ro| 4 18| 368 237 379 239 292 200 121 49 222 107 165 121 2| - - - - - - - - 1000 | 729 52 -
Y 3 16 27 13 30 20 40 15 7 3 22 4 33 n 6| - - - - - - - - 100 26 3 -
Bo| 908 577 988 439 | 1349 829 442 172 516 347 | 2973 1221 425 744 19| - = - - - - - - 1000 | 3176 123 -
s | 38 138|361 133 | 260 64 420 19 496 132 532 309 375 562 93| - - - . - - o . 190 | 626 12 -
) 2 24 12 n 66 9 12 9 15 17 n n 90 129 19| - - - - - - - = N 67 5 -
Y 15 6 16 7 13 8 12 5 7 3 14 5 13 17 3| - - . - - - - - “ - - -
o | 887 1788 626 844 851 837 232 309 - = . - - - - - - : 1013 - -
B/sr | 0,072 0.03 0.25 0.03 0.03 0.13 0.24 0.23 - . - . . - . - - = o.M . -
Wb 36 83 20 37 34 42 5 6 - - s - . - . - , a 47 - -
wfsr| 2.61 3 5 1 1 6 1 1 . - - . - . - . - 7 5 . -




*. TABLE 3.4 - Rb-Sr isotopic

analyses of grey gneisses, Gjdrlanger Unit.

.mmaudm . Rb/Sr muzc\mmmx mumx\mmmx S.D. (2 o) Description

79/4 0.1 0.33236 0.70969 0.00025 .wﬁzouuxmazma. ﬁotdmnma .

79/12 0.159 0.46146 0.71390 0.00031 Coarse augen gneiss

79/33A . 0.253 0.73273 0.71816 0.00020 Charnockitic, slightly hydrated
..Nm\ww> .w,o,www 0.96515 0.71670 0.00023 Charnockitic, slightly hydrated
D30 e Oawmc 1.01440 0.71687 0.00021 Fine-grained, foliated

DG-1 o . 0.077 0.22226 0.71064 0.00020 Phengite-bearing alaskite
DG-5 o.dow 0.31678 0.70678 0.00037 Fine-grained, foliated

DG-7 0.019 0.05524 0.70358 0.00029 Fine-grained, foliated

D44 0.360 - 1.04255 0.72318 0.00024 Coarse augen gneiss

NBS987 0.71037 0.00024 Standard strontium carbonate



* TABLE 3.5 -~ Major element analysis and CIPW norms of metabasites, Gjbrlanger Unit and Basal Gneisses

3 Unit Gjdrlanger Unit Basal Gneisses
Sample Dykes Concordant sheets in gneisses
Mass¥ o6 D80  DBY D82 083 D134 | D) 038 077 D95 D10 0102 D103 D104 DI0S  Dlg8 D123 D129 | 79/38A  79/388 D69 DII6
510, 44.91 47.17 47.16 47.76 48.67 50.38 | 53.44 48.02 49.61 47.07 47.51 48.25 51.65 47.66 §5.08 44,60 47.94  49.70 | 47.3| 46.62 48.03 46.26
A1,0, 15.81  16.07 16.32 16.5! 15,49 17.36 | 16.63 13.95 18.54 20.45 16.89 14.82  19.38  15.34 18.87  17.97 22.80 17.22 | 14.02 14.45 14.9% 15.99
Tio, 265 1,39 1.34 1.35 1,36 1.3 | 0.91 1.33 0.89 0.7 1.30 2.09 1.30 1.89 1.08 1.63 019  0.83 | 2.92 2.86 1.24  2.56
Fe,0y 0.7 3.02 219 1.48 0.55 1.19 | 0.73 2.07 0.93 4.48 1.94 1.83  2.38  0.24 1.95 3.5 070 1.9 [ 4.05 2.34 2.58  2.00
FeD 13.28  10.04 . 10.16 11.27 11.59 10.10 | 8.41 N.11 7.5 4.32 10.37 13.7M 7.44  13.20 6.39 10,29 5.70  6.40 | 11.12 13.84 10.50 12.59
" MgO 6.48 6.89 738" 7.4 6.79 527 | 5.22 7.72 7.39 9.21 7.60 6.83 3.53  6.68 3.18 5.51 8.5 7.57 | 53 6.64 6.76  6.17
M0 0.5 0.18 0.4 0.32 632 0.7 | 0.0 0.7 0.08 0.08 0.20 0.23 0.6  0.20 0.4 0.19 0.08  0.13 | 0.3 0.20 0.22 0.20
Ca0 .0 973 938 9.31 10.20 9.04 | 8,25 10.90 1.9 9.07 .13 1014 8.5  9.72 7.84 10.19 10.39 10.47 | 8.98 8.79 10.62  8.51
Na ,0 3.62 3.53 3.88 3.69 3.23 290 | 4.27 3.63 3.13 S5.12 202 2.08 3.92 3.8 415 2.92 2.48  3.76 | 2.9 2.87 4.50 3.46
k0 0.02 ©0.29 0.48 0.51 0.23 1.42 | 1.03 0.04 0.39 0.27 0.40 0.02 '0.58  0.24 0.82 0.30 0.09 0.12 | 2.16 0.98 0.06 1.25
P,0¢ 0.77 0.6 015 0.6 0.4 0.30 | 0.25 0.8 0.08 0.06 ©0.08 0.24  0.36  0.23 0.32 0.14 0.02 0.16 | 0.46 0.47 0.10  0.30
s 0.05 0.9 0.17 0.6 0.14 0.3 | 0.10 0.07 0.04 0.05 0.09 0.0 0.05 0.2 0.08 0.07 0.01 0.00 | 0.24 0.08 0.02 0.10
H,0° 012 031 053 0.3 0.74 0.00 | 0.59 0.43 0.35 0.35 0.44  0.24 1.02  0.2] 0.65 0.93 0.5 0.76 | 0.72 0.28 0.12 0.45
Total 99.67 99.47 99.24 99.82 99.25 99.62 | 99.93 99.62 100.11 100.70 99.97 100.47 100.34  99.73 100.55 99.30  99.49  99.11 [100.54  100.42 99.71  99.84
ap 179 037 0.35 037 0.32 069 | 0.5 042 0.8 0.4 0.19 0.5  0.84  0.53 A B o a0
py .09 0.35 0.32 0.29 0.26 0.24 {019 013 0.0 009 0.17 0.02 009 0.45 0.15 0.13 0.02 0.00 | 0.45 0.15 0.04 0.19
1 5.03 2.64 2.54 2.56 2,58 2.5 | 1.73 2.53 1.69 0.32 2.47 3.97 2.47  3.59 2.06 309 0.3 1.58 | 5.55 5.43 2.35  4.86
or 012 1.7%  2.84 3.00 1.35 8.39 |[6.09 0.24 2.30 1.5 2.3 0.12  3.43 1.4 4.85 1.77 - 0.53  0.71 | 12.7 5.79 0.35 7.39
ab 20.68 27.99 25.18 26.06 27.33 24.54 |36.13 25.91 26.49 22.82 17.09 17.60 33.17  25.99 35.12 2471 20.99 31.82 | 24.60 24.29 25.18  23.15
an 26.83 27.15 25.69 26.98 27.09 30.16 |23.17 21.65 35.39 32.02 35.84 30.99 33.57 23.88 30.44  35.04  50.81  29.76 | 18.81 23.65 20.44 24.41
¢ 0.00 ©0.00 0.00 0.00 0.00 0.00 |0.00 000 000 000 000 0.00 0.00 0.00 £ 0.00 0.00 0.00 0.00 [ 0.00 0.00 0.00  0.00
nt 1.03 4.3 3.7 215 0.79 1.72 | 1.06 3.00 1.35 6.49 ° 2.81 2.65 3.45 0.35 2.83 5.16 1.01 2.88 5.87 3.39 3.74  2.90
2.66 6.09 0.25 8.83 | 9.49 7.05 13.19  6.62
ywo | 9.69 8.33 8.29 7.58 9.44 531 | 6.74 13.05 7.98 5.25 7.87  7.41 2.75  0.54
di ; en 4.33 4.5 4.49 3.80 4.47 2.45 | 3.29 6.85 4.66 4.03 4.23 3.36 1.3 4.26 1.29 3.06 0.16 5.64 4.89 3.8 6.78  3.10
; fs 5.25 3.52 3.51 3.62 4.84 2.8 3.32 5.82 2.9 0.68 3.38 3.99 1.41 5.23 1.33 2.9 0.07 2.61 4,35 3.69 6.07 3.4
i )en | 0.00 0.00 0.00 0.00 1.38- 6.37 | 4.81 0.00 0.63 0.00 7.35 12.73 7.48 0.00 6.63 0.98  6.18 0.08 0.00 2.3 0.00 0.00
fs 0.00 0.00 ©0.00 0.00 1.49 7.30 | 4.86 0.00 0.39 0.00 5.86 15.1 8.04 0.00 6.85 0.94 2.78 0.04 0.00 2.64 0.00  0.00
qZ 0.00 0.00 0.00 0.00 0.00 0.00 |0.00 0.00 0.00 0.00 0.00 0.00 1.14 0.00 4.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00
o fo | 8.24 8.8 9.66 9.79 7.75 3.02 | 3.43 8.68 9.19 13.25 5.15 0.64 0.00 8.67 0.00  6.79 10.46  9.20 | 5.84 1.64 7.05  8.59
fa [10.87 7.51 8.32 10.27 9.24 3.81 | 3.82 813 6.39 2.45 4.53 0.88 0.00 11.73 0.00 7,96  5.18  4.69 | 5.72 9.47 6.95 10.49
ne 5.39 1.02 4.14 2.80 0.00 0.00 | 0.00 2.60 0.00 11.11 0.00 0.00 0.00 3.6 0.00 0.00 0.00 0.00 | 0.01 0.00 6.98 3.32
.IETADE 0.44 0.51 0.49 0.49 050 0.45 | 0.61 0.54 0.43 0.42 0.32 0.36 0.50 0.52 0.54 0.4 0.29  0.52 | 0.57 0.49 0.55 0.49
WUSFO| 0.2 035 038 0.3 036 0.2 | 0.36 0.3 _ 047 0.52 038 031 027 0.3 0.8 029 057 048 [ 0.2 0.2 T3 0.0




TABLE 3.6 - Whole-rock trace element analyses of metabasites, Gjdrlanger Unit and Basal Gneisses

Unit Gjdrianger Unit Basal Gneisses

sample Dykes Concordant sheets in gneisses Boudins and Sheets

ppm D46 D80 D81 D82 083 D134 n 038 077 095 D101 D102 D103 D104  p105 D108 D123 D129 79/38A 79/388 D69 D116
Ni 81 68 81 B84 69 37 40 96 107 10 43 66 13 62 14 27 222 152 73 115 47 89
M 1483 1561 1431 1482 1478 1300 1156 1654 976 832 1498 1802 1251 1538 1136 1508 627 1107 2667 1665 1582 1508
cr 109 65 n 66 73 24 45 247 423 15 47 135 N 78 20 8 37 366 99 146 255 135
v 244 239 241 245 245 215 190 349 202 56 280 42) 159 283 134 324 25 178 286 340 319 307
ND 4 5 2 1 2 9 12 8 3 2 8 4 10 ND 7 1 6 2 - - 5 9
r 38 86 80 80 83 134 74 n 46 12 51 17 124 100 149 39 ' 22 28 208 208 68 162
Y 30 32 22 29 3 31 98 3 14 4 13 33 31 38 40 22 4 n 51 ) 59 30 ‘ 32
Ba 24 61 188 222 72 404 309 9 49 N4 101 18 284 9% 323 137 41 6 423 302 19 198
Sr 976 38 56 47 37 419 181 60 229 478 395 75 522 27 576 226 349 642 142 150 39 158
Rb ND 3 9 9 1 42 14 ND 14 1 7 1 9 4 12 ND 3 ND 34 21 2 35
Pb 6 8 3 23 16 10 3 9 7 3 7 5 12 6 8 1 9 6 n 7 2 5
K/Rb - 700 633 677 2800 166 8n - 328 3100 685 200 766 725 808 - 866 - 770 561 350 428
Rb/Sr 0.001 0.079 0.161 0.191 0.027 0.100 | 0.077 0.008 0.061 0.002 0.018 0.013 0.017 0.148 @ 021 0.002 0.009  0.001 0.239 0.140 0.051 0.222
Y/Nb 7.5 6.4 NN.0 29.0 15.5 3.4 8.1 3.8 4.6 2.0 1.6 8.2 30 - 0.6 5.51 - - 6.0 3.5

5.7 22.0




TABLE 3.7 - Major element analyses and CIPW norms of websterites, Gjdrlanger Unit

Gt-rich veins

Sample Websterites
Mass% 79/8 79/'8 D13 D& D22 D25 D27 D28 D40 D45 D66 D94 D124 79/M8  79/1C D174
si0, 49.60  50.81 51.38 50.58 45.52 50.04 52.54 - 51,32 48.70 46.87 50.86 52.60 52.23 40.85 51.23 46.16
A0, 3.45 M.81 . 6.05 6.1 10.25 871 4.35. 4.37 19.22 10.30 8.9% 11.39 4.26 16.32 4.66 24.36
Ti0, 0.42 043 062 0.65 0.25 057 046 0.48 033 029 0.3 0.61 0.39 0.05 0.4 0.26
Fe,05 1.97  1.63 2.22 405 3M 3.43 2.06 2.28 0.2 2.23 1.60 1.37 1.5 2.95 1.4 1.04
Fe0 6.82  9.10 9.73 7.28 7.66 6.78 6.9 6.74 6.1 814 7.10 11.10 7.73 14.04 2.62 8.37
Mg0 18.94 13.05  18.95 18.14 19.14 14.78 18,03 17.91 9.04 17.75 12.95 11.13 18.44 8.59 13.35 5.72
0 0.18  0.19 0.20 ©0.16 0.1 0.15 0.0 0.14 008 013 0.8 0.7 0.19 0.53 0.06 0.22
€20 15.34  10.82 8.97 10.66 10.24 12.94 12.81 14.40 13.08 12.57 13.63 8.41 13.25 12.65 18.91 4.22
Na ,0 0.53  1.39 0.75 0.63 0.74 1.48 0.68 0.73 1.52 0.86 2.26 1.9  0.66 1.02 2.78 0.85
K, 0.15  0.47 0.4 0.4 0.21 0.17 0.28 02 0.6 0.3 0.5 0.33 0.15 0-03 0.06 6.20
P05 0.04  0.13 0.06 ©0.06 0.02 0.05 0.9 0.07 0.05 003 0.06 0.03 0.0 0.21 0.08 0.07
s 0.10 0.18 0.06 0.07 0.16 ND 0.0 0.03 0.07 0.29 0.16 ND 0.04 6.0 0.05 0.04
H,0* 0.93  0.18 0.2 291 1.99 0.20 0.70 1.0 0.5 0.17 0.47 0.47 0.4 020 0.32 2.07
co, 0.83 ND = - - - - - - - - - ND N ND ND
Total 99.30 100.19  99.15 101.44 99.70 99.30 99.10 99.79 99.53 99.76 99.23 99.60 99.34 97.56 95.95 99.58
ap Q.09 0.30 0.14 0.4 0.05 0.2 0.21 0.6 0.12 0.07 0.4 0.07 0.05 0.49 0.18 0.16
Py 0.19 0.34 0.11 0.3 0.29 0.00 0.02 0.06 0.3 0.54 0.30 0.00 0.07 0.1 0.09 0.07
11 0.79  0.82 1.8 1.23 047 1.8 0.87 0.9 0.63 055 0.82, 1.16 0.74 0.09 0.80 0.49
or 0.89  2.78 0.83 0.83 1.24 1.00 1.65 1.30 0.95 0.77 3.37 1.95  0.89 0.53 0.45 4654
ab 4.48 1.7 6.35 533 6.26 12.52 5,75 6.18 12.86 7.28 19.12 16.48 .58 5.84 10.43 7.19
an 6.59  24.59 12.73  13.43 24,03 16.62 7.99 7.99 45.15 23.86 12.62 21.17 8.22 36.69 0.06 20.48
mt 2.86  2.36 3.22 5.87 4.5 497 2.99 3.31 0.41 3.23 2.32 1.99 2.27 4.28 2.04 1.51
; w [28.92 11.79 13.10 16.31 11,12 19.73  22.37 26,29  8.11 15.99 22.80 8.49 23.96 9.06 38.93 0.00
di ; en {21.52  7.63 9.13 12.28 8.22 14.46 16.40 19.52 5.3 11.45 1574 4.89 17.23 4.29 31.58 0.00
Jfo |45 335 288 239 183 34 385 422 247 392 521 322 4.7 454 2.n 9.9
by ; en [12.28  20.47  35.85 32.90 12.76 15.02 27.66 19.59 10.38 7.43 0.81 22.83 25.47 0.00 0.00 2.2
) fs 2.60 8.99 n.30 6.41 2.83 3.54 6.49 4.23 500 2.02 0.27 15.02 6.75 0.00 0.00 2.33
q2 0.00  0.00 0.00 1.09 0.00 0.00 1.25 0.00 0.00 °0.00 0.00 1.32 0.00 0.00 0.00 0.00
o ; fo | 9.37  3.08 1.5 0.00 19.23 5.14 0.00 3.85 4.91 17.75 11.00 0.00 2.26 ° 11.98 1.17 8.39
)fa | 2,19 1.49 0.54 0.00 4.77 1.33 0.00 0.92 2.61 5.32 4.001 0.00 0.66 14.28 o.n 909
2 €0’| 0.69  0.55 0.62 0.62 0.65 0.60 0.67 0.67 0.57 0.64 0.60 0.47 0.67 0.34 0.77 0.38
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TABLE 3.9 - Major element analyses and CIPW norms of metaperidotites and associated metabasites, Flekke Unit

Chlorite Peridotites

Metabasite Layers

cL Fe20,3

* from structurally below the anorthositic troctolites

Sample Dunites : '
Mass¥ D9 D0 D43 DI1I*  D128*  DI30* D146+ D149 | 79/34D D11 D84 DF4 D44 0145 D163 | DI40A  DI40B  DI40C  DI4IA D148 D148 D8 D12
510, 35.55 35.21 36.43 38.77  36.98  40.08  31.66  35.35 |38.94  44.16 35.98 31.17 44.76 . 44.68 35.24 |39.91  39.63  33.20  50.15  37.26 4‘7"2? ::.:) ::j:
M1,0 0.82 0.90 0.8 2.29  1.09 . 277  1.47  0.09 | 2.06 3.33  6.82 1.82 2.21 2.90  0.76 [29.71  19.37  16.04 :)':’: :Z: 10.19 5'05 2']3
Ti0, 0.20 0.2 ©0.07 0.31 008 016 1.74  0.04 | 0.7 0.30 1.24 1.81 0.1 L3 AW | &2 w2z A . o ' '
10.41 6.95 4.24 4.36 6.08 4.62 N9 1046 | 11.31 9.87 10.91 16.13  7.76 5.2 14.81 | 1.32 1.90 3.08 4.90 2.78 2.07  2.59  3.64
"Fe0 - 16.46 23.40 21.84 10.06  18.97  1.11  19.85 17,68 | 13.34 1473 14.35 17.84 15.73 18,35 12.63 | 1.63  16.66  11.64  14.45  25.02 12.77  20.12  14.84
g0 29.27 30.57 34.73 35.82  33.64  33.17  27.12  33.89 | 26.66 23.19  23.50 24.50 25.55 2414 30.35 | 2.4 e st 288 BEl Il e AR
Mn0 0.30 0.30 0.30 0.9  0.31 0.21 0.34 0.28 | 0.2 0.18 0.7 0.33 0.34 0.29 0.3 [ 0.04 0.69  0.12 6.3 B3l 952 WA B.an
(a0 0.98 0.14 0.39 2.68 0.69 2./4 0.53 0.07 | 0.7 0.26 018 0.58 0.94 0.7 0.09 f21.98 12.10  3.48 LU L B 109 9.6
Na,0 0.02 0.01 0.7 0.07 0.7 ©0.07  0.08  0.06 | 0.00 0.03 0.2 0.01 0.16 0.10°  0.04 | 0.32 l.oa o438 007 03 A 0HM 4R
Ky0 0.08 0.02 0.01 0.0l 0.00  0.00 0.0 0.00 | 0.01 0.00 0.07 0.01 0.0 0.01 . 0.00 [ 0.05 0.18  0.06 0.0 0.0 0.6 0.09 0.08
P,0s 0.07 0.06 0.07 0.0l 0.04 0.02 0.05 0.06 | 0.08 0.05 0.177 0.04 0.06 0.07  0.06 | 0.03 0.03 0.06 0.5 0.0 0.0 2.3 1.3
s 0.04 0.04 0.02 0.02 0.01 0.01 0.07 0.00 | 0.01 0.20 0.02 0.001 0.04 0.29  0.03 | 0.00 0.00 0.01 0.10 0.01 0.0  0.07 0.0
Hy0* 5.60 1.84 0.56 2.51 2.66 4.50 4.95 2.9 | 3.97 2.98 5.99 5.28 2,35 ' ?~66 5.87 | 3.4 0.73 8.54 2.14 0.7 1.33  1.08  0.05
c0, - - - 1.31 0.51 0.51 0.34 - 1.52 - - - - 0.45 & - - - - - - - -
Total 99.80 100.36 99.01 98.51  101.13 ~ 100.07 100.12  100.88 | 99.08 99.00 99.52 99.53 100.06 100,35 100,42 110081 00le 9.2 w949 IN21 00T 9BEE 8906
ap 0.6 0.14 0.16  0.02 0.09 0.05 0.12 0.14 | 0.2 0.12 0.4 0.9 0.4 0.6 0.14 - 0.07 0.14 0.12 0.16 0.23  5.53 3.8
oy 0.07 0.07 0.04 0.04 0.02 0.02 0.13 0.00 | 0.02 0.37 0.04 0.02 0.07 0.54 . 0.05 | - 0.00 0.0 0.19 0.0 0.00 0.3  0.04
1 0.38 1.75 0.13 0.59 0.15 0.30 3.30 0.08 1.35 0.57 2.35 3.44 0.28 2.56 0.36 - 0.42 0.21 0.19 0.09 0.36 9.59 4.04
or 0.47 0.12 0.06 0.06 0.00 0.00 0.06 0.00 0.06 0.06 0.4 0.06 0.05 0.06 0.00 - 1.06 0.35 0.00 0.00 0.95 0.53 0.47
ab 0.17 0.08 0.59 0.59 0.59  0.59 0.68 0.46 | 0.08 0.25 1.0 0.8 1.35 666 0.3 . 0.44  4.06 0.59 0.5  10.20 7.9  29.26
an - 1.91 0.30 0.15 5.40  2.66  7.24 2.30 0.00 | 0.25 0.96 0.50 2.62 4.27 0.58  0.05 . BTG T8 T T E T
c 0.00 0.75 0.00 0.00 0.00  0.00  0.48 0.02 | 1.9 2.92 6.3 0.83 0.3 vEl b . 666 8.0 0.00  0.08  0.00  0.00  0.00
mi 15.09 10.08 6.15 6.32 8.81 6.69  17.27  15.15 |16.40  13.88 15.82 23.39 11.25 FE B . oz 700 4.0 3.00 375  s.28
; % | 1.04 0.00 0.55 3.06 0.21 2.60  0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 o6 6.0 | « - 0.6 138 oo 128 BN A
di_g en | 0.74 0.00 0.3 2.35 0.14 1.95 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 B 00 1 = 204 0.0 bEl oM G BEF 3
)fs | -0.21 0.00 0.15 0.38 0.05 0.33  0.00 0.00 | 0.00 0.00 ©0.00 0.00 0.00 0.00 0.00 | - 3.8 0.00 058  0.00  0.68  3.85 5.9
" ; en | 18.73 9.97 3.30 10.11 9.04  17.71 2.8 11.99 |45.18 57.76  38.51 22.03 47.18 1046 30.06 . 0.00 5.2  59.11 4.8 0.00  8.74  0.00
)fs | 5.45 4.67 1.39  1.64 .20 3.49 .22 3.38 | 9.50 18.24 10.03  5.93 16.42 21.83 4.2 . 0.00 174 2153 2.0  0.00 1.22  0.00
. % fo | 37.48 46.37 58.05 53.78  52.28  44.12  38.88  50.74 | 12.87 0.00 14.03 27.32 11.53 7.47  3.9) . N.87  35.42 0.00  55.62  17.20  5.62  5.35
) fa | 12.00 23.91 26.95 9.63  20.39 9.59  14.96  15.75 | 3.44 0.00 4.03 8.0 4.42 3.63 - 4.92 . 19.76  13.04 0.00 3170 2.1 8.31 1.3
Ne 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | - 448 0.00  0.00  0.00  0.06 0.00  3.95
W%T)o.ss 0.51  0.57 0.72 0.58  0.68 0.47 0.55 | 0.53 0.50 0.49 0.43  0.53 0-51 0.5 | 04 W BAl LR e E 6l
o . - . - - . . . . 3 } ) i - - - - - - - 0.20  0.26  0.62
Fe,0 3
{F'qogﬁe‘p) 0.39 0.23 0.6 0.30 0.24 0.29 0.38 0.37 | 0.46 0.39 0.43 . 0.47 0.33 b.22 0.5 - - - # . 0.10 _ 011 0.20
Tmﬁggm 0.64 * 0.57 0.61 0.78 0.66 0.7 0.58 0.66 | 0.67 0.61 0.62 0.58 0.6 057 oA y - - . = 0.3 0.2  0.23
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78.E 3.11 - Average compositions for peridotite types from the Scandinavian
Caledonides after Qvale & Stigh (in press) and Carswell et al.
(in preparation)

Type Qvale & Stigh (in press) Carswell et al.
Masst | %a ab  Eik Kal

$i0, 43.95 40.27 42.66 40.28 44.94
Ti0, 0.77-  0.23 0.36 0.83 0.36
My, 7.8 112" 10.08 7.78 6.76
trfly 0.2 0.38 0.27 0.03 0.29
ey 377 3.87 4.02 6.42 2.61
Fe0 8.36 4.59 6.92  16.81 8.84
M0 0.19 = 0.2 -  0.19 0.34 0.16
Ni0 0.10 0.31 0.11 0.08 0.17
g0 22.92  37.77  23.36  22.58  27.04
@ 7.37 1.05 7.06 3.54 6.52
Na 0 0.73 0.19 0.60 0.12 0.70
K, 0.23 0.07 0.05 0.01 . 0.04
PO . . 0.1 0.02
Loss 2.89 9.11 5.19 1.31 1.12

Total  100.46 99.08 100.87 100.26 939.63

Mg0
M0 +Fed 0.7 0.89 0.77 0.57 0.75

Features:

1. Llayers ahd lenses within basic intrusions of Caledonian or Precambrian
age. Usually cumulates highly variable composition with high Si, Al, Ti,
Ca and alkalis, low Mg, Cr and Ni.

4 Low-A1 "alpine type", usually massive meta harzburgites in Caledonian or
Precambrian supracrustals. Al 03 3-8%, low Ca0 and alkalis, high Mn,
Cr and MgO/MgO + FeO, MnO 0-12%.% Depleted upper mantle?

4 High-Al "alpine type" layered, associated with ortho- or paragneisses
metabasites and (in the BGR) anorthosites. - Higher Ca0, Ti0, and alkalis
and Tower Mg0:(Mg0 + FeO than 4a. Lower-oceanic crust(2) of related to
anorthosites? : ' o

~ EiK Averag_e of 9 garnet peridotites, Eiksundal Complex (Fe~Ti type).
Kal AVeragé of 16 garnet peridotites, Kalskaret (Mg-Cr type).

4 3



TABLE 3.12 - Whole-rock major element analyses and CIPW norms of unfoliated meta-anorthositic troctolites and related rocks,

Flekke Unit

Locality Gjdrlanger Hallevik Sordal Instet —
Sample Igneous Coronitic or pseudomorphic Fe-Ti ore rich coronitic/pseudomorphic
Mass¥ D96 D143 D35 D36 D49 086 D37A D378 D131 D132 D133 D39 D156 D42 79/41A 79/418 79/41C D155 D127 D142 05 D6 D7
5102 47.66 47.78 42.77 47.97 47.74 46.39 |48.68 46.92 47.14 47.22 4:.21 46.83 42.60 42.68 1.68 36.38 30.81 33.76 46.06 46.57 48.20 45.23 44.18
A1 ,0, 21.05 21.16 | 18.72 21.14 15.60 20.88 |15.65 20.37 20.43  20.77 20.26 | 19.46 18.21 18.01 | 6.58 20.79 18.21 14.47 | 19.06 20.62 | 24.45 18.47 19.58
Ti0, 0.6 0.08 0.85 0.74 1.76 0.76 0.25 0.69 0.81 0.82 0.25 0.74 2.56 2.48 (15.74 1.90 5.37 3.32 0.10 0.08 0.19 0.14 0.37
Fe,04 0.97 0.62 0.97 1.07 ND 0.66 2.29 1.40 1.95 0.92 1.90 1.49 1.62 1.92 [40.55 2.30 9.23 19.46 1.81 1.39 0.7 2.52 2.53
Fe0 7.45 6.96 18.70 9.36 11.65 9.54 9.12 9.35 8.69 10.44 10.65 9.37 15.52 14.04 (30.73 25.50 24.89 11.06 8.40 8.84 4.54 8.33 10.34
Mg0 9.23 11.06 6.57 5.56 7.81 7.18 |12.40 8.02 8.64 8.18 8.45 8.72 6.84 8.85 4.54 3.05 3.3 9.58 | 11.56 10.22 5.6 12.66 10.39
Mn0 0.04 0.09 0.33 0.97 0.13 0.10 0.13 o.M 0.12 0.13 0.17 0.10 0.18 0.14 0.27 0.56 0.47 0.47 0.12 0.13 0.03 0.11 0.10
Ca0 9.18 9.61 9.06 8.97 10.93 8.60 7.85 8.77 8.91 8.84 9.46 9.29 8.90 7.4) 0.06 11.06 8.94 7.06 8.59 7.68 9.40 7.88 8.06
Nazo 3.22 2.72 2.00 5.40 4.15 4.90 2.66 3.27 3.20 2.93 2.90 2.89 2.81 3.96 0.01 0.0 0.10 0.97 2.64 2.88 4.98 3.15 3.19
KZO 0.21 0.12 0.04 0.14 0.12 0.23 0.18 0.20 0.14 0.25 0.04 0.20 0.15 0.40 0.01 0.01 0.02 0.16 0.15 0.19 0.19 0.34 0.22
P205 0.06 0.05 0.14 0.08 0.04 0.07 0.04 0.04 0.08 0.14 0.12 0.07 0.22 0.07 0.06 0.25 0.06 0.31 0.02 0.04 0.04 0.04 0.06
) 0.0 0.01 ND 0.0 0.16 0.07 0.01 0.04 0.02 0.07 0.03 0.01 0.08 0.07 ND ND ND 0.06 0.01 0.01 0.02 0.02 0.02
Hzo" 0.76  0.45 0.18 0.35 0.44 0.55 | 1.06 0.40 0.53 0.29 0.25 1.16  0.72 0.61 | o.07 0.03 0.29 0.73 0.83 1.42 .00 0.55 0.45
Total 100.00 100.71 |100.33 101.76 100.53 99.93 }00.32 99.88 100.66 101.00 100.69 (100.33 100.41 100.66 1}00.60 101.84 101.70 101.41 99.35 100.07 99.39 99.40 99.49
ap 0.14 0.2 | 0.3 0.19 0.09 0.6 | 0.09 009 0.19 033  0.28 | 0.16 0.51 0.6 | - 0.58 0.14 0.72] 0.05 009 | 0.09 0.09 0.4
py 0.02 0.99 0.00 0.02 0.30 0.13 0.02 0.08 0.04 0.13 0.06 0.02 0.15 ’ 0.13
il 0.03 0.15 1.61 1.4 3.34 1.44 0.48 1.3 1.54 1.56 0.48 1.41 4.86 an
or 1.2¢ 0N 0.24 0.83 0.M 1.36 1.06 1.18 0.83 1.48 0.24 1.18 0.89 2.36
ab 24.45 23.02 16.86 25.26 20.18 21.24 |22.51 26.41 27.08 24.79 23.23 |24.46 18.55 15.9¢ )
an 42.37 45.18 41.99 33.03 23.59 34.30 |30.23 40.32 40.97 42.79 42.15 |39.54 36.63 30.19
c 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 1.41 0.90 1.41 1.55 0.00 0.96 3.32 2.03 2.83 1.33 2.76 2.16 2.35 2.78

) wo 1.16 0.91 0.86 4.57 12.69 3.30 3.53 1.23 1.13 0.07 1.67 2.55 2.54 2.55
di ien 0.71 0.59 0.30 2.16 6.41 1.72 2.25 0.68 0.67 0.04 0.88 1.45 1.09 1.31

) fs 0.39 0.26 0.58 2.35 5.98 1.50 1.05 0.50 0.40 0.03 0.74 0.98 1.46 1.18

) en 0.00 0.70 0.00 0.00 0.00 0.00 |10.34 0.00 0.05 1.51 0.00 0.76 0.00 0.00
n ; fs 0.00 0.31 0.00 0.00 0.00 0.00 4.83 0.00 0.03 1.26 0.00 0.52 0.00 0.00

) fo 15.61 18.41 11.26 8.19 9.14 11.33 |12.82 13.52 14.58 13.19 14.13 [13.67 11.18 14.53
. ; fa 9.43 8.92 24.37 9.82 9.40 10.87 6.60 11.04 9.68 12.07 12.96 |10.22 16.46 14.50
ne 0.98 0.00 0.04 11.07 8.09 10.96 0.00 0.68 0.00 0.00 0.7 0.00 2.84 9.51

0

+ Fel 0.52 0.59 0.25 0.35 0.40 0.41 0.52 0.43 0.45 0.42 0.40 0.45 0.29 0.36
EB%E 0.37 0.34 0.28 0.43 0.46 0.3 0.43 0.39 0.40 0.37 0.35 [ 0.38 0.34 0.34




TABLE 3.13 - Whole-rock trace element analyses of unfoliated meta-anorthositic troctolites and related rocks

Locality
Sample
ppm

N

Mn

Cr

v

N

Ir

Ba
Sr

Igneous
D96
221
798
32
22
ND
18
ND
n
272

D143

252

m
24
14

15

52
252

GjBrlanger

Coronitic or pseudomorphic

D35
14
3265

ND
45
51
23
39
ND

036
97
904
193
155
ND
25

67
487
ND
n

D49
120
1255
341
449
ND
32
16
88
78
ND
ND

D86
107
877
267
125

20

139

349
ND

Hellevik

D37A
258
1080
82
72
ND
17

53
86

ND

p37e
136
995
361
152

21

77

54
ND

D131
142
928
437
191
3
23
6
60
40
2
ND

D132

143
1038
47
180
ND
17

n
30
ND

D133
84
1297
47
60
ND
20

ND
64
ND

SarJQl

D39
157
956
549
149

17

123
293

D156
107 -

1395
203
394

7
52
1
54
91
6
3

D42
182
1106
344
505
6
N
8
44
87
ND
1

Fe-T{ ore-rich

73/41A
a3
1928
513
4335
ND
44
ND
ND
ND
13
4

79/418
20
4040
480
393

28
n
ND
13

79/41C
93
3435
1506
1310

D155

249
3563
1093

848

24
12
33
121

13

Instety Flekke
coronitic/pseudamorphic
027 piaz DS
256 252 n3
67 1105 549
& 5 16
25 7 15
ND 2 2
15 13 18

1 ND 5
4 L] 264
55 165 | 1074

1 8 ND

3 5 1

D6

267

980
42
22

20

59
119

D7
213
121
308
72
ND
22

90
307
ND
ND



TABLE 3.14 - Whole-rock major element analyses and CIPW norms of foliated metabasites, metadolerites and metadiorites,

Locality
Sample
Masst
§10,
A1,04
TiO2
Fe203
Fed
Mg0
Mn0
Ca0
Na 0
K,0
2%
S

+
Hp0

Total

ap
Py

or

ab

mt

di

"
3

-
w

hy

——— e e
- % m
w 3

-
o

Flekke Unit

Gj6rlangerf jord
71/3%a
Lo -A. )
(1) px AMPH
45.08 45.41 44,75
14.72  14.51 15.04
2.75 3.15  2.74
3.26 3.40 3.74
13.70 12.78 13.59
7.65 7.79 8.16
0.20 0.13 0.19
9.93 10.24 9.87
2.48 2.70 2.12
0.15 0.02 0.03
0.04 0.06 0.15
0.04 ND ND
0.22 0.54 0.63
100.22 100.79 10§.11
0.09 0.14 0.35
0.08 0.00 0.00
5.22 5.9  5.20
0.89 0.12 0.18
20.99 22.85 17.94
28.59 27.42 31.a44
0.00 0.00 0.00
4.73 4.93 5.42
8.52 9.60 6.9)
4.30 5.17 3.8
4.03 4.12 3.1
2.64 2.10 6.64
2.497 1.67 5./2
8.49 8.50 7.06
8.76 7.47 6.7
0.00 0.00 0.00
0.32 0.33 0.32
0.42 0.50 0.36

D276

4¢

14.
3.
2.

V7.

—_—

100.

o

10.
12.

o O O o

.69

11
70
67
56

.06
.22
.29
1
.03
.05

06

.91

47

.12
1
.03
.18
.48
.39
.00
.87
7
.35
.78

89
92

.79
.26
.00

.29

.22

D32

46

18.
0.

1

w O W o™

23

36.

.97

88

60

.44
.13
.70
.07
.96
.04
.42
.20
.05
.09

.55

.47
.0y
.14
.48

.03

63

.00
.09
.79
.87
.67
.00
.00
.18
.47
.45

.48

.39

D33

100.

3Y,

3

o O o

.41
.00
.38
.61
.51
.59
12
.74

.24

.on

.57

.50

.€S

.07
.08
.21

.36

.95
.20
.42
.00
.00
.00
.80
.26
.37

.00

.53

.36

Saurd'fj

D90
49.
16.

1]

.44

.57

.34

D91
49.

.59

.32

F:

fj

D119

49,
24.

25
41

.18
.20

.43
.06
.92
17

12

0.0t

120.

.60

96

.28
.0
.34
.36
.83
.70
.00
.74
1
.44
.22
.56
77
.67

.00

.49

037

100.

23.
40.

.01
.81
.9
.44

.23

.13
.54

10
33

.09
.66
.64
.82
.92
.85
.69
.29
.00

.42

Upper border

D41

N e O W

o o

.10
.23
.67
.47
.88
.19
.22
.59

.52
.25
.07
.81

.65

o o o o
o
(el

99.69

28.77
29.28

7.68
4.30
3.07
0.57
0.41

8.17
0.00

0.49

Straums

79/26

49,
15,

27.

26

58
51

.92
12
.29
.45
.84
.20
.66
.60
.28
.89

08

.01
.00
.23
.82
A7
.44
.0
712
.00
.00
.00

.3

.51

057

51.90

17.40
0.76
1.34
6.28
6.74
0.06
8.99
3.36
1.58
0.52
0.14

100.17

0.26
1.4
9.34
20.43
27.13
0.00
1.9t
5.63
3.47
1.83
6.95
3.68
4.46
2.20
0.00

0.47

0.42

K1 ibbern

D68

60.81

18.56
0.60
.n
2.84
1.99
0.06
6.05
5.35
0.50
0.21
0.03
0.80

99.51

0.49

0.06

2.9
45.27
25.15

0.00

2.48

1.46

0.89

0.49

4.07

2.26

111.93

0.00

0.31

0.64

D71
56.29
15.13
0.70
1.75
5.25
3.99
0.07
6.65
5.47
0.26
0.3
0.91
ND

99.78

1.70
1.33
1.54
46.29
24.15
0.00
2.54
2.84

0.92
8.18
4.25

3.27

0.00

0.37

0.66



TABLE 3.15 - Whole-rock trace element analyses of foliated metabasites, metadolerites and metadiorites, Flekke Unit

Locality Gjdrlanger Fjord Saurd'fj F1'fj Upper Border Straumsnes K1ibbern
Sample 79/34A

ppm (i) px AMPH D206 D32 D33 D62 D90 D91 D119 D37 D41 D60 79/26 D57 D68 b7
Ni 158 120 156 179 156 170 nz 157 146 135 104 45 138 70 n2 24 48
Mn 1505 1372 1441 1674 960 926 397 883 785 545 1041 1866 1234 1458 942 461 834
Cr g 51 66 57 148 108 167 26 |1731 1708 34 228 53 148 156 298 9 81
v 772 728 652 945 122 116 19 165 161 27 160 388 210 239 95 n 131
Nb - ND 8 2 2 1 2 3 1 ND 2 1 5 5 - 4 2 5
Ir 16 30 30 30 27 30 19 26 24 16 62 62 70 215 53 114 79
Y 14 9 17 8 12 7 4 8 14 6 19 27 24 51 15 12 17
Ba 43 54 38 32 215 62 102 ND 36 84 138 146 142 456 1247 mn 210
Sr 1 9 8 10 439 434 651 213 229 344 317 133 127 507 2090 893 586
Rb ND 6 5 10 ND 3 9 1 ND ND 14 16 18 2 23 ND 4
Pb ND 15 12 18 9 4 6 4 7 3 8 7 7 12 16 7 7




TABLE 3.16 - EMP analyses of cumulate olivine and plagioclase, anorthositic
troctolite D170

Olivine ' Plagioclase
510, 37.65 37.67 52.68 53.17
A,0, - - 29.77 29.64
Fe0' 28.19 26.62 0.02 0.03
Mg0 34,59 35.37 - -
M0 0.36 0.28 - -
Ni0 0.09 0.08 - -
Ca0 0.01 ND 12.67 12.37
Na,0 - - 4,37 4.44
K0 - - 0.17 0.16
Total| 100.91 99,70 99.81
Si 0.9984 1.0004 2.3953 2.41M1
Al - - 1.5954 1.5839
Fe 0.6250 0.5912 0.0006 0.0011
Mg 1.3676 1.4005 - -
Mn 0.0080 0.0063 - -
Ni 0.0019 0.0016 - -
Ca 0.0004 0.0000 0.6172 0.6010
Na - - 0.3868 0.3903
K - - 0.0098 0.0090
Total| 3.0016 3.0000 5.0051 4.9964
0 4 4 8 8




FIGURES AND TABLES

CHAPTER 4



FIGURE 4.01 Compositions of clinopyroxenes in
eclogites plotted on the jadeite-augite-acmite
diagram of Essene and Fyfe (1967).

Symbols:-

Stars - garnet amphibolite band in eclogite (D206).
Triangles - Kyanite eclogite (D77)

Circles - eclogite band in websterite (79/9a)
Squares - bimineralic eclogite (D205)

Inverted triangles - phengite eclogite with
siliceous backveins (D181)

Diamonds - eclogites in Basal Gneisses (79/38b,
D116, D69).

Filled symbols = inclusions in garnets
Open symbols = matrix omphacites
Half-filled symbols = symplectic pyroxenes
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FIGURE 4.02 Classification of amphiboles in
eclogites  after Leak  (1978), with Fe3+
calculated by method of Robinson et al. (1981).

Symbols:-

Circles - kyanite eclogite (D123)

Triangles - bimineralic eclogite (D205)

%nverted triangles - amphibolite band in eclogite
D206)

Diamonds - stage IV amphiboles in other eclogites
(79/9a, 79/38b, D116).

Open symbols = matrix amphiboles
Filled symbols = inclusions in garnets
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FIGURE 4.04 Variation diagrams showing
compositions of amphiboles in kyanite eclogite
D123. Filled circles are inclusions, open circles
are matrix amphiboles. Squares show end-member
compositions.

Abbreviations:-
RICH - richterite
EDEN - edenite
NYBO - nybdite
TARA - taramite
TREM - tremolite

HBLD - hornblende
WINCH - winchite
ECKE - eckermanite
KATO - katophorite
PARG - pargasite
GLAUC - glaucophane
BARR - barroisite
TSCH - tschermakite
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FIGURE 4.05 Garnet in amphibolite band in
eclogite from a roadcut between Gjorlanger and
Solvik (specimen D206). This is reproduced as a
line drawing in figure 4.12. H = Al-rich
hornblendic or taramitic amphiboles, A = Si-rich
actinolitic amphiboles, C = clinopyroxenes.
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FIGURE 4.06 Variation diagrams showing
compositions of amphiboles in bimineralic eclogite
D205 (triangles) and interbanded garnet amphibolite
D206 (circles). Open symbols are matrix
amphiboles, half-filled symbols are pale-coloured
amphibole inclusions in garnets and filled symbols
are dark amphibole inclusions 1in garnets.
Abbreviations as for figure 4.05.
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FIGURE 4.07 Compositions of phengites in part of
the triangular diagram (8-Si)-Fel-Mg. Triangles
are kyanite eclogites, inverted triangles are
phengites from siliceous backveins in the eclogite
near Asnes, squares are psammitic gneiss phengites,
cross is low-K gneiss D24 and diamonds are
phengites from Basal Gneiss eclogites. Filled
symbols are core compositions. Open symbols are
rims and half-filled symbols secondary phengites.



IS-8
0ol

L0y 3¥NOIS



FIGURE 4.09 Compositions of garnets plotted on
the diagram of Coleman et al (1965).  Straight
dashed 1ines separate fields for "Type B" and "Type
C" eclogites of Coleman et al (op cit) and enclosed
field is that of garnets in blueschist-eclogites
from California.

A. Bimineralic eclogite (D205, 79/34a).

B. Garnet amphibolite band (D206).

C. Kyanite eclogites (D77, triangles; D123,
circles).

D. Veined phengite eclogite (D181, squares) and
eclogite band in websterite (79/9a, diamonds).

E. Eclogites from the Basal Gneisses (79/38b,
circles; D116, diamonds).

Filled symbols - cores
Half-filled symbols - intermediate
Open symbols - rims
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FIGURE 4.10 Compositional maps of garnet in
kyanite eclogite D123.

A -

oo

Locations of inclusions. Light hatching =

amphiboles, light and heavy hatching
no hatching = quartz, heavy hatching
(matrix).

Fe0/Mg0, contour interval 1.0 units.
Mno, contour interval 0.1 mass %.
Cao, contour interval 1.0 mass %.

zoisite,
kyanite
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FIGURE 4.11 Compositional maps of garnet in

bimineralic eclogite D205.

A - Tlocation of inclusions; light hatching =
amphiboles, black = rutile, no hatching =
omphacite.

B - MnO, contour interval 0.5 mass %, dash-dot line
shows reversal of zoning profile at about 0.2
mass %.

C - Ca0, contour interval 0.5 mass %.

D - FeOT/MgO, contour interval 1 unit.
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FIGURE 4.12 Compositional map of garnet in garnet
amphibolite band D206.

A - location of inclusions: 1ight hatching =
amphibole, stipple = apatite, black = rutile,
no hatching = omphacite. Garnets outlined by
dotted stipple.

- Fe0T/Mg0, contour interval 1 unit.

MnO, contour intervals: above 0.5 mass % = mass

%. below 0.5 mass % (dashed) 0.1 mass %. Cross

shows compositional maximum.

D - Ca0, contour interval 1 mass %.

oo
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Figure 412 A

D206-1

0-S5mm



Figure 412 B

D 206-1 FeOT/MgO
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Figure 442 ¢

D 206-1 MnO m%




Figure 412 D

D206-1 Ca0 wt %




FIGURE 4.13  LnKpFe/Mg vs

Xca9t for coexisting garnet and omphacite
in eclogites. Isotherms are calculated from the
expression of E11is and Green (1979) at 16 kbars.

Symbols:-

Circles = eclogite band in websterite (79/9a)
X = quartz eclogite (79/16)

Trangles = kyanite eclogite (D77) - note that

Fe3t determination for pyroxene is probably too
Tow.

Star dyke eclogite (D83a)

+ eclogite with siliceous backveins (D181)
Diamonds = bimineralic eclogite (D205)

In verted triangles = garnet amphibole band in
eclogite (D206)

Squages = eclogites in Basal Gneisses (D69, 79/38b,
D116

Open symbols are rim-rim pairs, filled symbols are
inclusion-host pairs. Crosses are rim-rim pairs.
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FIGURE 4.14  LnKpFe/Mg ys

Xcadt for coexisting garnet and amphibole
in eclogites. Isotherms are calculated from the
expression of Graham and Powell (1984).

Symbols:-

Circles = eclogite band in websterite (79/9a)
Triangles = kyanite eclogite (D123)

Diamonds = bimineralic eclogite (D205)

Inverted triangles = garnet amphibolite band in
eclogite (D206)

Open symbols are rim-rim pairs, closed symbols are
dark-coloured hornblende inclusions in garnets,
horizontally half-filled symbols are actinolitic
inclusions in garnets, vertically half-filled
symbols are  secondary (stage IV) matrix
amphiboles.
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FIGURE 4.15 Fe/Mg ratios of coexisting garnets
and ;hengites. Isotherms are also isopleths for
KpFe/Mg with temperatures calculated
from the expression of Green and Hellman (1982) for
a basaltic composition at 16 kbars.

Symbols:-

Circle = Basal Gneiss eclogite 79/38b

Inverted triangle = Basal Gneiss eclogite D116
Triangles = kyanite eclogite D77

Square = eclogite with siliceous backveins D181
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FIGURE 4.16 Schematic  diagram  1illustrating
high-pressure breakdown relationships of hornblende
showing possible up-pressure evolution of early

(stage I) amphiboles from the eclogites. After
Essene et al (1970).
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FIGURE 4.17 Petrogenetic grid for metamorphic

conditions of eclogites. Numbered curves are:-
1: Albite-jadeite + quartz (Holland, 1980)

2: Loweg stability Diddgg + quartz (Holland,
1983

3z Loweg stability DiJdis + quartz (Holland,

1983).

: Paragonite = jadeite + kyanite + Ho0
(Holland, 1979b).

: Paragonite + Diddgg + kyanite + Ho0
(Holland, 1979b).

s /, 8: Kyanite = sillimanite, kyanite =
analusite, andalusite = sillimanite (Robie and
Hemingway, 1984).

9: Margarite + quartz = kyanite + zoisite +
vapour

10: Margarite + quartz

vapour
11: Anorthite + vapour = zoisite + kyanite + quartz
(9, 10, 11 from Jenkins, 1984).

12: Zo;g;te + kyanite = liquid + vapour (Goldsmith,
1982).

13: Lawsonite = zoisite + kyanite + quartz (Newton
and Kennedy, 1963).

14: Zoisite + quartz = anorthite + grossular +
vapour (Newton, 1966).

15: Almandine + rutile = ilmenite + kyanite +
quartz (Bohlen et al, 1983).

16: Muscovite + quartz = sanidine + sillimanite +
vapour (extrapolated from Evans, 1965).

17: "Wet" eclogite solidus (Hi11 and Boettcher,
1968).

18: MaxiTum stability of glaucophane (Maresch,
1977).

o o

anorthite + kyanite +

A - Range of garnet-hornblende temperatures for
stage I amphiboles (Graham and Powell, 1984).

Dashed 1lines - range of garnet-clinopyroxene
temperatures for eclogites above top of Basal
Gneisses (E11is and Green, 1979). Dash-dot lines -
range of garnet-clinopyroxene temperatures for
Basal Gneiss eclogites.
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FIGURE 4.18 Compositions of clinopyroxenes from
coronites.

A - jadeite-diopside-tschermak's diagram of White
(1964) with dashed line dividing fields for
granulite and eclogite pyroxenes.

B - part of the jadeite-augite-acmite diagram of
Essene and Fyfe (1967).

Symbols:-

Open diamond = jadeite, coronite D187

Closed diamond = igneous augites from anorthositic
troctolite D170

Circles = partially transformed augites, D194.
X = vein omphacite

+ = symplectised vein omphacite.

Triangles = omphacites from jadeite-bearing
coronite 6-5.5.

Inverted triangles = omphacites from
kyanite-bearing coronite D132.

Squares = omphacites from bimineralic
coronite-eclogite.

In latter 3, filled symbols are in the mafic site,
open symbols in the plagioclase site and
half-filled symbols inclusions in garnet.
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FIGURE 4.19 Compositions of pyroxenes from the
anorthositic troctolite (D170) projected onto the
pyroxene quadrilateral isotherms are from Lindsley
(1983), at 10 Kbars.

Symbols:-
Squares = cores
Circles = rims

Triangles = symplectite pyroxenes

Solid tie-lines link coexisting rim and core pairs,
dashed tie-line 1links a pair of symplectite
pyroxenes.



84

009
o )

sieqy 0L

00L

o2%¢  ooot

ooo 1%

000y

00 6 — 4
o0 SNﬁ

¥.

000~}

PH

a1y 0unBig



FIGURE 4.20 Compositions of garnets in
coronites.

a - jadeite-bearing coronite. Open symbols are

compositions from the clear, inner zone, while
filled symbols are from the outer,
inclusion-rich zone. Dashed 1ine separates
fields for the two zones. Specimen 6-5.5.
bimineralic coronite-eclogite D192 and
kyanite-bearing eclogite D132 (circles). For
D192 filled symbols represent cores of
indiviudal garnets 1in a corona, with open
symbols for rims. Tie-lines 1link cores and
rims in the same grains, while "A" indicates
the presence of amphibole inclusions. For D132
the garnets are discreet grains in the
plagioclase sites. Filled symbols are cores,
open symbols rims.
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FIGURE 4.21 Compositional variation across a
garnet corona in jadeite-bearing coronite 6-5.5.
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FIGURE 4.22 Compositional variation across a
garnet corona in a kyanite-bearing coronite.
Plotted values are raw X-ray counts per second.
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FIGURES 4.23 Calcium variation across a garnet
grain from within a granular garnet corona in
bimineralic coronite-eclogite D192. Values are raw
X-ray counts per second with two calibrated values
for reference. The peak corresponds to a zone of
omphacite inclusions.
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FIGURE 4.24 Histograms showing various
compositional parameters for coronite types. J =

jadeite bearing, K = kyanite-bearing, E =
bimineralic coronite-eclogite, I = preserved
igneous assemblage, A = coronite rich in

Ca-amphibole,NCI = colour index, f = frequency.
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FIGURE 4.25 ACF diagram showing relationship of
mineral paragenesis to bulk-rock composition.
Circles are jadeite-bearing coronites, squares are
kyanite-bearing coronites, triangles are
bimineralic coronitic-eclogies and the diamond is
an anorthositic troctolite with preserved igneous
assemblage. In garnet field stipple becomes
lighter from core towards rim compositions. In
omphacite field, stipple is heavier in grains from
plagioclase sites.
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FIGURE ~ 4.26 Schematic  diagram illustrating
evolution of pyroxenes from the anorthositic
troctolites during cooling from the solidus to
granulite-facies and post-granulite-facies
conditions, with relation to variations in
tschermak's molecule and enstatite content.
Isopleths are from Gasparik (1984). C = core
compositions, R = rims, S = symplectites.
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FIGURE 4.27 Metamorphic evolution of jadeite- and
kyanite-bearing coronites, mainly inferred from
petrographic observations. Garnets have stippled
borders.

Abbreviations:-

Al-cp : aluminous clinopyroxene

Al-op : aluminous orthopyroxene

ol : olivine, Ky : kyanite

Jd : jadeite, Pg : paragonite, Z0 : zoisite
Omph : omphacite, Am : amphibole, Tc : talc
Rt : rutile, Aug : augite, ITm : ilmenite
Plag : plagioclase, Neph : nepheline



Figure 4:27

Jadeite bearing type Kyanite -bearing type




FIGURE 4.28  LnKpFe/Mg ys

Xcadt for coexisting garnet and omphacite
in the coronites. Isotherms have been calculated
from the expression of E11is and Green (1979) at 16
Kbars.

Symbols:-
Circles = bimineralic coronite-eclogite (D192)
Squares = jadeite-bearing coronites (6-5.5)

Open symbols are from mafic sites, half-filled
symbols from plagioclase sites and filled symbols
are for inclusion-host pairs.
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FIGURE 4.29 Petrogenetic grid constraining the
evolution of the coronites. Numbered curves are;-
1: Albite = jadeite + quartz (Holland, 1980)
2: Albite + nepheline = 2 jadeite (Gasparik,

8:

9:

10:

11:

12:

13:
14:

15:

16:
17:

18:

1985)

3: Paragonite = jadeite + kyanite + vapour
4;
5

Paragonite + DiJdgg + kyanite + vapour

6, 7: Kyanite = sillimanite, kyanite =
andalusite, sillimanite = andalusite (Robie and
Hemingway, 1984).

ilmenite + kyanite + quartz = almandine +
rutile (Bohlen et al, 1983)

Margarite + quartz = zoisite + kyanite + vapour
(Jenkins, 1984).

Zoisite + kyanite = margarite + anorthite
(Perkins et al, 1980)

Zoisite + kyanite = anorthite + corundum +
vapour (Perkins et al, 1980)

Garnet in high alumina basalt composition
(Green, 1967).

Olivine out in olivine tholeiite (Green and
Ringwood, 1967).

Garnﬁt = spinel + anorthite in CMAS (Gasparik,
1984).

Anorthite + forsterite + spinel in CMAS
(Gasparik, 1984).

Curve 13, modified parallel to CMAS curve 15.
Dry solidus for olivine tholeiite (Green and
Ringwood, 1967).

"Wet" eclogite solidus (Hil11 and Boettcher,
1968).

Dash-dot 1ines bracket range of temperatures from
garnet-clinopyroxene thermometry (E11is and Green,
1979).  Stippled arrow; possible post intrusive
evolution of anorthositic troctolites prior to
high-pressure metamorphism.
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FIGURE 4.30 Schematic illustration of the
different mineral assemblages 1likely to be
encountered during up-pressure evolution of a
basaltic protolith at high and low temperatures.
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FIGURE 4.31 Compositions of pyroxenes from a
charnockitic gneiss (D99 - circles), a basaltic
dyke (D134 - triangles) and two websterite samples
(79/8 - inverted triangles; D45 - diamonds).
Filled symbols are core compositions (usually
pigmented). Open symbols are rim compositions or
unpigmented pyroxenes. For D99 symbols with
vertical lines are granular inclusions (possibly
formed by granule exsolution). Tie-lines join
pairs of coexisting pyroxenes.
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FIGURE 4.32 Schematic diagram showing possible

evolution of the websterites in vrelation to

reactions in the CMASH system involving pyroxenes,

spinel, olivine, amphibole, chlorite and garnet.

?eact;on curves are after Obata and Thompson
1981).
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FIGURE 4.33 Compositions of  garnets and
omphacites in low-K gneiss D24 (Gjorlanger Unit)
and psammitic phengite-gneiss D178 (Vardheia Unit).
Triangles are for D24 analyses with open symbols
for rims and filled symbols for cores. Squares are
for D178, withopen symbols for garnet rims,
half-filled symbols for the mddles of garnet
atolls, symbols with a dot for inner rims of garnet
atol1ls and filled symbols for the cores of "solid"
garnets. Fields for garnets in eclogites (this
work) and omphacites in eclogites (this work) are
shown for reference.
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FIGURE 4.34 Petrogenetic grid constraining the
metamorphic conditions for the 1low-K gneisses.
Curves are:-
1: Albite = jadeite + quartz (Holland, 1980).
2: Diddgg + quartz minimum stability (Holland,
1983}
: Paragonite = jadeite + kyanite + vapour
(Holland, 1979b).

w

4: Paragonite + zoisite + quartz = 1iquid (Franz +
Althaus, 1977).
5: Jadeite + lawsonite = paragonite + zoisite +

quartz (Holland, 1979b).

6: Lawsonite + albite = paragonite + zoisite +
quartz (Holland, 1979b).

7: Lawsonite = zoisite + kyanite + quartz (Perkins
et al, 1980).

8: ITmenite + kyanite + quartz = garnet + rutile
(Bohlen et al, 1983).

9: Zoisite + kyanite + quartz + vapour = zoisite +
kyanite + vapour + liquid (Goldsmith, 1982).

10: Zoisite + kyanite + quartz = anorthite + vapour
(Jenkins, 1984).

11: Margarite + quartz = anorthite + kyanite +
vapour (Jenkins, 1984).

12: Zoisite + kyanite + vapour = margarite + quartz
(Jenkins, 1984).

13, 14, %5: Al-silicate stability (see figure
4.29).

16: "Wet" tonalite solidus (Stern et al, 1975).

Dash-dot  1ine -  isopleth  for  KpFe/Mg
for a garnet-omphacite pair, Kp = 13.2,
Xca9t = 0.24 (Ellis and Green, 1979).

Stippled area - best estimate of peak metamorphic
conditions for low-K gneiss.
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FIGURE 4.35 Petrogenetic grid constraining the
metamorphic conditions for the psammitic
phengite-gneisses. Number curves are:-

1: Albite = jadeite + quartz (Holland, 1980).

2: Staurolite + annite + quartz = almandine +
musc?vite (extrapolated from Rao and Johannes,
1979).

3: Zoisite + quartz = anorthite + grossular +

kyanite + Ho0 (Newton, 1966).

4: Epidote (PS33) + quartz = garnet +
anor%hite + Fe-oxide + quartz + H20 (Liou,
1973).

5: Minimum stability of phengite Si4+ = 3.3
(extrapolated from Velde, 1967).

6: "Wet" granite solidus (Stern et al, 1975).
Dash-dot ~ lines -  isopleths for  KpFe/Mg
for two garnet/phengite pairs (Fe0 = Fe0l)
calculated from the expression of Green and Hellman
(1982) for a low Ca pelite.

Stippled field - best estimate of peak metamorphic

conditions for the psammitic phengite gneisses.
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FIGURE 4,36  Summary petrogenetic grid
illustrating the thermal evolution of the
Hellevik-Flekke area from intrusion of the Flekke
unit Tlayered complex through granulite-facies
metamorphism (M1), amphibolite-facies
metamorphism (M2) and eclogite-facies
metamorphism and subsequent uplift-related
retrogression (M3, Mg), with a possible period
of near surface serpentinisation and
rodingite-formation between M and M3.
Stippled areas represent P-T conditions recorded by
preverved mineral assemblages. See figures 4.17
and 4.29 for sources of reaction curves.
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TABLE 43 EMP analyses of clinopyroxenes from eclogites

Sample

Stage
Sit,-
Ti0,
Al0,
trzo,
F2203
fed
Ml

K0
o

-l,"z"

Total

79/38d

PBI PBK
1R i
s5.44  55.69
0.07 - 0.07
8.02 7.66
0.00  -0.00
4.50 4.9
3.69 L%
0.03 0.03
8.26° 8.5
12.40  13.41
6.63 6.56
100.49  100.64
1.992 1.99
0.002 0.002
0.008  0.001
0.34  0.323
0.000  0.000
0.2 0.1
e o.n3
0.000  0.00)
0.442  0.455
0.516  0.516
0.462  0.456
3295 . 3.%
1B 1L
50.97  51.38

PAA
1
55.67
0.00
1.1
0.00
2.97
3.2
0.02
1.80
12.62
7.5

99.65

1.995
0.000
0.005
0.422
0.000
0.080
0.098
0.001
0.417
0.486
0.497
41.67
8.01
48.13

PAB
I
$6.01
0.00
10.42
0.00
3.33
3.06
0.03
7.13
12.40
1.38

100.36

1.981
0.000
0.009
0.428
0.000
0.089
0.091
0.001
0.410
0.472
0.509
11.9%6
8.92
46.38

D116

PAC
IIIR
56.37
0.00
10.25
0.00
3.30
3.0
0.00
1.87
.
1.48

100.52

1.999
0.000
0.00)
0.427
0.000
0.088
0.089
0.000
0.416
0.465
0.514
42.63
8.80
46.40

PAD
1R
55.99
0.00
10.18
0.00
2.56
4.10
0.02
.9
1.0
7.08

100.26

1.99%
0.000
0.004
0.424
0.000
0.069
0.122
0.001
0.420
0.474
0.4%0
42.07
6.88
47.06

] 069
w T e peR pCo
1R Iv I11c 338]
$5.86 53.75 56.20 56.%
0.00 0.00 0.04 0.02
10.34 467 [10.72 1.5
0.02 0.00 0.00 0.00
3.3 3.8 | -2.64 1.80
3.00 4.40 3.50 2.86
0.02 0.13 0.05 0.00
7261 nas 7.60 n
12.37 9.5 12.32 12.08
1.0 3.8 .41 2.8
99.94  99.9) [100.47  100.43
1994 1970 | 19s¢c  2.00
0.000 0.000 | 0.001  0.001
0.006 0.0 | 0.006 0.000
0429 0.172 | 0442  o0.478
0.000 0.000 | 0.000 0.000
0.089  0.091 | 0.070  0.048
0.090  0.135 | 0.104  0.084
0.000  0.004 | 0.002  0.000
0.405  0.609 | 0.402  0.406
0.473  0.756 | 0.468  0.4%
0.513  0.233 | 0.510  0.52%
425 142 laaws  a3s
8.8 9.05 7.08 an
4674 72.65 |46.40  45.57

1R
56.83

0.04

1.6)
0.00
2.14
2.87
0.02
1.49

n.m
7.89

100.69

2,000
0.001
0.000
0.482
0.000

. 0.087
0.084
0.00}
0.393
0.442

0.538
48.77

5.68
4.3

‘A

1

55.52
0.02
8.18

0.2

3.43
0.00
9.29

1,66
5.9

1.992
0.00)
0.008
0.338
0.00)
0.083
0.103
0.000
0.497
0.564

0.41%
3.1

8.2
§5.65

3.0 .

R00: 14

PAB
1
§5.68
0.0¢
8.28
.02
450
2.3
0.00
9.15
14.97
6.19

101.19
1.978
0.001
0.022
0.325
0.001
0.120
0.071
0.000
0.485
0.570

0.427
30.57

12.04
54.96

PAC

on

55,35
0.04
8.58
0.02
3.06
320
0.03
9.33

14.65
5.95

100.19

1.983
0.001
0.0V7
0.344
0.00
0.083
0.096
0.001
0.498
0.563

0.413
33.02

8.26
“an

PAD
1
§5.68
0.02
8.82
0.02
3.2
2.78
0.00
9.23
14.97
6.08

100.89

1.980
0.001
0.020
0.350
0.001
0.088
0.083
0.000
0.489
0.570

0.419
33.05

8.81
55.08

PAP
Il
55.72
0.08
8.20
0.00
2.9
J.o07
0.00
9.86
15.56
§.63

101.06

1.981
0.002
0.019
0.325
0.001
0.079
0.09
0.000
0.522
0.593

0.388
30.89

1.92
§7.54

79/%

PAD
1313)
§5.91
0.06
9.3
0.05
2.66
2.97
0.00
8.99
15.14
6.15

101.25

1.979
0.002
0.021
0.37
0.001
0.0N
0.088
0.000
0.474
0.574

0.422
.97

1.10
§5.49

PAQ .

1R

55.37
0.07
1.8)
0.0
.3
3.%
0.00
.
16.58
5,10

100.46

1.988
0.002
0.015
0.302
0.001
0.063
0.101
0.000
0.540
0.637

0.35¢
29.08

6.29
62.36

PAF °

1R
§5.82
0.04
7.69
0.00
3.0
2.95

0.00

10.10
16.00
5.50

01N

1.986
0.001
0.014
0.308
0.001
0.083
0.088
0.000
0.530
0.610
0.379
2,6
3.3
59.72

PAL

11IR
§5.69
0.04
6.9
0.08
2.69
1%
0.05
10.42
6.3
5.12

100.64

1.994
0.00)
0.006
0.285
0.001
0.073
0.101
0.002
0.556
0.626
0.355
28.16
1.5
62.09

PAL
1191

46.94 °

0.05
4.4
0.03
4.7
1.09
[}
LR}
12.0
3.09

101.28

.78
0.001
0.m
0.356
0.001
0.1
0.2
0.010
0.449
0.489
0.221
8.7

n.a
2.9

PAR
IR
§5.57
0.04
1.16
0.03
2.80
2.99
0.00
10.45
16.78
5.04

100.86

1.985
0.001
0.01§
0.288
0.001
0.075
0.089
0.000
0.556
0.642
0.M49
22.29
1.52
6.7

19/16

PAN
1R
55.49
0.43
8.87
0.02
3.03
N
0.00
8.63
13.89
6.4

1.988
0.012
0.012
0.383
0.00
0.082
0.095
0.000
0.464
0.5
0.445
3%6.30
8.18
sa. 17

-
PAX | PDA
1R | I)c
$5.75 | 56.48
0.15| o0.04
9.48} 0.7
0.00.) 0.07
3.4 | o0.62
327 2
0.00 ) 0.03
8.35 | 8.&
13.54 | 13.50
6.75 | 6.8
100.78 | 99.26
1.983] 2.003
0.004] 0.000
0.017! 0.000
0.381} 0.45)
0.000{ 0.002
0.093} 0.017
0.097| 0.082
0.000{ 0.001
0.443| 0.456.
0.516{ 0.513
0.446| 0.470
.22 (451
9.34 1.67
50.35 -{51.20

POC
1llc
55.44
0.04
11.10
0.02
0.:64
2.56
0.06
8.72
132
7.00

99.69

2.000
0.00)
0.000
0.464
0.00?
0.017
0.076
0.002
0.460
0.498

0.48)
45,34

1.2
49.70

POR
1le
$6.73
0.4
N.%
0.09
0.27
.87
0.10
8.6%
X
L0

100.06

2.001
0.001
0.000
0.470
0.003
0.007
0.07%6
0.003
0.455
0.503

0.4%0
4.0

on
50.17

PON
Ie
56.39
0.02
1.9
0.16
0.06
.84
0.03
8.64
13.21
6.89

99.43

2.002
0.001
0.000
0.468
0.004
0.002
0.084
0.001
0.457
0.503

0.47¢
46,04

0.16
50.21

PCU
I1IR
$6.75
0.06
11.25
0.09
0.06
3.08
0.10
8.76
13.23
6.90

100.29

2.000
0.002
0.000
0.467
0.003
0.002
0.091
0.003
0.460
0.500

0.472
45,73

0.17
49.80

p77
PCxX POD
IR 111R
56.39 56.61
0.0¢ 0.06
10.84 1.4
0.02 0.02
0.00 0.23
2.3 2.5
0.05 0.06
9.10 8.72
13.96 13.03
6.48 6.99
99.41 99.57
2.002 2.004
0.001 0.002
0.000 0.000
0.454 0.473
0.001 0.001
0.000 0.006
0.075 0.0M
0.002 0.002
0.482 0.460
0.531 0.4%4
0.46 0.480
&8 5K 47.3
& 0.61
53.00 49.25

POE
11IR
§6.53
0.04
10.86
0.04
0.4
2.85
0.06
8.89
13.40
6.79

99.50

2.001
0.001
0.000
0.453
0.001
0.012
0.084
0.002
0.463
0.508

0.466
45.3)

1.1
$0.72

POF
1R
56.56
0.06
1.40
0.16
0.12
2.90
0.10
8.50
12.89
1.4

83.7%

2.001
0.002
0.000
0.475

0.00¢ -

0.003
0.08
0.003
0.450
0.489

0.483
47,55

0.3
48.72

PO
1R
56.54
0.0¢
1n.o7
0.07
0.78
2.66
0.06
8.58
12.86
1.06

99.72

2.003
0.001
0.000
0.462
0.002
0.021
0.079
0.002
0.453
0.488
0.485
45.23
2.08
3.1

" DK

IIIR
§5.87
0.06
10.60
0.05
2.96
0.52
0.00
9.00
13.67
1.07

99.61

1.980
0.002
0.020
0.423
0.001
0.079"
0.016
0.000
0.475
0.519
0.486
49.53
1.90
49.08

PDO
IIIR
56.04
0.04
10.04
0.32
4.08
0.19
0.06
8.75
13.47
1.32

100.31

©ol.982

0.00
0.018
0.401
0.003
0.109
0.006
0.002
0.45)
0.510
0.502
32,45
10.85
46.86
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TABE 4.02 D amalyses of anphiboles from sclogites

oue

ME
v
4.0
0.60
13.%
£.57
9.45
0.03
10.16
8.8
3.98

6.406
1.594
0.797
0.728
0.066
L2.24

1064

1.400
0.500
0.53%

9/9%

AMA
v
(798 ]
0.2
u.n
3.4
9.97
0.08
0.8
9.5
i
0.4

9.9

6.506
1.434
[ 1.023
0.375
0.024
2.358
- 1.210
0.00

1.5
0.468
ean

D.0t4
13enx

/16

AL
i)
47.9%
0.27
12.58
5.37
7.03
0.06
2.2
3.09
3.9%
0.33

92.39

6.829
1.1
0.939
0.575
0.029
2.614
0.8%
0.007

.2
0.768
6.7
0.050
13eCnx

AQ

1

49.63
0.15
6.83
§.27
6.4
0.08

u.2%
9.56
2.08
on

9%5.16

1.25)
0.749
0.4
0.688
g.0té
3.103
0.748
0.010

1.493
0.507
0.08)
0.020
13enk

ADN

1

51.78
o.n
6.59
6.91
5.2
0.08

15.%0
9.66
1.9
0.07

98.33

7.3
0.67¢
0.423
0.724
0.012
3.224
0.606
0.009
0.00%
1.46)
0.520
0.013
15eK

Aoy

1

$3.86
0.08
4.2
1.20
3.98
0.10

16.41
9.97
1.49
0.10

97.37

1.627
0.313
0.329
0.424
0.005
3.461
0.78)
0.071
0.012
1.509
0.408
0.018
15eK

ADY

1

50.70
0.09
1.28
.
4.65
0.03

.91
9.58
2.01
0.10

97.07

r.222
0.778
0.443
0.627
0.010
3.163
0.554
0.003

1.459
0.541

©.013
0.018
1308

A0
1

$3.16

0.07
5.03
5.8
6.24
o.M
16.08
9.83
1.69
0.10

97.92

7.438
0.502
0.333
0.597
0.007
3.37m
0.690
0.044
0.013
1.482
0.461
0.018
15eK

ADR

1

$3.47
0.07
4.54
s.24
6.62
0.1

16.18
9.95
1.60
0.06

97.8

7.550
0.450
0.305
0.556
0.007
3.339
0.733
0.048
0.013
1.502
0.437

0.0
15eX
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1

§3.02
©.07
5.35
S. A
6.29
0.05
15.92
9.77
.
0.08

98.0)

7.4N
0.529
0.38
0.607
0.007
kR
0.685
0.055
0.007
1.472
0.466
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15eK

0123

$3.%
0.05
4.90
-
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16. 94
.1
1.60
0.08

97.64

7.542
0.458
0.357
0.514
0.005
3.8
0.726

0.085
0.006
1.472
0.437

0.014
15eK

DX

1
s3.23
0.07
K3
5.42 7
6.4
0.3
16.07
9.8
1.68
.10

97.81

7.513
0.487
0.338
.575
0.007
3.378
0.702
0.057
9.004
1.480
0.459
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15ex

52.84
0.08
4.19
31.30
1.2
0.03

16.12
9.81
1.9
0.10

95.74

7.616
0.384
0.326
0.422
0.005
3.460

0.786 °

0.092
0.008
1.5
0.393

0.018
1Sex

53.03
0.0?
5.21
102
5.12
0.00

15.81
9.69
1.88
0.10

98.03

7.462
0.538

0.325 ,

0.752
0.007
3.314

0.601°

1.458
0.512
0.018
13eCNK

AAT

T 8.1

0.02
4.64
8.38
3.82
0.00
16.29
9.%
1.67
0.0

95.91

7.374
0.626
0.161
0.908
'0.002
3.495
0.434

0.026

1.509
0.465

© 0.018

15eK

Ive
§1.13
0.0
10.80
5.86
.79
0.05
15.8?
8.16
3.39
0.18

97.49

1.2
0.856

0.889
0.611
0.006
3.281
0.207
0.008

Lan
0.789
0.1
0.032
13eCHK

ADL
Ivr
47.15
0.1
13.43
8.25
1.63
0.05
14.48
8.51
3.60
0.18

92.39

6.647
1.352
0.876
0.873
0.012
3.00

0.192

0.006

1.282
0.717
0.264
0.032
13eCNK

ADG
f¥r
51.8)
0.09
9.49
7.43
0.68
0.05
16.47
8.04
3.30
0.14

97.52

PAL
0.816
0.7
0.774
0.009
3.400
0.079
0.006

1.9
0.809
0.076
0.025
13eCNK

vr
50.49
0.09
.
6.3
2.68
0.06
W.n
1.57
3.87
0.19

92.70

7.033
0.967
0.957
0.661
0.009
3.058
0.308
0.007

1127
0.873
0.0
0.038
13eCNK

45.22
0.48
14.55
6.50
11.63
0.00
8.68
7.92
4.4
0.06
99.44

6.518
1.482
0.987
0.703
0.052
1.887
1.400
1.220
0.779
0.455
0.01}
13eCNK

0205

MC
Ve
49.16
0.20
11.48
2,03
8.51
0.00
2.8
8.28
.7
0.18

97.45

7.018
0.982
0.947
0.282
0.02)
2.71%
1.0

1.264
0.736
0.415
0.033
13eCRK

AAB
Ivr
48.7
0.24
nn
2.%
8.53
0.00
1’.64
8.17
4.29
0.6

97.37

6.9
1.029
0.954
0.37
0.028
2.694
1.009

1.250
0.750
0.437
0.029
13eCNK

MG

1

a.0
0.4

14.66
.65

15.76
0.4
4.8
7.95
o
0.15

98.13

6.218
1.784
0.831
0.98$
0.050
1.097
1.994
0.042
1.288
0.n2
0.551
0.029
13eCNK

ACP

4

a.0
o.M

15.91
6.50
6.90
0.03
1.9
9.08
3.18
0.15

91.81

6.166
1.8
0.982
0.779
0.0%2
1.778
1.444
0.004

1.459
0.540
0.55%
0.029
13eCNK

ACX

a.n
0.16
%.03
9.61
6.63
0.02
uw.n
8.53
2.88
0.12

96.86

6.855
1045
0.573
1.051
0.017
2.551
0.805
0.002

1.7
0.673
0.3
0.022
13eCNK

AG

9.4
0.20
7.10
§.64
6.96
0.03

13.29
8.88
.3
0.16

95.05

7.256
0.743
0.483
0.7
0.022
2.905
0.853
0.004

1.3
0.607
0.060
0.0%
13e0NK

0206

i
52.97.
0.09
.4.78
8.20
5.97
0.00
5.8
9.8
1.87
0.28

97.79

7.495
0.505
0.292
0.659
0.009
3.3
0.708

1.430
0.509
0.002
0.043
13eCNK

MY
41
9.1
0.33
7.98
7.80
1.16
0.02
13.08
9.01
2.67
0.14

97.33

7.089
o.M

0.444 |

0.845
0.0%
2.80)
0.862
0.002

1.389
0.610
0.13s
0.026
13eCNK

+ A
1l
51.53

L
6.60
1.4
s.n
0.02
W74
9.41
2.2

0.3 _

97.64
.31

0.683

0.420
0.172
0.012

awr,

0.677
0.002

. .4z
T0.572

0.012

- 0.029
VeOnx

m
n
52.99
o
4.50
6.51
5.3
0.00
5.8
9.55
RE
0.13

97.23

t1.51
0.489
0.329
0.693
0.012
3.3
0.629

1.47
0.526

- 0.023
0Nk

ACS
u
$3.@
.07
4.58
5.26
6.15
0.02
16.04
9.3%
1.8
.. 0n

96.55

1.5
0.428
0.0
0.564
0.007
3409
0.678
0.054
0.024
1.428
0.516
0.024
15eK

Mo
1tr
8.4
0.33
9.88
$.07
8.60
0.02
12.59
.47
.n
0.3

7.2

6.984
1.006
0.665
0.550
0.0%
.18
1.037
0.002

1.463
0.537
0.2
0.02¢
13elnx

ASC
1ir
47.37
0.8
10.27
5.87
8.91
0.03
.66
.47
2.46
0.12

9.4

6.932
1.068
0.7201
0.645
0.020
2.542
1.088
0.004

1.482
0.518
0.178
0.022
13eCNK

ASE
m
$2.46
0.40
§.40
5.17
6.77
0.03
15.15
9.43
2.16
0.12

97.15

1.474
0.526
0.379
0.554
0.044
.28
0.806
0.004

1.45
0.554
0.040
0.022
130K

111r

53.07
0.9
4.%
4.98
6.93
0.02

15.70
.93
1.67
0.10

96.85

7.578
0.422
0.3
0.534
0.010
3.9
0.806

0.020
0.002
1.51§
0.46)

0.018
15eK

A8l
e
3.8
0.33
.59
5
1.9
0.00
15.83
.4
L
AN

%N

L
9.219
3.328
0.3
0.014
3.366
0.852

0.066

1481
0.483

0.02%
Toek

sk

lr
52.75
0.13
5.04
5.4
6.7
0.00
15.50
10.08
1.9
0.12
97.%2
1.488
0.512
0.33)
0.580
0.014
i
0.795

1.529
0.470
0.021
0.022
130N

ABR
tr
$0.54
0.20
6.89
6.53
n
0.02
13.91
9.69
L1
0.

9.75

1.290
0.70
0.459
0.599
0.022
2.988
0.529
0.002

1.494
0.506
0.034
0.020
13eCNX

MN

Iir

52.21
0.13
5.43
$.59
5.85

- 0.00

15.28
9.3
2.27
0.17

97.23

7.435
0.565
0.345
0.705
0.014
3.
0.695

1.416
0.584
0.041
0.031
T3eCHK

MO

I

52.25
0.8
5.2
LN
1.63
0.00

14.9%
9.23
2.41
0.22

95.711

1.559
0.441
0.431
0.407
0.016
k1)
0.922
1.428
0.572
0.102
0.040
V3eCNK

»w
nn
£4.23
0.02
2.9
4.7
6.25
0.00
16.87
9.30
1.8
0.6

96.3)

1.1%
0.263
0.229
0.510
0.002
3.58
0.673

0.0m
148
0511
0.029
15eX

My
Ive
.32
0.05
3.03
“4
€.13
0.00
16.74
9.46
L.
0.12

96.49

1.13%
0.265
D.24)
0.465
0.005
3,557
0.729

0.080
1.443
0.477
0.022
15eX

ADC
i1ir
48.93
0.18
9.50
6.42
.
0.05
12.8
9.02
wLnm
0.

97.05

7.08
0.956
0.654
0.694
0.019
2.158
0.868
0.006

1.388
0.612
0.159
0.020
13eCHK

ADD

illc

52.94
0.1

5.08

6.18
6.3
0.05-
15.62
.17
.20
o.n

96.98
7.523

0.476

0.1
0.660
0.014
a7

.0.62
0.004

© 0.002
1,393
0.605
0.018
5eK

ADE
1lr
49.82
0.16
7.8
.6.38
1.0
0.06
13.19
8.05
2.49
0.10

96.47

1.21)
0.783
0.544
0.694
0.017

T 2,884

0.894
0.007

1.400
0.599

0.097,

0.018
Vlelix

ADF
Illc
2.0

+* 0.6

5.8
6.00
6.45
0.05
14.86
8.37
2.23 -
o.n

97.10

1.42
0.578
0.405
0.644
0.017
3.159
0.733
0.006

1.40
0.570
0.045
0.020
12eCNk



TABLE 4.03

5§10,

»

=
To
W

reo’

79/38b-1

MAC

i

49.84
0.5?7

3.5
318
0.00
3.92
Q.00
0:4

10.45

6.957
1.043
2.821
0.050
0.3n
0.000

.0.818
0.000 -

0.1}
1.89

MAD

c

49.%
0.57

23.53
.0
0.00
3.9
0.00
0.37

10.55

6.93
1.065
2.827
0.060
0.364
0.000
0.814
0.000
0.10)
1.888

1 - inclusfon in garnet

o116
MAL MAJ MK
L 4 [ r
50.01 50.07 50.41
0.4 0.54 0.54
5.2 .73 25.04
2.68 L LR
0.03 0.00 0.00
3.8 3.88 3.9%
0.00 0.00 0.00
0.45 0.48 0.48
10.33  10.5 10.91
6.864 6.911  6.89%5
1.135  1.089  1.105
2.940 2.99 2.9%
0.045 0.05  0.055
0.307 0.250 0.267
0.004 0.000 0.000
0.793 0.8 0.%07
0.000 0.000 0.000
0. v.a28 0.7
1.805 1.856 1.8%
€ - core r~-ria

MG

r

§1.05
0.26

22.58
1.8
0.06
3.6
0.00
0.57
9.8

6.821
1.9
3.158
0.026
0.163
0.007
0.726
0.000
0.147
1.670

EMP snalyses of phengites and biotites from eclogites

MH

c

48.49
0.%

28.%
1.4
0.06
.20
0.00
0.8
9.2

6.650
1.3%0
3.229
0.00
0.142
0.007
0.654
0.000
0.2%
1.697

M1

r

48.04
0.32

8.4
1.22
0.06
.25
0.00
1.03

10.22

6.612
1.388
3.18
0.033
0.140
0.007
0.666
0.000
0.274
1.9

LN

r

48.91
0.2

27.96
1.08
0.05
3.3
0.01
0.93
9.22

6.705
1.295
.2
0.0
0.124
0.008
0.684
0.002
0.247
1.644

$ - symplectite after phengite

MAK

49.14
0.%
25.57
1.19
0.06
3.4
0.0)
0.84
9.59

6.734
1.266
Jae
0.0
0.1%
0.007
0.706
0.002
0.223
1.673

ML

r

47.87
0.20

29.43
112
0.06
.99
0.00
1.23
9.06

6.565
1.438
3.316
0.021
0.128
0.007
0.611
0.002
0.326
1.582

077

MN MAN
4 r
4.0 4.8
0.22 0.22
29.07 29.28
1.2 1.18
0.05 0.05
3.07 2.86
0.00 0.00
.13 1.16
9.2 9.24
6.595 6.58)
1405 1.47
.26 A0
0.023 0.023
0.141  0.13%
0.006  0.006
0.627 0.586
0.000 0.000
0.0 0.%8
.81 617

np

r

49.21
0.2

27.50
1.6
0.06
1
0.00
0.59
9.87

6.73%
1.268
3.186
0.001
0.188
0.007
0.687
0.002

0.156"

1.720

MAQ
c

46.68

0.30
28.03
1.23
0.03
3.%
0.60
1.06
9.53

6.675
1.325
3.9
0.031
1.

0.004
0.684
0.000
0.281
1.664

MAR

48.76
0.30
27.8

R BN
. 0.03

3.3
0.00
0.54
9.81

6.721
1.279
3.235
0.03
0.146
0.004
0.643
0.000
0.144
a2

49.88
0.26
26.76
1.3
0.06
.73
0.0
0.72
8.8

6.838
1.162
3,156
0.027
0.158
0.007
0.762
0.002
0.19N
1.547

MAT

49.13
0.3
27.8
1.38
0.03
3.48
0.01
0.76
9.72

6.709
1.291
3.
0.031
0.157
0.003
0.708
0.002
0.201
1.6%0

r

49.58
0.28

21.13
1.2
0.05
3.5
0.00
0.8
.7

6.738
1.262
LR
0.029
0.143
0.006
o.m
0.000
0.213
1.691

79/38

%.04
3.61
15.19
17.33
0.06
2.4
0.00
0.4
9.56

5.520
2.480
0.259
0.415
2.216
0.008
2.81%
0.000
0.101
1.864

0116
L]
H
».40
1.60
1m.n
16.88
0.08
12.38
0.09
0.24
9.78

5.427
2.513
0.620
0.184
2.156
0.010
2.8)
0.015
0.on
1.908

RAQ

s

%.6
EN:

12.92

13.06
0.08

07

0.3
9.7%

5.380
2.620
0.565
0.425
1.646
0.0
2.962

0.114
1.82%6



TABLE 4.04
- EAB
sio,  38.94
Ti0, 0.06
M0,  30.76
Fe,05 ~ 2.14
MnO 0.03
Mgo = 0.02
Ca0 24.57
S - 3.023"
Al 2.810
Ti 0.004
Cr -
Fedt  0.125
Mn 0.002
Mg 0.002
Ca 2.039
SUM 8.006

EAC

38.91
0.02
30.69
2.28
0.03
0.03
23.79

3.038
2.820
0.001

0.134
0.002
0.004
1.986
7.984

D77

EAD

38.74
0.04
30. 87
1.84
0.03
0.02
23.25

3.045
2.856
0.002
0.109
0.003
0.002
1.953
7.971

EAF

38.83
0.02
30.35
2.34
0.02
0.02
22.89

3.063
2.819
0.001

0.139
0.001
0.002
1.931
7.957

EMP analyses of zoisites from eclogites

EAG

38.93
0.04
30.23
2.28
0.00
0.03
24.08

3.048
2.786
0.002

0.134
0.000
0.003
2.015
7.990

EAH

38.81]
0.04
30.05
1.88
0.02
0.08
23.55

3.067
2.795
0.002

0.112
0.001
0.009
1.990
7.977

D123

39.17
0.06
32.38
1.91
0.02
0.00
24.35

2.986
2.896
0.004

0.110
0.001

1.989

8.001



TABLE 4.05 EMP amalyses of garnets from eclogites

29738 ons D69 YT 796 on T
Sample  GLY 6L¥ ar L 6A5 A 6Al & Ay 6F1 6FJ (37 (1] GAE 6AG - GAL GAF GAN GAC GAD GAY 6FR 6FS &FT 6FU GFY &FY 6FX 61 6 66C 6FW 66T 665 6GR 66Q
o lle Mk Ha JIH Qe Hie nle mie e mr | 1e m o I mroom o oms oms | e o omre e Mir I uIr ur mWe 0 mWr Wir I ne mr

S0, 38.23 3815 3.%  36.06 13827 .41 W26 3836 38.29 [38.97 3856 | .66 3817 3858 38.35 38.55 38.69 38.30 39.93 38.26 | 37.82 38.49  39.31  39.81 39.92 39.58 38.50 39.60 9.4 39 33960 3991 39.60 3.3 38.66 39.87
Tio, 0.0 0.0 0.00 0.00 | 0.02 0.6 0.02 002 0.7 |0.05 0.05| 0.00 000 0.00 0.0 0.0 0.0 000 000 000 | 0.0 007 002 0.02 002 0.00 0.4 0.02 0.2 0.00 0.00 0.00 0.02 0.04 0.05 0.00
no, 2.3 31.13 2.2 2.3 a8 075 2.7 42 2.6 |26 2.4 |an 2% 2.ss L 282 2150 2159 2148 19.97 2.4 | 2051 2178 22,28 22.46 2266 2239 2175 22.57 2253 2255 2.1 22,60 22.55 22.09 21.68 22.48
Crpopy 000 7000 0.0 0.0 | 0.2 06 0.0 002 002 ) 000 000 | 000 000 000 000 0.0 0.00 0.00 ©0.00 0.00 | 0.00 000 000 000 000 0.00 0.00 0.00 000 000 000 000 000 0.00 0.00 0.0
Fe0y" 1.83 (P LI 1.96 1 0.79 0.00 0.20 0.98 0.0 0.45 032 | 3.9 185 1.2 214 160 128 1.5 070 2.35 3.00 .0.3  0.03 0.0 0.00 0.29 0.062 0.00 0.0 000 000 0.00 0.8 0,33 0.64 0.25
FeO A7 2820 - 8.9 2619 | 2820 27.90 28.33  28.96 20.M (2578 27.68 | 24.02 2061 24.62  23.65  24.99 25.27 4.4 24.21 24,43 | 2447 25,47 22.75 21.78  21.20 22,93 26.38  21.84 2.4 A3 2.8 .72 21,84 21.40  25.69  21.3§
W0 0.7 049 057 045 | 0.54 059 059 054 053 | 063 073 | 3N 0% 0.0 LN 0.3 0.40 0.56 ©0.60 0.7 | 0.57 0.5 ©0.28 0.33 0.31 037 0.2 0.0 0% 0.3 039 039 0.42 048 0.3  0.42
M50 5.8 5.9 553 499 | 528 4 540 5.6 A& | S0 sas | 3z as2 558 592 s.92 6.05 58 7.00 5.8 | 5.00 4.00 768 9.04 9.41 84 420 8.9 9.52  9.41 897 950 9.2 7.33 474 9.3
(Y] 548 4.8 46 178 | s.4 &) 5.6 4., 7.25 | 864 678 | 9.1 9.7 8N 933 .74 765 837 816 898. | 879 10.6 8.04 7.11 712 268 9.3 .24 7.5 704 132 6.5 6.9  9.43 9.20 7.18
TOIAL 101.20 100.62  100.01 100.47 [100.35  $9.94 100.20 100.53  99.84 N00.59 100.61 [101.29 100.9 101.2) 10112 100.93 100.94 100.38  100.57 401.22 [100.16 100.76 100.39 100.55 100.62 100.8 101.06 100.19 100.5 100.77 10042 100.70 100.62 100.39 101.00 100.93
si 5.93 5.952 5.972 5.948 | 5.988 6.161 5.995 5965 6.004 | 5.99 S.99| 5.873 5.928 5.942 5.9 5.5 5.964 5.93% 6.147 5.9 | 5928 5.978 5994 6.011 6.005 5.98 S5.9N  5.998 6.000 “6.008 5.993 6.006 5.982 5.992 5.980 5.994
H 0.000 0.000 0.000 0.000 | 0.02 0.019 0.002 0.002 0.008 | 0.005 0.006 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.000 | 0.000 0.008 0.002 0.002 0.002 0.000 0.005 0.002 0.002 0.000 0.000 0.000 0.002 0.005 0.005 0.000
A 3.508  3.8%  3.916 3.8 | 3.924 3.8M 3910 3.7 3907 | 3044 3986 | 3,880 39 .92 3901 3912 23.923 .92 3.624 3.9 | 3.7 3.987 4.008 3.997 4.014 .92 3.9%  4.029 4000 3.98 4015 4.009 4011 3.970 3.953 3.983
tr 0.000 0.000 0.000 0.000 } 0.002 ©0.002 0.000 ©0.002 0.002 | - = 0.000 0.000 0.000 0.000 _0.000 0.000 0.000 0.000 0.000| 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.000 0.000 * 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.214  0.209 0.M41 0.231 | 0.093 0.000 0.094 0.1%6 0.0% [ 0.052 0.004| 0.375 0.228 0.200 0249 0.8 - 0.149 0.204 0.081  0.273 | 0.35¢ 0.039 0.004 0.000 0.000 0.034 0.072 0.000 0.000 0.000 0.000 0.000 0.021 0.037 0.075 0.029
£ 3.660  3.680  3.510  3.423 | 3.652 3.648 3.3 3787 3591 | 3.334 2598 303 %1% 3N 2056 2.2 3258 3.0 a7 357 | 3208 3308 2,900 2.750  2.667 2.799 .42 2.767 2675  2.68)  2.763 2.7  2.758 2,728 3324  2.684
" - 0.075 0.065 0.6 0.060 | 0.072 0.078 0.078 ©0.072 0.07 | 0.066 0.078| 0.437 0.126 0.052 0.M5 , 0.082 0.052 0.04 0.078 0.075 | 0.0% 0.059 0.0 0.042 0.090 0.047 0.029 0.000 0.¢6 0.043 0.050 0.050 0.054 0.062 0.045  0.053
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TABLE 4.05 (Cont'd)
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0.062
1.706
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0.00

1.69
25.67
0.43
4.28
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0.000
.90
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20.77
0.00
1.22
27.61
2.67
?.52
8.09

100.66

5.987
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0.000
0.219
3.591
0.0
1.206
1.103

-]
11y
386.%
0.02
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4.9
1.%

100,08

6.008
0.002
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0.04
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0.3
4.9
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0.046
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0.2
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3.452
0.0
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6.956
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TABLE 4.06 (Cont'd)
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1.997
0.000
0.477
0.002
0.016
0.065
0.001
0.454
0.501
0.00
0.M
47.03
1.58
49.75

PSE
Cm

56.28
0.00
9.80
0.09
2.05
2.93
0.05
8.4

1.%
6.79

100.19

2.002
0.000
0.4N
0.003
0.055
0.087
0.002
0.447
0.542
0.00
0.00
402.6
5.50
52.53

[ =]
R-m

6.3
0.07
.3
0.1
.M
.53
0.06
.2

14.91
5.97

100.81

2.004
0.002
0.351
0.003
0.058
0.106
0.002
0.489
0.568
0.000
0.000
3B. M9
5.8
$6.987

0192
00C
C-m

56.85
0.07
0.4
0.16
0.93
3.02
0.03
8.45
3.3
6.95

100.54

2.000
0.002
0.446
0.004
0.025
0.0%
0.001
0.444
0.503
0.000
0.000
44.929
2.4%
50.506

00E
C-ma

56.38
0.07
9.8
0.18
1.99
N
0.03
8.

13.63
6.81

100.41

1.998
0.002
0.412
0.005
0.053
0.081
0.001
0.450
0.518
0.075
0.000
41.114
5.310
$1.669

(1A}
C-m

56.54
0.20
10.96
0.53
0.95
2.38
0.02
8.07
13.04
7.24

95.93

2.002
0.005
0.457
0.015
0.025
0.070
0.00)
0.426
0.495
0.000
0.000
‘467
2.551
49.403

PAZ
p
56,32
0.00
1n.4a
0.04
2.18
2.9
0.03
1.96
12.79
7.43

100.45

1.987
0.000
0.475
0.001
0.058
0.068
0.001
0.419
0.484
0.00
1.26
“.9
5.19
43.10

P8A
[1]
56.69
0.00
1n.n
0.02
1.29
2.64
0.03
7.63
12.67
2.6

100.37

1.998
0.000
0.450
0.001
0.034
0.078
0.001
0.401
0.478
0.00
0.23
48.52
.43
42.61

pl
6.3
0.00
10.73
0.04
1.7
2.4
0.05
8.2
13.50
2.02

100.22

1.997
0.000
0.442
0.001
0.039
0.084
0.002
0.4
0.513
0.000
0.8
44.204
3.921
§0.992

DCM
[l
§7.05
0.04
1.9
0.02
0.77
2.50
0.02
8.12
12.95
1.47

100.85

1.997
0.001
0.497
0.001
0.020
0.073
0.001
0.424
0.486
0.105
0.108
48.669
.07
48.33%

DCco
pl
56.46
0.07
10.80
0.04
1.00
3.03
0.02
4.2
13.45
6.97

100.14

2.000
0.002
0.45
0.001
0.027
0.0%0
0.001
0.438
0.510
0.005
0.000
45.205
2.685
51.001

OCR
pl

" s6.64

0.07
10.77
0.07
1.16
3.69
0.03
8.14
13.21
1.01

100.79 "

1.999 °

0.002
0.448
0.002
0.031
0.109
0.001
0.428
0.500

.0.053°

. 0.000
44,786
3.085
49. 58

JAX
1-p1
56.13
0.00
12.30
0.00
0.75
2.4]
0.03
7.713
12.04

XTI

99.05

1.996
0.000
0.516
0.000
0.020
0.072
0.001
0.470
0.459
0.000
0.410
50.730
2.020
- 45.460

OON
1-p1
57.14
0.04
12.46
0.00
0.57
3.0
0.06
1.5
j2.28
7.69

101.09

1.995
0.001
0.513
0.000
0.015
0.090
0.002
0.403
0.459
0.105
0.254
50.569
1.501
44,590

000
1-p}
56.69
0.04
10.97
0.02
1.22
3.68
0.02
8.32
13.03
7.03

101.02

1.995
0.001
0.455
0.001
0.032
0.108
0.001
0.43%
0.49
0.106
0.304
44.680
3.230
48.720

00S
1-p1
56.10
0.09
9.15
0.03
3.0
3.26
0.06
9.00
14.26
6.37

100.4

1.98%
0.002
0.382
0.001
0.081
0.09%
0.002
0.474
0.541
0.239
1.064
35.546
8.062
52.750

PAL
R-m

§6.24
0.00
10.49
0.00
1.40
2.08
0.02
8.98
u.n
6.70

100.02

1.992
0.000
0.438
0.000
0.037
0.062
0.001
0.474
0.53%
0.00
0.76
2.9
n
52.80

PAM
C-ma
56.68
0.00
n.as
0.02
o.n
2.3
0.00
8.68
13.54
1.04

100.17

1.998
0.000
0.465
0.001
0.019
0.068
0.000
0.456
0.512
0.00
0.15
46.20
1.88
51.00

PAN

56.35
0.00
10.76
0.02
1.4
2.1
0.02
8.9
14.03
6.77

100.41

1.988
0.000
0.448
0.001
0.038
0.062
0.001
0.469
0.5%
0.000
1.158
42.438
3.827
$1.890

PAO °
R-m

56.25
0.00
10.98
0.02
* 1%
1.74
0.03
8.82
139
6.89

100.54

1.982
0.000
0.456
0.00
0.050
0.051
0.001
0.463
0.525
0.000
1.810
41.980
5.035
$0.705

D132
PAS
C-ma

§6.33
0.00
9.92
0.02
1.58
1.94
0.08
9.46

14.78
6.37

100.48

1.990
0.000
0.413
0.001
0.042
0.057
0.002
0.498
0.560
0.000
0.959
39.398
4.189
55.000

JAE
(2}
§6.29
0.00
.52
0.00
0.21
2.62
0.02
8.65
13.29
6.95

99.55

1.995
0.000
0.481
0.000
0.006
0.078
0.001
0.457
0.505
0.000
0.47
47.20
0.57
§0.01

JAF
pl
§6.19
0.00
1.06
0.00
1.60
2.60
0.03
8.87
13.61
6.87

100.29

1.984
0.000
0.460
0.000
0.043
0.061
0.001
0.467
0.515
0.000
1.628
42.768
4.259
49.857

JAA
1-pt -
55.96
0.00
13.20
0.02
1.61
3.9
0.05
1.18
10.85
7.95

99.12

1.989
0.0%0
0.553
0.001
0.016
0.038
0.002
0.380
0.413
0.000
1.099
$3.104
1.630
40.224

JAB

1-p1
5,83
0.00
13.07
0.00
0.80
.
0.03
1.7
1n.n
1.5

99.33

1.983
0.000
0.547
0.000
0.022
0.094
0.001
0.3%
0.4%
0.000
1.247
si.am
2.15%
41.28

1
1-p
$6.18
0.00
12.94
0.02
0.43
3.58
0.05
7.89
N4
1.59

9991

1.985
0.000
0.5
0.001
o.0m
0.106

0.001 |

0.405
0.433
0.000
1.5¢
50.785
1.146
4.6

PeH
v
56.3
0.00
10.25
0.00
2.59
2.07
0.06
8.7
13.50
6.98

100.51

1.991
0.000

0.000
0.069

0.002
0.461
0.511
0.00
0.872
40.96
6.88
50.25

0.427 -

0.060 -

v08
el
v-$
54.51
0.00
6.84
0.02
1.88
2.59
0.05
n.as
18.77
3.98

100.01

1.965
0.000
0.291

0.001"

0.051
0.078
0.002
0.615
0.725
0.00
3.48
2.12
$.09
69.04

PBJ

T ves

53.75
0.00
4.2
0.00
0.85
3.76
0.10

131

.77
.25

93.12

.91
0.000
0.195
0.000
0.c24
0.115
0.003
0.716
0.816
0.000
2.946
13.461
2.353
78.645

C - core

R-rin

1 - inclusion

ig - igneous

s - symplectic

tr - transitional

pl - plagioclase site
ma - mafic site



TABLE 4.07
Sample GBA
out
sio, M40
no,  0.04
npy 2.0
trdy  0.02
fpy 0.2
W B
o 0.45
w )
o 9.2
oL 100.26
31 5.969
n 0.005
0 w07
o 0.002
R® 0.002
R 1292
N 0.059
- 1.082
o 1Lsa

ot - owter coromd

)
@ o
out ot
B8 M.56

0.0 0.0¢
287 a.n
0.2 0.0
102 1.6
u.4s BN
0.2 o2
w2 5.0
.01 .57

100.90 101,17
5.96¢ S9N
0.010  0.008
3929 3.9%
0.002 0.002
0.1 0.1%
ERTTI X
0.055  0.055
133 128
1625 15717

is - {nner covrema

D% analyses of garsets in coronites

-] GAA GAF
ot out out
B.H | BS5S3I N0
0.00 0.04 0.05
2.9 .07 Aa.»
0.02 0.00 0.03
1.49 1.2¢ 1.7
HuL |4 2.6
0.43 0.26 0.26
4. .22 8.22
$.55 .3 8.7
101.18 100.94 100.63
$.954 | 5.962 5.9
0.000 { 0.005 0.006
.97 | 923 i
0.002 | 0.000 0.004
0.173 | 0.143 0.202
3.207 | 2.620 2.6
0.056 | 0.073 0.033
1.0 | 2.0 1.88)
1.58 1.8 1.4
r-rim ¢ -core

6-5.5
(-1 BAK
out in
38.92 38.94
0.04 0.02
a.n 2a.n
0.03 0.02
1.48 1.%
22.75 2.1
0.13 0.3
6.2 1.9
8.93 8.%
101.01 100.37

5.948 §.960
0.005 0.002
.2 J.2
0.004 0.002
0.1 0.150
2.908 2.8%
0.043 0.048
1.0 1.3
1.462 .IN

d discrets graia

in

».25
0.04
21.98
0.00
0.87
.66
0.3
9.09
6.07

100.26

5.9%
0.005
399
0.000
0.1
2.88
0.043
2.06)
0.9%

»n
0.04
0.8
0.02
0.99
3.0
0.47
.7
1.3

100.66

s.an
0.005
3.9
0.002
0.100
2.99
0.061
1.770
1.206

DGM
r

38.6
0.09

.
0.02
0.63

2.2)
0.0
s.12
1.88

100.7

5.992
0.010
3.7
0.03

0.074
3.40%
0.108
1188
1.30

OGN
r

38.6
0.02

n.s
0.
0.8

6.0
0.%
5.19
1.0

100.6

$.990
0.0

3.9
0.03

0.076
3.389
0.%00
1.200
1.307

8.0
0.05
.2
0.00
1.03
25.07
0.65
M
10.0%

§.569
0.06

3.9
0.00

022
.24
0.087
0.899
1.698

38.9
0.02

u.7
0.00
0.47

25.08
0.33
6.18
1.92

100.5

$.999
0.03
3.944

0.054
3.2
0.044
1.4
1.308

06Q
<

38.8
0.02

21.6
0.00
1.12

25.9%0
0.3
4.3
.47

101.2

5.959
0.03

3.942
0.00

0.13%
3.352
0.041
1.004
1.5N1

DGR
r

38.4
0.00

21.6
0.00
.19

5.8
0.56
5.52
.35

100.3

$.969
0.00

3.958
0.00

0.138
p 3 )]
0.074

RS 2, ]
1.224 -

DGS
¢

8.4
0.04

.4
0.02
0.84

26.46
0.68
4.2
8.65

100.8

5.977
0.06

.
0.03

0.098
.44
0.0%0
1.0
1.442

DGy
<

3.5
0.05

21.6
0.06
0.92

2.3
0.2
$.09
7.68

100.9

5.966
0.06

.94
0.07

0.107
J.as
0.10)
1078
1.270

oGY
r

3.6
0.05

1.5
0.10
0.52

28,13
0.8
$.49
5.78

§.994
0.04

3.9%
0.12

0.061
3.653
0.106
1.n
0.962

DGN
r

8.5
0.0

2.6
0.08
o.n

27.66
0.2
5.45
6.16

100.9

5.9N
0.08

3.949
0.10

0.083
3.588
0.108
1.260
1.023

.

0192
06X
r

8.4
0.07

.8
0.03
0.67

%.99
0.R
(]
.57

100.7

5.981
0.03

3.947
0.04

0.079
.88
0.109
1.100
1.263

0GY
4

38.9
0.02

2.8
0.02
0.63

24.6)
0.40
6.70
1.48

100.5

§.982
0.03

3.952
0.03

0.073
3.167
0.052
1.5%
1.2

062
c

8.3
0.04

0.4
0.02
o.n

7.0
0.00
.0
6.

100.4

5978
0.05

3.938
0.03

0.091
s
0.106
1.2%
1.068

DHA
r

3.6
0.00

.6
0.03
0.75

7.8
0.7
§.82
6.06

101.1

5.9%
0.00

3.945
0.04

0.087
3.606
0.100
1.214
1.006

o
<

8.4
0.02

.4
0.00
0.8

.16
1.02
4.58
.97

101.)

§.981
0.03

3.9%
0.00

0.0%
3.798
0.3
1.06)
0.997

DHD
r

8.4
0.02

0.6
0.00
1.6

7.4
0.19
.0
5.88

101.2

5.9
0.03

3.93%
0.00

0.189
3.597
0.025
1.44
0.974

OHF
(4

38.4
0.02

as
0.00
0.99

n.n
0.9
.0
s.n

101.0

5.970
0.03

3.940
0.00

0.1
3.667
0.120
1.2
0.953

38.5
0.14
2.6
0.0
0.72
26.%
0.7
LR )]
8.05

101.0

§.965
0.7

3 M
0.04

0.084
3.8
0.100
1%
1.3%

oM
rd
.00
0.00
22.08
0.00
184
2.1
0.%
an,
1.4

[ 100.55

§.9%8
0.000
3.95)
0.000
0.176
.70
0.046
1.973

1.207

o

‘r

».%
0.00
n.4
0.00
0.00
n.
0.2
X3
€.
9.55
6.004
0.000
.04
0.000
0.000
.83
9.05
2.0
1.01

0
o

».6-
0.00

E{%, ]
0.00
1.4

2.7
0.0
8.1
8.

100.63

5.990
0.000
1.,
0.000
0.1%
2.66)
0.051
153
1.2

nx

o &
cd rd
3.0 38.%
0.00 0.00
0., 21.%
0.02 0.02
1.48 1.%
20.48 2116
0.% 0.42
1.%4 8.4
9.09 1.n
100.31  100.08
§.949 5.946
0.000 ©.000
3 3950
0.002 0.002
0.170  0.156
2610 2.200
0.050 0.054
1.80¢ 1,929
1484 1.262

GAR
rd

.3
0.00
21.94
0.00
0.99
21.80
0.40
8.92
6.95

100.31

5.917
0.000
3.932
0.000
0.3
2.1
0.052
2.0
1.3

6AS
r

39.14
0.00
2.9
0.00
1.26
21.85
0.7
9.04
6.61

100.18

5.961
0.000
3.933
0.000
0.114
2.783
0.048
2.052
1.079

GAT

.19
0.00
a.n
0.02
1.23
20.08
0.3
1.4
10.31

100.32

5.976
0.000
3.504
0.002
0.141
2.561
0.047
1.684
1.685




TABLE 4.08 EMP analyses of zoisites from coronites
w .

D187 D132
IND . INE PAH
m m m

m*om 39.81 38.74 37.94
Ti0, 0.00 o.oa. -

>dmow 31.72 32.20 30.55
Fe,04 0.07 0.86 2.07

Mn0 - - 0.03
Mg0 0.03  0.02 | 0.6]
a0  23.07 23.59 |24.4)
3 3.102  3.015 | 2.976
Al 2.910  2.950 | 2.802
Ti 0.000 0.002 | -

Cr - - -
Fe3*  0.004  0.050 | 0.122
Mn - - 0.002
Mg © 0.004 0.002 | 0.07
Ca 1.922  1.963 | 2.052
SUM 7.941  7.983 | 8.050

m = matrix phase



TABLE 4.09

D187
| MAD MAF MAH
i m m

Si0, + 46.00 45.64  45.49
. Ti0, . . .
My 39.61  39.30  39.06
Fe0 0.57  0.32  0.13
MnO - - -
Mg0 0.08  0.07  0.07
Ca0 0.39  0.42  0.40
Na0  6.44 717 7.2
K0, 0.3  0.41  0.48
S 5.974 5.952  5.960
mt - 2.026  2.048  2.080
mVl 4029 398  3.9%
Ti - - -
Fe! 0.062 0.035 0.014
Mn - - -

Mg 0.016 0.014 0.014
Ca 0.054 0.059  0.056
Na 1.617 1.808  1.839
K 0.059  0.068  0.080
SUM  13.837 13.968 13.988

i = inclusion m=matrix 20

MAG
m

45.30
39.47
0.20
0.07
0.35
7.36
0.57

5.917
2.083
3.987

0.022
0.014
0.049
1.859
0.095
14.025

[

MAB
No
46.75
0.06
39.17
0.33
0.02
0.10
0.49

7.12
0.79

6.011
1.989
3.939
0.006
0.035
0.002
0.019
0.067
1.770
0.129
13.969

= secondary

EMP analyses of paragonites in coronites

MAC

20

46 .62
0.07
39.29
0.28
0.02
0.15
0.33

7.02
1.15

5.996
2.005
9.943
0.007
0.030
0.002
0.029
0.045
1.746
0.188
13.991

D132

MAD
20
46 .64
0.06
39.21
0.33
0.02
0.12
0.32
6.87
1.02

6.011
1.989
3.959
0.006
0.035
0.002
0.023
0.044
1.712
0.167
13.949

MAE

46 .82
0.06
39.51
0.66
0.00
0.12
0.48
7.08
0.82

5.985
2.015
3.930
0.006
0.070
0.000
0.023
0.066
1.750
0.133
13.978

MAF
No
46.39
0.04
39.28
0.36
0.00
0.08
0.42

7.05
0.65

5.993
2.007
3.966
0.004
0.039
0.000
0.015
0.058
1.761
0.107
13.951

MAA

46.33

38.91
0.17

0.13
0.36
7.07
0.82

6.015
1.985
3.962

0.018

0.025
0.050
1.775
0.136
13.967

6.55
MAB

45.68

38.71
0.19

0.13
0.42
7.01
0.91

5.986
2.013
3. 58

0.021

0.025
0.059
1.777
0.152
13.992

MAC
20
45.30
38.48
0.20
0.25
0.39
7.13
0.86

5.970
2.030
3.939

0.022
0.049
0.055
1.817
0.144
14.026
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TABLE 4.1
Pe0
1

sio, 5.1
Ti0, 0.00
I K
tro; 0.0
fey  0.%
Fe0 9.65
"o 0.25
"0 12.64
Q0 20.76
ma0 0.8
DI 9.6
st 1.978
n 0.000
N 0.086
e v.000
Fe¥ 0.022
Fe?* 0.%03
"™ 0.008
" 0.706
Qe 0.834
" 0.064

PO

P

§1.62
0.3
1.8
0.00
0.95

12.27
0.44

1.9

20.53
0.3

100.70
1.942
0.010
0.082
0.000
0.027
0.38
0.014
0.689
0.828
0.027

1 - exsolution lamella

% analyses of pyroxenes from charnokites,

0.000
0.029
0.373
o.01
0.647
0.868
0.029

p - poikilitic inclusfon in opx

099
P PCO WA [TA] AKX WAD
r r 1 1 1 c
51.39 52.65 S52.15 52.10 5.3 §1.58
0.3 029 011 0.00 0.0 (R
.91 R .04 0.9 1.es 1.00
0.00 0.00 0.3 0.0 0.00 0.05
0.78 0.0 - - - L
13.78 WLk 2.3 26.61 28.08 28.94
0.1 0.2 073 06 on N
12.63 12.12 1858 1875 1.6 V.
18.2¢ 2070 0.82 1.2 057 O
0.3 0.7 0.00 000 0.00 0.00
99.84 100.42 100.85 100.30 93.71 101.09
1.950 1.9%8 1.9% 1,580 150 1.%¢6
0.009 0.008 0.003 0.000 0.000 ©.040
0.085 0.102 0.046 0.031 0.047 0.084
0.000 0.000 0.001 0.000 0.008 0.002
0.022 0.000 - - - -
0.437 0.34 0.866 0.844 0.906 0.5}
0.013 0.008 6.023 0.020 0.023 0.02)
0.714 0.675 1.048 1.061 1016 1807
0.742 0.829 0.033 0.050 0.623 .031
0.026 0.055 0.000 0.000 0.000 0.000

r-ria

websterites and 8 Yow-K gnefss

l

[ 4

51.49
8.%
0.9
[ X

2.2
0.M

n.n
0.53
0.00

10.18
1.963
0.005
.04
0.001
.98
0.02¢
1.017
6.022
0.000

§1.44
0.16
1.2
0.02

.13
0.07
17.49
0.68
0.00

100.85
1.966
9.005
0.054
0.001
0.929
0.022
0.9%
0.028
0.000

or - scendery grosular pyrenene

PA)

<

51.16
0.66
e
0.03
1.68
9.69
0.3

1.8

20.03

0.70

99.91

1.920
0.019
0.125
0.001
0.047
0.304
0.010
0.
0.806
0.051

PAK

r

$3.18
0.3
1.4
0.02
L
6.2
0.14

12.4

a.n
.n

PAL

r

51.3%
0.6
un
0.00
.
7.18
0.1

n.9

21,58
LR

100.05 100.33

1.969
0.009
0.108
0.00}
0.063
0.193
0.004
0.681
0.845
0.7

1.918
0.017
0.2
0.000
0.0%
0.224
0.007
0.664
0.862
0.0%

PAR

r

53.10
0.08
1.00
0.03
.y
1.8
0.06

12.%

.08
1%

%.94
1.9%
0.00
0.0
0.001
0.064
0.2
0.0@
0.69
0.00
0.004

PA

5.2
0.6
0
0.6
.5
123
0.1

.

HEA
1.0,

9.y
19
0.0°

0.1

0.0

0.0,

0.%

0.0

0.6

0%

0.0

cl - clear (unpigmented) pyroxese

0Ny
mw M
r d
sLn ..
0.59 0.06
2.59 0.4
0.03 0.02
LR IR
7.9% 6.79
0.08 0.2
niz nzs
0.7 .57
Ln 104
99.75 100.41
.42 199
0.017 0.002
0.1 0.037
0.001 0.001
0.092 0.049
0.250 0.210
0.003 0.007
0.625 0.73)
0.832 0.89%
0.125  0.07%

PAR

¢

51.48
0.59
2.88
0.05
L

10.17
0.x

13.10

18.03
n

PAS

d

2.1
0.24
1.83
0.03
.22
1.9
0.10

2.4

22.19
n

99.95 100.10

1.928
0.0v7
0.127
0.001
0.063
0.319
0.000
0.7
0.724
0,081

1.968
0.007
0.067
0.001
0.062
0.237
0.003
0.691
0.887
0.080

PAY
<
§3.20
0.18
.19
0.00
3.2
6.96
0.06
1.9
20.08
1.9
100.50
1.970
0.008
0.097
0.000
0.0%0
0.215
0.002
0.658
0.829
0.1%

WA Wi HAC HAD
[ r [4 r
1.1 510 5L 5193
0.6 012 o028 021
1.0 LW 1% 1.6
0.00 0.00 0.00 0.00
2899 20,04 26.8 .0
0.43 0M 0.5 0.5
17.59 17.99 1812 9.8
053 oM™ L2 1.1
0.07 005 o029 023
100.31 %.91 100.73 9.0
1961 1.972 1.9%63 1.968
0.004 0.003 0.008 0.006
0.063 0.05) 0.068 0.072
0.000 0.000 0.000 0.000
0.929 0.8% 0.851 0.7
0.004 0.0 0.018 0.017
1.008 1.028 1.0 1.119
0.022 0.032 0.052 0.046
0.005 0.004 0.021 0.017

PAA

53.18
0.1
2.3
0.26
0.78
U
0.19

16.03

21.48
0.64

99.46
1.954
0.003
0.102
0.008
0.0
0.1%
0.006
0.878
0.846
0.046

53.72
0.07
1.90
0.18
0.88
4.1
0.13

16.75

21.38
0.60

9.75
1.964
0.002
0.082
0.005
0.024
(A
0.004
0.913
0.837
0.043

PAC

14

53.60
0.07
.8
0.28
0.91
3.8
0.13

16.27

2.09
0.62

PAD

¢

53.78
0.07
1.%
0.21
0.86
in
6.1

16.06

23.43
0.Q

99.62 100.10

1.964
0.002
0.079
0.007
0.028
0.118
0.004
0.889
0.867
0.044

1.968
0.002
0.058
0.006
0.024
0.11?
0.003
0.87¢
0.918
0.030

79/8

TV T

] ]

s4.54 54,12
0.02 0.5
0.74  0.68
0.09 0.26
0.2 .27
3.9 1m
0.4 0.1

1604 15.65

23.83 297
0.® o.n

100.20 100.25

1.992 1.9
0.001 0.014
0.0 0.029
0.003 0.008
0.009 0.0%
0.122 0.108
0.004 0.003
0.878 0.85)
0.932 0.923
0.028 0.050

PAF

4.41
0.9
0.5
0.18

1nmn
0.47
26.69
0.
0.00
100.67
1.969
o.on
0.021
0.005

0.53%
0.014
1.4
0.012
0.000

c

54.16
0.07
1.3
0.12

16.93
0.43
26.69
0.55
0.00
100.33
1.960
0.002
0.057
0.003

0.511
0.013
1.438
0.021
0.000

HAB HAC HAD
r < r
54.79 54.22 SA.5)
0.02 0.07 0.07
0.53 1.7 0.98
0.08 0.17 0.07
17.41 16.95 17.53
0.49 0.3 0.47
26.51 2.23 26.%0
0.8 0.72 0.16
0.02 0.00 0.00
100.73 100.53 100.61
1.980 1.957 1.969
0.000 0.002 0.002
0.020 0.074 0.031
0.002 0.005 0.002
0.525 0.511 0.529
0.0 0.012 0.014

1.427

AR

55.08
0.02
0.67
0.02
0.89
.1
0.08

16.55

0.58
0.57

00.63

1.993
0.001
0.029
0.001
0.024
0.066
0.002

0.892
8.8

P8C

r

54.67
0.2
0.58
0.02
0.67
2.2
0.03

16.66

4.5
0.43

9.8

1.993
0.00%
0.028
0.001
0.018
0.067
0.001

0.905
8:6%

PBD  PBF

r o

54.91 5485
0.02 0.0
0.0 0.79
0.02 0.04
12 168
LS
0.05 0.0
16.67 1675
un u.a
0.52 0.67
100.54 10073
198 1.981
0.001 0.001
0.026 0.034
0.001  0.001
0.033 0.046
0.054  0.044
0.0i2  0.002
0.900 ggg;
8.8 000

D45
PBS PBH P8l PBK
r r r c
54.83 54.76 S53.34 52.3
0.02 0.02 0.09 0.1
0.70 0.66 1.8 3.2
0.2 0.02 0.1 0.16
0.8 1.2 151 1.0
2227 1.8 197 2.Mm
0.08 0.06 0.05 0.06
16.67 16.64 16.82 16.72
24.26 24.58 23.19 22.77
0.54 0.52 0.63 0.6
100.18 100.3 109.06 100.18
1.992 1.987 1.956 1.919
0.001 0.001 0.002 0.005
0.0 0.028 ©0.079 0.141
0.001 0.0001 0.003 0.005
0.023 0.033 0.041 0.038
0.067 0.057 0.060 0.064
0.002 0.002 0.002

"TLE

PAY

r

55.93
0.02
1.06
0.02

1.4
0.14

%.61
0.20
0.03

99.35

1.983
0.000
0.044
0.001
0.336
0.004

2

HAMA  HAB  HAl  HM WA

(4 r r [ 4 r
56.13 55.04 54.63 58.95 ©56.55
0.02 0.04 0.02 0.07 0.02
1.2 1.% 2.9 278 104
0.03 0.05 0.03 0.07 0.03
12.10 11,58 9.81 12.18 10.5§
0.14 0.33 0.31 0.10 0.10
30.70 31.08 31.80 29.72 31.50
0.26 0.7 0.6 0.41 o.24
0.00 0.00 0.00 0.00 0.00
100.61 100.27 99.17 100.30 100.06
1.973 1.965 1.931 1.94%0 1.583
0.000 0.001 0.000 0.002 0.000
0.294 0.056 0.108 0.116 0.043
0.001 0.001 0.001 0.002 0.00%
0.355 0.%0 0.289 0.359 0.X9
0.004 0.004 0.003 0.003 0.003

1.674 1.563 1.646

.607 1.629 .
VB PR bR EEE o

D24

PaY

r

56.31
0.00

.89
0.00
1.7
3.4
0.03
7.08

n.«
7.91

99.78

2.000
0.000
0.498
0.000
0.047
0.101
0.001
0.375
0.434
0.545

PAN

r

56.68
0.00
n.n
0.00
3.3
2.24
0.02
7.59

12.20
7.84

101.03

1.99
0.000
0.469
0.000
0.083
0.066
0.001
0.397
0.459
0.534



TABLE 4.12
79/8
OAA
mﬁom 36.83
Fe0 32.4
Mn0 0.82
Mg0 29.76
Ni0 0.09
Ca0 0.40

TOTAL 100.36

Si 1.006
2t 0.781
Mn 0.019
Mg 1.213
Ca 0.012
TOTAL 2.994
a = augen
j-an =

inclusion in anthophyllite

EMP analyses of olivines in websterite and metaperidotites

OLA
a

39.21
19.71
0.49
41.53
0.09
0.00

101.03

0.997
0.419
0.010
1.575
0.000

3.003

oLB
a

39.17
19.76
0.49
41.03
0.05
0.04

100.34

1.001
0.422
0.010
1.563
0.001

2.999

n = neoblast

D163
oLC

a

38.99
19.92
0.55
40.75
0.09
0.04

100.34

1.000
0.427
0.012
1.558
0.001

3.000

OLD
n

39.28
19.80
0.47
41.59
0.09
0.0l

101.24

0.997
0.420
0.010
1.574
0.000

3.003

OLE
n

39.00
19.54
0.50
41.29
0.09
0.08

100.50

0.997
0.418
0.011
1.574
0.002

3.003

2%t = with talc after enstatite

D203
0LG
2%t
35.92
37.76
1.13
26.14

0.08
0.01

101.07

1.002
0.890
0.027
1.087
0.004

2.998

i-en = inclusion in enstatite

OLH
2%n
36.19
35.81
0.98
28.19

0.11
0.01

101.35

0.996
0.824
0.023
1.157
0.001

3.003

OLI

38.22
26.61
0.61
36.09
0.14
0.00

101.69

0.998
0.581
0.013
1.405
0.000

3.002

DF4
oLy

1-en

38.11
26.82
0.70
35.59
0.11
0.00

101.38

1.000
0.588
0.015
1.392
0.000

2.999

OLK
j-an

37.91
26.03
0.64
35.69
0.12
0.06

100.47

1.000
0.574
0.014
1.405
0.015

2.990

OLL
2%
37.61
27.67
0.68
34.74

0.09
0.00

100.81

0.998
0.614
0.015
1.374
0.000

3.025,

2%n = with anthophyllite after enstatite
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TABLE 4.16 EMP amalyses of micas, chlorites and talc from charnokites, websteritas, gnefsses

M /8

Sample M0 WP M 4 A
M o ol o

S0, N7 3.0 %02 2.4 2.0
o, 365 3.6 |02 - -
NP, 1328 1M [15.99 1.0 18.06
ey - . - om 0.6
Fe0'  19.62 20.29 |8.40 8.6 8.7
"0 0.09 0.09 [0.06 ©0.03 0.03
MO LB N2 (22.25 2818 2.4
Ki0 - . - 008 0.0
Qo 0.03 oo |o0.06 - -
MmO 015 005 |07 - .
K0 9.44 956 |208 - -
st 5.594 S.626 | 5.438 s.6m2 .83
Y 206 2.m |22 2028 2.8
a' o038 o.us |0.272 202 2,05
1 0.428 0.428 | 0.047 - -
cr = s - 029 0.097
Fel 2.561  2.654 | 1.056 1.437 1.aa9
" 0.002 0.012 | 0.008 0.005 0.005
" 2.7 2.619 (4.9 9.3n 8.3%
i . s - 0.003 0.00
Q 0.005 0.002 |0.000 - .
X 0.045 0.045 |0.079 - s
K e 1908 {131 - .
bf = biotite ch = chlorite ph = phengite

f-uwnary

ICAR
ch

40 [27.18
- 0.02
18.20
0.10
.22

0.00
28.18

(4.4
ch
29.50

0.00
19.78

A
ch
%.0)
0.2
16.53
0.0

5.87
0.03

6.925
1.0
2.668
0.003

P * paragonite

(<]
oA
29.07
0.00
18.69
0.10
wn»

0.02
3N.00

5.864
2.1584
2.164
0.000
0.014
0.800!

ta

c-ph

4.8
0.63

27.09

4.63
0.05
.33
0.00
0.29
10.82

6.618
1.3
.on
0.065
0.5
0.006
0.4%0
0.000
0.078
1.907

- tale

1]
r-ph
.22
0.55
26.52
4.55
0.05
.4
0.0
0.3
10.63

6.623
1.367
3.018
0.058
0.5M
0.006
0.506
0.001
0.084
1.%01

ME  MF MG

c-ph

4.3
0.54

27.43

3.68
0.05
.2

0.00
0.47
10.46

6.612
1.388
3.1%
0.057
0.429
0.006
0.460
0.00%
0.37
1.862

C- oore

2°-ph
)
0.64
27.48
wn
0.06
2.05
0.0
0.03
10.91

6.519
1.481
3.065
0.067
0.554
0.00?7
0.429
0.00!
0.081
1.952

R-rin

2-ph
46.46

0.57
27.17

4.87
0.03
2.18

0.01
0.28
10.73

6.54
1.456
3.048
0.060

0.572
0.004
0.457

0.001
0.076
1.92¢

r-ph

4.7
0.64

27.10

4.86
0.03
.2
0.00
0.4
10.79

6.552
1.448
3.027
0.067
0.569
0.004
0.486
0.000
0.092
1.927

MAK
r-ph
46.3%
0.68
27.65

5.20
0.05
1.95

0.01
0.3
10.78

6.495
1.505
3.08§
g.on

0.60d
0.006
0.407

0.00)
0.084
1.923

D178

ML o mg s

46.
0.72
27.08

S.45
0.05
2.06

0.04
0.33
10.64

6.524
145
3.004
0.07%

0.629
0.006
0.401

c-ph

47.09
0.5

2%.91

4.5
0.08
2.3

0.03
0.38
10.47

.59
1.409
3.025
0.056

0.568
0.009
0.4%0

0.004
0.103
1.866

c-ph

2.0
0.4

7.0

4.6
0.08
.80

0.03
0.47
10.2¢

§.233
.
.046
0.048

0.541
0.009
0.497

0.004
0.126
1.814

r-ph

4%.29
0.64

27.65

4.97
0.03
1.8

0.00
0.28
10.80

6.508
1.4%2
3.0
0.067

0.583
0.003
0.3%

0.000
0.07¢
1.9

2°-pn
46.25

0.75
27.14

5.73
0.05
2.14

0.00
0.22
10.62

§.500
1.500
2.99%
0.079

0.34
0.006
0.448

0.000
0.100
1.900

MT
c-ph
46.9
0.57
27.00

4.8
0.03
2.17

0.00
0.3
10.73

6.581
1.419
3.0
0.060

0.573
0.003
0.453

0.000
0.084
1.917

46.59
0.67
27,38

5.12
0.05
2.03

0.00
0.31
10.73

6.532
1.467
3.047
0.067

0.297
0.006
0.42¢

0.000
0.084
1.916

bi

%.18
.%

16.14

20.20
0.4
9.7

0.0
0.08
9.92

5.554
2.446
0.503
o.2n

2.618
0.057
2.2

0.005
0.2
1.961

b

3%.05
1.99

15.4

20.19
0.42
10.18

0.06
0.08
9.46

5.631
2.368

0.465
0.233

2.633
0.055
2.6

0.010
0.024
1.882

bi

x%.25
2.00

16.34

an
0.45
8.52

0.20

0.07
9.66

5.538

2,452 °

0.560
0.23%

2. 85§
0.059
1.994

0.033
0.021
1.932

bi

.55
2.18

16.40

2.1
0.34
8.1

0.06
0.29
9.58

5.4726
2.524

0.53%
0.259

2.954
0.045
1.919

0.010
0.089
1.933

bt

H.54
2.00

16.50

2.8
0.57
7.49

0.83
0.09
8.87

5.435
2.514

0.5%0
0.238

3.026
0.076
.72
0.141

0.028
.74

024

r-ph

48.03
0.26

27.9%0

2.15
0.02
3.08

0.00
0.73
10.05

6.645
1.365

3an
0.027

0.248
-0.002
0.64

0.000
0.208
1.768

w8
r-pa
4.2
0.04
38.14

0.39
0.00
0.17

0.10
6.77
1.12

6.079
1.902

3.861
0.004

0.042
0.000
0.033

0.151
1.686
0.184
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a.;m_.m 4.18 EMP analyses of epidotesin gneisses

D178 D24
Sample EAB EAC EAD EAF
r r c r
Si0, 38. 31 38.04 38.77 38.62
Ti0, 0.11 0.11 0.15 0.06

Al,04 26.72 25.08 26.69 28.04
Cry04 0.02 . 0.00 0.02 0.05
Fe,04 8.57 11.19 8.77 6.98

‘M0 - 0.06  0.03  0.03 | 0.03
Mg0 0.03  0.05 0.05 | 0.14
Ca0 22.42  22.57  22.50 | 22.69
si 3.03  3.021  3.048 | 3.03
Al 2.493  2.385  2.470 | 2.590
Ti 0.006  0.007 0.009 | 0.003
Cr 0.001  0.000 0.001 | 0.003
Fe3* 0.511  0.669  0.519 | 0.412
Mn 0.004 0.002  0.002 | 0.002
Mg 0.003 0.006 0.006 | 0.016
Ca 1.899  1.916  1.891 | 1.904

TOTAL 7.955 7.965 7.947 7.962

r=rim C = Core
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TABLE 4.20  Mesults of geothermometry calculations
Sample /%
Probe (77} GAD 6AC GAF
Spots PAA PAA PAB PAD
Cores/rims/inclusions I 1 1 1

Lithology EN N EN N
Ell1s & Green (1979):
losllqu

X, 9t

e

Graham & Powell (1984):

‘ogt/hbl

X0t

¢

Green § Hellman (1982):
ph

'vﬂ/

c
Kretz (1982) exchange:

&

Kretz (1982) transfer:
(G)

vc

Lindsley (1983):

°Cc . opx

*c - opx

P estimate (Rd)

GAI
PAF
R

en

w.»s
0.269
606

12.80
0.25§
625

12
0

13.24
0.222
595

13.56 14.02
0.242 0.218
604 $81

16 16

GAN
PAI

1

En

.66
237

614

p27

N/ 79738
6L 6Ly

PBJ PBK

-84

PAX rel

n.mn
0.150
556

5.0
0.135
509

12.50
0.252

n.a

§77

16 16 16

"TE2

0.15§

6.48

679

069
GFJ
Pcs

14.59
0.19
954

16

[LENY
CAt
PAX

11.76
0.172
583

oub
GAI

PAA PAB PAC

14.68
0.158
545

.72
0.2
548

12.78
0172
566

16

A
PAD

10.05
0.138
590

PAF

14.24

0.205

869

1

"TEE

9.51

0123

GIQ
ADY

GGK
ADG

"TES
"rEE
""EB3
"T§8
"TEE

8.65
0.24%
U

3.65
0.200
666

1.63
0.267
569

9.53
0.241
s1l

9.82
0.257
17

9.62
0.254
519

6.25
0.212
567

D18]

GBA
PAP

11.83

GBS
MAY

0.253

639

16

.73

652

16

TABLE 4.20 (Cont'd)
Sample

Probe

Spots
Cores/rims/inclus fons
Lithology

E111s & Greea (1979):
‘nct/cvl

ot
b
Graham & Powell (1984):
'nnlhbl
[14
&t

Green & Hellman (1982):
,nitlvh

0208
661
PAP PAJ PAL

PAA PAC

2.3
0.207
599

14.06
0.224
H: ]

10.51
0.20
627

n
0.202
$89

14.64
0.247
593

c
Kretz (1982) exchange:

%

Kretz (1982) transfer:
(Q)

c

Lindsley (1983):

c - cpx

c - opx

P estimste (KD) 16 16

16 16

PAG

1N

0.2

§92

GLM GEG
PEH P82
R 1

GA GA

ny
0.205
613

W18
0.201
567 §93
4.26
0.207
645

1] 16

14.82
0.291

Gl
PC8
1
GA

603

16

£~ ER

13.02
0.2

5.08
0.161
568

LR -
LA -

8.18
0.261

§52 528

ETES

9.61
0.287
s

.18
0.252

493 §92

L 3

613

5.4
0.237

LR ¥

529

7.
0.

58
219

495

L

2
X

£~ §5
£~ h B
. -

10.53
0.205
629

8.04
0.178

10.13
0.253
509

.1
0.210
%

1.60
0.214
3

LR
on
528

TABLE 4.20 (Cont‘d)

Sample
Probe
Spots
Cores/rims/inclusfons/exn lam |
Lithology

€114s & Green (1979):

‘09 t/cpx

)

Srahaa & Powell (1984):
,owm

%

Green § Hellman (1982):
K‘,’u»

“Tgg

14.33 14,47 18,48 11858 WM
0.182 0.162 0.212 0.162 0.1
552 537 528 579 550

1°c

Kretz (1982) exchange:
(Ca)

c .

Lindslay (1983):

¢ - px

¢ - opx

P estimgte (KM . 16

16 16 %

14.00
0.168

587

16

6-5.5

M AL AR L)

7.n ve 1821 1%
0.22 0.20¢ 0.173 0.9
48 52 s 640

1 1

024

A

Lke

13.2¢
0.237

% ]

p78

0178
GAF
MK

Pe

6.05 8.92

658

16 16

10.81
€9

2FE g
2~238

1.88
™

. 0.45
m:

810

A
PAX
R
=]

2~ &3

17.13

i

1.65
L)

1.78
m

0.4
a7

0.45
50

m
600
10
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FIGURES

CHAPTER 5



FIGURE 5.01 Distribution of temperature estimates
for eclogites based on garnet-clinopyroxene
thermometry (E11is and Green, 1979). Data from
this work and Griffin et al (in press), quoted at
15 kbars. Ticked line is Fjordane Complex/Jostedal
Complex boundary, with ticks pointing into Jostedal
Complex. Stippled areas are Lower Palaeozoic
schists, mangerite nappes and Devonian clastics.
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FIGURES 5.02 Distribution of temperature
estimates based on garnet-clinopyroxene thermometry
(E11is and Green, 1979) for eclogites after Griffin
et al (in press). Heavy dashed lines are
approximate isotherms, grossly simplified in the
Sunnfjord area (extreme south-west of map).
Temperatures calculated at 15 kbars, but note that
pressure estimates increase sympathetically with
temperature with a maximum of 20 kbars in coast
More og Romsdal. See figure 1.03 for place-names.
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FIGURE 5.03 Thermal responses of continental
crust thickened by overthrusting.

A.

D.

Section through crust (stippled) and lower
lithosphere during continental subduction
illustrating the 2-dimensional perturbation of
the steady-state temperature distribution.
Isotherms constructed for subduction at 6 cm
per year for 2.8 Ma, after Bird et al (1975).
Thick solid 1ine is base of lithosphere.

1 - schematic steady-state isotherm prior to
overthrusting at time Ty.

2 - geotherm immediately after overthrusting
(thick 1ine) at time t; with evolution of
successive geotherms during thermal
relaxation to a new steady-state geotherm
for the thickened crust at time tp. From
Carswell + Cuthbert (in press).

P-T paths during thickening and

erosion-controlled uplift of continental crust.

Thick line is for a simple crustal doubling

(note  Tpax s  greater than T at

Pmax) - Dashed 1line is for recovery

during subdsuction of "o0l1d" oceanic 1ithosphere

below the thickened crust for 20 Ma (after

Rubie, 1984).

Schematic P-T paths illustrating the

"metamorphic field gradient" and zones of

different types of mineralogical evidence,

a - inclusion suites, b - "peak" metamorphic

conditions, c-retrogressive assemblages. From

Spear et al (1984).

Contrasted P-T paths (1 = “prograde", 2 =

“retrograde”) for points A and B in Bl and B2

above.
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Appendix 3

Locations of Specimens, field sketches and photographs

Locations of all specimens, field sketches and photographs are tabulated
below. Location coordinates are given as Norwegian national grid system
references for grid zone designation 32V. Letters KN, LN, KP and LP refer
to the 100,000 meter square identification. References give the location
to the nearest ten meters,

A3.1 Specimen Locations
Bulk-rock Probe

Specimen Grid Ref Analysis Analysis Lithology
79/2 KP98680313 Eclog/amphib
79/4 KP98680313 X Grey gneiss
79/6 KP98820316 X Honriblendite
79/8 KP98730315 X Websterite
79/9A KP98730315 X Eclogite
79/11 KP98730315 X Garnetite
79/12 KP98690301 X Grey gneiss
79/15 LP04190400 Massive green gneiss
79/16 LP04190400 X Eclogite
79/18 LP03660458 X Websterite
79/19 LP02170630 Paragneiss
79/21 LP01690680 Paragneiss
79/22 KP99640751 Paragneiss
79/26 KP97680714 X Metagabbro
79/28 KP99380329 Massive green gneiss
79/29 KP99100321 Grey geneiss
79/32 KP98240308 Breccia
79/33A KP97980330 X Grey gneiss
79/34A KP97920357 X Eclogite
79/34D KP97920357 Harzburgite
79/37 LP05650000 X Grey gneiss
79/38A LN04729901 X Amphibolite
79/38B LN04729901 X X Eclogite
79/41A KP97400162 X Fe-Ti ore
79/418 KP97400162 X Fe-Ti ore
79/41C KP97400162 X Fe-Ti-ore
79/43A KP99530338 Grey gneiss
79/43B KP99530338 X Massive green gneiss
79/44A LP05550070 X Pink gneiss
79/448B LP05550070 Pink gneiss
79/45 LP05550070 X Pink gneiss



Specimen

79/46
D1
D5
D6
D7
D9
D10
D12
D13
D14
D15
D22
D23
D24
D25
D26
D27
D28
D30
D32
D33

Grid Ref

LNO6109855
LP04910391
LP05040423
LP05040423
LP05040423
LP05040423
LP05040423
LP05300380
LP04870349
LP04870349
LP04400314
KP98060268
KP97630270
KP97480268
KP97290251
KP96130301
KP95380308
KP95980308
KP96490290
KP97900361
KP97900361
KP97510374
KP97510374
KP97050390
KP95880271
KP95880271
KP94310328
KP96870223
KP99300245
KP97450156
KP97570172
KP97570172
LP00410304
KP99960313
KP99960313
KP98780355
KP97670675
KP97090734
KP96870591
KP98730348
KP98210313
LP00260079
LP00890033
KP99980012
LP02650166
KP98090319
KP98090319
KP98090319
KP98090319
KP98090319

Bulk-rock
Analysis

XK XXX XXX

22X DK 2< > DX DX X 2K XX X XX < < 23X 3K DK 2C D<K KX DX DK 5< DC D<K DX DX D<K 5C DX <D< D D¢ < < <

Probe

Analysis

Lithology

Pink gneiss
Retrogr.eclog
Coronite
Coronite
Coronite
Dunite
Dunite
Eclogite
Websterite
Websterite
AmphiboTlite
Websterite
Low-K gneiss
Low-K gneiss
Websterite
Grey gneiss
Hornblendite
Websterite
Grey gneiss
Eclogite
Retrogr. eclog
Coronite
Coronite
Eclogite
Coronite
Coronite
Eclogite
Coronite
Websterite
Retrogr. eclog
Eclogite
Dunite

Grey gneiss
Websterite
Eclogite
Coronite
Metagabbro
Metagabbro
Eclogite
Retrogr. eclog
Websterite
Meta-diorite
Eclogite
Meta-diorite
Eclogite
Grey gneiss
Grey gneiss
Eclogite
Eclogite
Eclogite



Specimen

D83

D83A
D84

D86

D30

D91

D94

D95

D36

D97

D39

D101
D102
D103
D104
D105
D108
D110
DI
D112
D113
D114
D115
D116
D117
D118
D119
D120
D121
D123
D124
D127
D128
D129
D130
D131
D132
D133
D134
D135
D138
D140
D141
D142
D143
D144
D145
D146
D148
D149

Grid Ref

KP98090319
KP98090319
KP97890365
KP97510374
KP96360084
KP96360084
KP98070301
LP00700184
KP97310170
LP04990274
LP05050271
LP04420267
LP04290165
LP04460214
LP04940171
LP04940171
LP05320242
LP01970384
LP02300375
LP02760405
LP05620115
LP05620115
LP05620115
LP05780088
LP05570076
LP0394065

LP03910469
LP03700439
LP02640315
LP02600286
LP04620369
KP93650100
KP99880111
LP01150290
LP01400360
KP95940252
KP95850260
KP95760265
KP97930341
KP97930341
LP05100401
LP05190401
LP05190401
KP98630125
KP98610095
LP04690439
LP04690439
LP046590439
LP05410356
LPO5410356

Bulk-rock
Analysis

P X XX X 3 X DK 2< D 2 5K DK < 2K 5< 3K D DX < DX D<K < D<K D<K 3¢ DK 5K D < D<K < D<K < DX X X< >

2K > XX > XX X

> ><

Probe

Analysis

Lithology

Eclogite

Eclogite

Harzburgite

Coronite
Eclog/amphib
Eclog/amphib
Websterite

Retrogr eclog

Anorth troct

Grey gneiss
Charno-enderbite
Retrogr. eclog
Eclogite
Amphibolite

Eclogite
Amphibolite
Amphibolite

Massive green gneiss
Dunite

Massive green gneiss
Massive green gneiss
Massive green gneiss
Massive green gneiss
Eclogite

Grey gneiss
Ec]og?amphib
Amphibolite

Massive green gneiss
Low-K gneiss
Eclogite

Websterite

Coronite

Dunite

Eclogite

Dunite

Coronite

Coronite

Coronite

Metabasalt
Metabasalt

Zoisitite

Zoisitite

Dunite

Coronite

Anorth. troct
Harzburgite
Harzburgite

Dunite

Garnetite

Dunite



Specimen

D152
D153
D155
D156
D163
D168
D170
D171
D174
D175
D176
D177
D178
D179
D181
D184
D187
D192
D194
D203
D205
D206
D208
DF4

DG-1
DG-2
DG-5
DG-7
6-55

A3.2

Figure

*

- *
—t ek ek ek D DO ODOOOO O
WN et QOO P W) =

ORI
. . e« » o o .

Grid Ref

KP97400162
KP97400162
KP97400162
KP97230166
LP05300380
LP05200325
KP98610095
KP98860103
KP98210313
KP97980303
KP97980303
KP97980303
KP96760600
KP96760600
KP96880596
KP99530338
KP97510374
KP97510374
KP97510374
KP97839362
KP97920357
KP97920357
KP97510374
KP97830362
LP05050267
LP05050267
LP05050267
LP05050267
KP97510374

Bulk-rock
Analysis

2P XX X XX >

Field Sketches and Photographs.

Grid Ref

LP02170630
LP02170630
LP01690680
KP98690760
KP96760600
KP96880596
LP01400360
KP98610095
KP98610095
KP98610095
KP98630125
KP98630125
KP96360084

Probe

Analysis

> X 53X < ><X > X X >< XX X

Lithology

Metabasite
Metabasite
Metabasite
Coronite
Harzburgite
Low-K gneiss
Anorth troct
Coronite
Garnet-mica rock
Eclogite
Eclogite
Eclog/amphib
Paragneiss
Paragneiss
Backvein
Massive green gneiss
Coronite
Coronite
Coronite
Harzburgite
Eclogite
Eclog/amphib
Omph vein
Harzburgite
Grey gneiss
Grey gneiss
Grey gneiss
Grey gneiss
Coronite

Photomicrograph

Specimen No

79/19
79/21

D181

D143
D143



Photomicrograph

Figure Grid Ref Specimen No
2.14 KP95850260 D132
2.15 KP95760265 D133
2.16 KP97900361 D32
2.17 KP98730348 D62
2.18 KP97920357 D206
2.19 KP97920357 D205
2.20 KP97830362 D203
2.21 KP97830362

2.22 KP97510374

2.23 KP97510374

2.24 KP97510374

2.25 KP97510374 D187
2.26 KP97510374 D194
2.27 KP97400162 79/418B
2.28 LP03940465

2.29 LP05190401

2.31 KP98110317

2.32 KP98110317

2.33 KP05010281

2.34 LP05050271 D99
2.35 LP00410304 D44
2.36 KP98680313 79/4
2.37 KP98090319

2.38 KP98090319

2.39 KP98090319

2.40 KP97930341 D134
2.41 LP04910275

2.42 LP04910275

2.43 KP97900330

2.44 LP04400314

2.45 LP02600286 D123
2.46 LP02650166 D77
2.47 KP97980303 D175
2.48 LP04190400 79/15
2.49 KP93530338 D184
2.50 KP98240308

2:5¢ KP98730315

2.53 KP398830317

2.54 KP99960313 D45
2.55 LN04729901 79/388B
2.56 LP05780088 D116
2.57 KP98630125

2.58 KP98550458

2.59 LP01150290

2.60 LP01590413

2.61 KP98240308

2.62 KP98830317

2.63 LP05570066

2.64 KP96760600

2.66 KP96760600 D178
2.67 KP96870223 D39



Grid Ref

KP96760600
KP05300380
LP05550070
KP97920357

Photomicrograph

Specimen No

D179
D163
79/448
D206
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A tectonic model for the metamor
Gneiss Complex, Western South Norway
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Abstract. A review of currently available infor-
mation relevant to the Basal Gneiss Complex
(BGC) of Western South Norway, combined with
the authors’ own observations, leads to the fol-
lowing conclusions.

1. Most of the BGC consists of Proterozoic
crystalline rocks and probably subordinate Lower
Palaeozoic cover.

2. The last major deformation of these rocks was
during the Caledonian orogeny and involved
large-scale thrusting, recumbent folding and
doming. The structural development of the BGC
is closely tied in with that of the Caledonian
allochthon.

3. The whole eclogite-bearing part of the BGC
has suffered a high pressure metamorphism with
conditions of between 550°C, 12.5kbar
(Sunnfjord) and about 750°C, 20 kbar (Mgre og
Romsdal) at the metamorphic climax.

4. This metamorphism was of Caledonian age,
probably rather early in the Caledonian tectonic
history of the BGC and is considered to have been
a rather transient event.

By setting these conclusions in a framework
provided by geophysical evidence for the deep
structure of the crust in southern Norway we have
constructed a geotectonic model to explain the
recorded metamorphic history of the BGC. It is
suggested that considerable crustal thickening
was caused by imbrication of the Baltic plate
margin during continental collision with the
Greenland plate. This resulted in high pressure
metamorphism in the resulting nappe stack.
Progradation of the suture caused underthrusting
of the Baltic foreland below the eclogite-bearing
terrain causing it to emerge at the Earth’s surface,
aided by tectonic stripping and erosion.

Application of isostacy equations to the model
shows that eclogites can be formed by in-situ
metamorphism in crustal rocks and reappear at
the land surface above a normal thickness of crust
in a single orogenic episode of approximately
65-70 Ma duration.

0263-4929/83/0300-0063 $02.00
© 1983 Blackwell Scientific Publications

Key-words: Caledonides; eclogites; geothermoba-
rometry; isostacy; tectonics

INTRODUCTION

The Basal Gneiss Complex (BGC) of Western
South Norway forms the deepest exposed struc-
tural level of the Scandinavian Caledonides (Fig.
1), being the largest of a number of basement
windows in the extensive area of Caledonian
nappes in Norway and Sweden (Holtedal & Dons,
1960; Roberts, Thon, Gee & Stephens, 1981).

It seems likely that this greiss region has had a
complex structural and metamorphic history,
containing as it does elements resulting from
Proterozoic (Svecofennian and Sveconor-
wegian—Grenvillian) and Caledonian orogenic
events.

A particular feature of this basement window is
the common occurrence of lithologies with relict
high-pressure mineral assemblages, the most ob-
vious being eclogites and garnetiferous peri-
dotites. The gneissic hosts to these relics are
commonly metamorphosed in the almandine—
amphibolite or epidote-amphibolite facies.
However, both low-pressure and high-pressure
granulitic parageneses have been increasingly
recognized in recent years (see, for instance,
Griffin & Mégrk, 1981).

The origin and age of these high-pressure relics
are still highly controversial. Garnet peridotites
and eclogites have been interpreted as solid
intrusions from deeper crustal levels or from the
mantle (O’Hara & Mercy, 1963; Carswell, 1968b;
Lappin & Smith, 1978; Gebauer, Lappin,
Gruenefelder, Koestler & Wyttenbach, 1982) or
to have been metamorphosed in-situ in their host
gneisses from low pressure protoliths (Bryhni,
Krogh & Griffin, 1977; Griffin & Qvale, 1981;
Griffin, Austrheim, Grastad, Bryhni, Krill, Mgrk,
Qvale & Tgrudbakken, 1981). Geochronological
results have been variously interpreted as showing
a Proterozoic age for the ‘main metamorphism’ of
eclogite-bearing gneisses (Raheim, 1977, 1979,
1981), a Caledonian ‘eclogite forming event’
(Griffin & Brueckner, 1980, 1982) and tectonic

63
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juxtaposition of units with widely differing pro-
venances (Mearns & Lappin, 1982 a,b.c).

The BGC is surrounded by outcrops of overly-
ing allochtonous nappes which include units of
postulated ophiolites, island-arc sequences, con-
tinental sediments and deep-seated continental
crust. Some of these units also contain eclogites
and garnet peridotites (Gee, 1975, 1978; Gee,
Guezou, Roberts & Wolff, 1982; Guezou, 1981;
Stephens & Gee, 1981; Andresen & Faerseth,
1982; van Roermund, 1981). Locations for place
names are given in Fig. 2.

The aim of this paper is to develop a tectonic
model which fits the petrological features of the
high pressure parageneses in the BGC whilst
attempting to be consistent with geochronolo-
gical, tectonostratigraphic and geophysical data
currently available for this part of the Caledonide
belt. We hope that presentation of this model as a
working hypothesis will stimulate future research,
which will doubtless lead to its refinement.

65

THE GEOLOGICAL SETTING OF THE
BASAL GNEISS COMPLEX

The history of the development of interpretation
of geological relationships within the BGC and
between the BGC and its cover has been charac-
terized by an increasing awareness of the effect of
the Caledonian orogeny (for reviews see Bryhni &
Grimstad, 1970, pp. 106-109 and Carswell,
1973a).

Recent work by Gee (1980) has shown that the
autochthonous Proterozoic crystalline basement
at the thrust front of the Central Scandinavian
Caledonides in Sweden has a characteristic cover
sequence of late Precambrian and Lower
Palaeozoic sediments including quartzites,
greywackes, locally limestones and green or red
shales and a radiogenic black shale. These form
the Jimtland Supergroup. The sole thrust of the
Caledonian allochthon and parautochthon rides
in the black shales which have acted as a plane of
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décollement (Gee, 1978, 1980). This horizon can
be traced westwards below the parautochthon
and allochthon within the Jamtland basement
window, the Grong-Olden culmination, the
Tg¢mmeris window and the Trollheimen anti-
form, the last of which lies on the eastern margin
of the BGC (Fig. 1).

Near the Swedish-Norwegian border the de-
tachment surface passes into an imbricated base-
ment, where the basement-cover sequence is rep-
eated parautochthonously. Gee (1980), therefore,
suggests that the allochthon has an origin far to
the W of its present position, possibly as much as
1000km. Imbrication of the basement in the
windows implies basement shortening of at least
70 km. The metamorphic grade of the black shale
increases westwards, as does the pervasive foli-
ation in the basement associated with Caledonian
thrusting.

The tectonostratigraphy of the allochthon,
parautochthon and autochthon in central
Scandinavia is summarized in Fig. 1. The major
elements of this sequence have now been recog-
nized in the Trollheimen antiform (Gee, 1980).
They can be found further S in Oppdal (Krill,
1980; Gee, 1980) and the Dombds-Lesja area
(Guezou, 1978) and to the N and W in the
Surnadal and Kristiansund areas (Krill, 1981a;
Hernes, 1955; Raheim, 1972). Further to the W in
the BGC strong deformation and metamorphism
makes correlation more difficult. However,
broadly similar sequences with a heterogeneous
‘cover’ sequence over a more homogeneous ‘base-
ment’ are seen at Grotli (Strand, 1969; Bryhni,
1977), Tafjord (Bryhni, 1977; Brueckner, 1977),
Breimsvatn (Bryhni, 1977; Bryhni & Grimstad,
1970) and possibly Sunnfjord (Skjerlie, 1969;
Skjerlie & Pringle, 1978). In most of these areas it
has been demonstrated that units with differing
origins have been tectonically juxtaposed prior to
recumbent isoclinal folding and doming. Most of
these units W of Surnadal contain eclogites and
garnetiferous ultrabasites. These and other high
pressure metamorphic relics will be discussed in
more detail below.

The eastern margin of the BGC exhibits
‘Stockwerk’-type tectonics in its relationship to
the low-grade rocks of the overlying Trondheim
Supergroup. Recent work by Krill (1980, 1981a)
in the Oppdal-Surnadal area shows that Pennine-
style Caledonian F, recumbent folds formed in
the ‘infrastructure’, folding a series of thrust-
juxtaposed units. These folds do not involve
the ‘superstructure’ (the Stgren unit of the
Trondheim Supergroup). Younger, upright folds
involve both the infrastructure and the super-

structure and become tighter downwards from
the base of the Stgren unit. Metamorphic grade
increases westwards (downwards) in the super-
structure, as it does in the infrastructure. Eclogites
appear within 20 km of the base of the infrastruc-
ture except at Surnadal where they appear within
5km, apparently by prograde metamorphism via
amphibolites. Rb-Sr studies of metabasic dykes in
the Saetra nappe and late granitic intrusions (see
below) suggest that both the folding and meta-
morphism is Caledonian (Krill, 1981b).

It would therefore appear that the main
Caledonian deformation and metamorphism oc-
cured in-situ beneath the superstructure appar-
ently formed by the allochthon. Whether the
present superstructure is the same as that which
originally formed the overburden to the BGC
during the early period of metamorphism, or
whether it has tectonically replaced an earlier
overburden seems equivocal at present (Krill,
1980).

The history of the nappe-pile overlying the
BGC and the basement to the E has been
summarized by Gee (1975, 1978) and Gee et al.
(1982). They suggest that the early development of
the nappes follows obduction of ophiolites onto
the Baltic continental margin in the early
Ordovician. Then final closure of the Iapetus
ocean resulted in the Greenland continental
margin overthrusting that of the Baltic plate
during the Middle and Upper Silurian. The
resulting compressional regime led to consider-
able basement shortening and imbrication of
basement and cover. Subsequent basement uplift
then resulted in translation and stretching of the
nappes towards the present Caledonian front in
the east.

The Seva nappe of Jamtland, Central
Scandinavian Caledonides, also contains eclogite
and garnet-peridotite bodies. Roermund (1981)
has found that the eclogites are comparable to
those in the BGC and restoration of the Seve to its
possible pre-translation position reveals that the
regional P-T variation seen in eclogites from this
nappe complex matches that of western Norway
(van Roermund, 1981; Bryhni et al., 1977; Krogh,
1977a; Griffin & Mdgrk, 1981). As Seve lithostrati-
graphic units are recognized in the eastern BGC
(Table 1) and can be traced into eclogite-bearing
terrains (Krill, 1981a) it seems sensible to con-
clude that the allochthonous Seve nappe now seen
in Sweden was originally rooted in the BGC, or at
least had a common early metamorphic history
with it.

Bordering the BGC to the S and SW is the huge
Jotun nappe which consists of Precambrian anor-

\
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Table 1. Summary of the metamorphic evolution of the coronitic metadolerites, after Griffin & R&heim (1973)and
Griffin & Bryhni (1977). The devélopment of corona types is shown for reactions between (A) igneous plagioclase
and olivine; (B) igneous plagioclase and clinopyroxene; and (C) igneous plagioclase and orthopyroxene. Each
column represents the order of corona shells observed at each stage in the metamorphic evolutionary sequence, with
short solid lines separating successive shells. Numbers indicate the reactions responsible for each stage of corona
formation, as outlined at the bottom of the table. Plag = plagioclase; Ol = Mg-rich olivine; Cpx = clinopyroxene;

Opx = orthopyroxene; Sp = spinel; Gnt = garnet; Omph = ompbhacite; Qtz = quartz; Rt = rutile

Decreasing T, increasing P

Decreasing P

> T constant?

(A)
Plag Plag Plag Plag
—  Cpx/ —_ Cpx I+Sp R — E—
+ Gnt
Plag 1) Sp_ ) 3) @) Gnt 2)3) @ Gnt (10) (11) (12) Plag 11
Ol Opx Cpx II (5) (8) (9) Omph fow Na
Ol Opx + Opx Cpx
Ol +0l high Na
+ Opx, Ol
(B)
- Plag Plag Plag
©) (7) Gnt
Plag om St ge S qgayazy Paell
Igneous Omph Omph low Na
Cpx Cpx 11 + Cpx
+
Rt Rt High Na
(€
Plag Plag Plag
4) (5) Gnt + Qtz
Plag ) (5) Gnt (7) (8) (9) Gnt+Qtz (10) (11) (12)
Plag 11
Igneous low Al Omph low Na
Opx Opx Opx Cpx
high Na
+ Cpx
Reactions:

(1) Ol + plag — Al-Opx + AI-CpxI + Sp.
(3) 6MgSiO; + CaAl,Si, 05 + MgAl, O, - CaMgSi, O¢ + 2Mg;Al, Si; 0, ,.
— CaMgSi, O¢ + Mg;Al,Si;0,, + SiO,.
+ MgAl,SiOg —» CaMg, AL, Si3 O, ,. (7) NaAlSi;Og + CaAl, SiOg — NaAlSi, Og + CaAl, Si, Og. (8) CaAl,Si, O

+CaMgSi, 0, — Ca,MgAl,Si,0,, + SiO,.
- MgAL,SiO, + CaMgSi, O,
+8i0, — NaAlSi, Og.

(9) NaAlSi,Og — NaAlSi, Oy + SiO,.
(11) Ca,MgAl,Si,0,, +SiO, — CaMgSi, O, + CaAl,Si, 0.

thosites, ultramafites, pyroxene granulites, etc.,
with a peripheral group of amphibolite-facies
gabbroic and granitic rocks (Battey & McRitchie,
1973). It lies in a large, synclinal depression known
as the ‘Faltungsgraben’. Gravity studies of the

(2) Al-px’s+ Sp + plag —» Gnt +low  Al-Cpx

II+low Al-Opx.

(4) 4MgSiO, + CaAl, Si, O,
(5) MgAL,SiOg + 2MgSiO; — Mg, AL Si; O, ,.

(6) CaMgSi, O

(10) CaMg,Al,Si,0,,
(12) NaAlSi, Oy

nappe have shown it to be a wedge-shaped prism
with a deep, dense root and a thickness of
10-15km (Smithson, Ramberg & Grgnlie, 1974).
It is structurally overlain by the Trondheim nappe
and underlain by Eocambrian (Sparagmitic) to
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Cambro-Silurian sediments. In the S (Valdres
area) the autochthonous Proterozoic basement
has an autochthonous veneer of Middle
Cambrian shale. This is overlain by two imbricate
duplex sheets of sediments, roofed by the Valdres
nappe composed of Eocambrian—~Ordovician se-
diments, on an allochthonous gneissic basement.
The Valdres nappe is in turn overlain by the Jotun
nappe whose southward movement here is well
established (Hossack, 1978; Hossack, Nickelson
& Garton, 1981), and has caused considerable
telescoping of the cover sequence. From this it has
often been assumed that the Jotun nappe is a
large, far-travelled thrust nappe. The existence of
smaller, Jotun-like thrust sheets on the W coast of
Norway (e.g. the Dalsfjord nappe) has led to the
suggestion that these outcrops represent the trail-
ing edge of the Jotun nappe and that the BGC
is a tectonic window within it (Skjerlie, 1969;
Hossack, 1982).

However, structural evidence from the nor-
thern margin of the Jotun nappe against the BGC
may suggest that it has moved to the NW here
(Battey & McRitchie, 1973; Banham, Gibbs &
Hopper, 1979). This has led to the alternative
suggestion that the Jotun nappe has had a local
derivation, whereby it has risen directly from the
root of the Faltungsgraben as an ‘Ivrea-type flake’
(Battey & McRitchie, 1973; Smithson et al., 1974;
Banham et al., 1979). Underlying the northern
margin of the Jotun nappe is a sequence of
parautochthonous sediments and metavolcanics,
locally with pillow-lavas and serpentinites
(Banham et al., 1979; Elliot & Cowan, 1966)and a
postulated ‘exotic olistostrome melange’ (Gibbs,
1982). Two explanations for this are: either the
northern Jotun nappe front represents a
Caledonian suture zone (Banham et al., 1979) or
the opposing senses of motion of the nappe
margins and underlying tectonostratigraphy are
the result of the compressive telescoping of a
rifted marginal basin, the nappe representing the
root of the central graben high (Gibbs, 1982).

Along the SW extension of the Faltungsgraben
lie the nappes of the Hardangervidda area and
those of the Bergen arcs. Andresen & Faerseth
(1982) have summarized the relationships here,
which show close similarities to the Jotunheim
and, to some extent, the Trondheim areas. Lying
above the foreland Proterozoic basement and its
cover (Vidda Group) is the Hardangervidda-
Ryfylke nappe complex, whose lower unit
(Hosmasjg/Nupsfonn allochton) correlates with
the nappes of the Valdres area and whose upper
units, the Dyrskard, Kvitenut and Revsegg units,
are correlated with the Jotun nappe and perhaps,

in part, the Rgros schists at Surnadal. Overlyin
this is the Sunnhordland nappe complex, consist-*
ing of ophiolites and island-arc volcanics, possible
continental rift volcanics and intrusives, al-
lochthonous basement and later sediments as-
sociated with uplift of this sequence.

In their synthesis of this area, Andresen &
Faerseth (1982) suggest that the ophiolites were
obducted onto an Andean-type Baltic margin
prior to the Ashgillian. Following intrusion by
granodiorites this sequence was thrust over the
Proterozoic  basement (Dyrskard-Kvitenut-
Revsegg allochthon) and the whole stack was then
translated over the autochthonous basement and
the Vidda Group.

Similar rocks to those of the Jotun-Hardanger
areas occur in the Bergen arcs (Sturt, Skarpenes,
Ohanian & Pringle, 1975; Sturt & Thon, 1976;
Andresen & Faerseth, 1982). However, here the
eugeoclinal rocks (Major and Minor Arcs) cor-
respond to the Sunnhordland Nappe Complex
and presumably the Trondheim nappe, but form
the lowest tectonic unit above the basement
gneisses and are overlain by allochthonous
Proterozoic crystalline rocks (Ulrikkens Gneiss
Complex, Anorthosite Complex). The Anortho-
site Complex contains eclogites of postulated
Caledonian, or possibly Sveconorwegian age
(Austrheim & R&heim, 1981; Austrheim, 1981;
Austrheim & Griffin, 1982) and may be correlated
with the Jotun nappe. However, as it has had a
different structural history it may represent a
higher structural level than that observed in the
Jotun nappe (Andresen & Faerseth, 1982). The
Bergen Arcs are also commonly thought to com-
prise far-travelled nappes with a source off the
present W coast of Norway (Sturt et al., 1975;
Austrheim, 1981).

A similar sequence to that in the northern
Jotunheimen is found in the Dalsfjord area,
Sunnfjord, where a sheet of mangerites (the
Dalsfjord nappe) has been thrust over meta-
greywackes (Askvoll Group) and in turn over-
thrust by a eugeoclinal ophiolite/island arc
sequence (Stavfjord anticline) prior to emplace-
ment of the thrust stack onto the Baltic margin
(now the BGC) (Skjerlie, 1969, 1974; Furnes,
Skjerlie & Tysseland, 1976).

Suggested correlations of the Hardanger,
Bergen and Dalsfjord nappe sequences with the
Jotun nappe mitigate against its local origin and
favour its evolution as a far-travelled sheet. In this
case its huge thickness must have greatly con-
tributed to the load over the eclogite-bearing
BGC. However, resolution of the problems of
interpretation of the structures and lithologies of
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northern Jotunheimen will be necessary before a
local origin can be discounted. If such an origin
should be ultimately proven some very large scale
mechanism must be invoked to explain the
upward travel of such a large, dense mass and its
super-position over less dense crustal material.

In summary, the BGC appears to consist of an
intensely imbricated and interfolded mass of
crystalline pre-Caledonian basement and auto-
chthonous and allochthonous cover, the major
part of which bears common relics of high
pressure assemblages. It forms a window within
overlying nappes of basement, cover and oceanic
rocks of considerable overall thickness. Rep-
resentatives of most of these allochthonous
units can be found within the BGC. Three stages
in the development of the orogen appear to have
occurred. The first involved obduction of oceanic
crust and island-arcs in the early-middle
Ordovician, the second involved stacking and
recumbent folding of imbricate sheets of base-
ment, cover and obducted rocks during the early-
middle Silurian continental collision and the third
involved ‘basement’ uplift, uprooting of the
nappes and their translation on a deécollement
plane towards the Swedish and S Norwegian
foreland. Following this, in the early-middle
Devonian, late orogenic intermontane basins
formed controlled by either hinged normal faults
or strike-slip faults (Bryhni, 1981).

GEOCHRONOLOGY

From the foregoing it is apparent that the
Caledonian history of the BGC is bracketed by
two ages; the upper age of the rocks formed prior
to the development of the allochthon, corre
sponding to the Llandoverian of the Koli
Supergroup (Gee, 1975, 1978) and the early-
middle Devonian age of the late-orogenic, un-
metamorphosed sediments found in fault-
bounded basins on the W coast of Norway. These
sediments overlie eclogite-bearing gneisses and
must therefore mark the end of a period of very
considerable uplift, especially if a Caledonian age
and crustal in-situ metamorphic origin for the
eclogites is accepted (see below).

Viewing the ages obtained from whole-rock
Rb-Sr isochron studies of gneisses in the BGC
(e.g. Brueckner, 1972, 1979) it is noticeable that
they bear a close similarity to those seen in the
Svecofennian and Sveconorwegian provinces in
the foreland of southern Norway and Sweden,
although perhaps the age distribution in the BGC
is more complex. However, mineral ages are

markedly different. Mineral ages in the Baltic
foreland unaffected by the Caledonian orogeny
are usually similar to the whole-rock ages
(Brueckner, 1972) but in the BGC Rb-Sr mineral
ages generally show late Caledonian provenance,
clustering tightly between 380 Ma, and 405 Ma.
This is perhaps not surprising in view of the
position of the BGC in relation to the rest of
the Caledonide belt, but considerable contro-
versy revolves around the interpretation of these
ages.

One school of thought is that the Proterozoic
whole-rock Rb-Sr ages represent a metamorphic
event, usually at amphibolite facies, and that the
Caledonian Rb-Sr mineral ages are a result of
post-orogenic cooling related to uplift or of a
relatively unimportant thermal event resetting the
isotopic system (R&heim, 1977, 1979; Pigeon &
R&heim 1972; Skjerlie & Pringle, 1978; Solheim,
1980; Mearns & Lappin, 1982 a,b,c). That implies
that most, if not all the major metamorphism in
the BGC occurred in the Sveconorwegian or
Svecofennian and the Caledonian effect is mi-
nimal. The pervasive nature of the amphibolite-
facies metamorphism, allied with independent
evidence for a Caledonian eclogite-forming event
has led Mearns & Lappin (1982 a,c) and Gebauer
et al. (1982) to suggest that the eclogites were
tectonically introduced into the gneisses from
deeper lithospheric levels during the Caledonian
orogeny. Mearns & Lappin (1982c) from a study
of granulite-facies ‘mangerites’ in the Selje area,
Stadlandet, further suggest the influence of a
700 Ma granulite-facies event which seriously
disturbed the Rb-Sr system by Rb loss after
intrusion at 1520 Ma. However, Lappin, Pidgeon
& van Breemen (1979) have shown that the
composition of these rocks has not changed
significantly since intrusion except for some K-
metasomatism. Furthermore, there are no other
records of an important 700 Ma granulite-facies
event. This age comes from a plagioclase—garnet
whole-rock Sm-Nd isochron for a basic dyke and
may either be a mixed age or a relict igneous age.

Research workers who consider whole-rock
Rb-Sr isochrons to record a metamorphic event
clearly recognize that the low initial ratios of these
isochrons puts severe constraints on the time
which elapsed between magmatic crystallization
of the rock suite and metamorphism. In fact the
time period may easily lie within the error en-
velope of the isochron age. Upper intersection U-
Pb ages from discordant zircons are often close to
Rb-Sr whole rock ages and are taken to indicate
the time of magmatic crystallization (Pigeon &
Riheim, 1972; Lappin et al., 1979). Lower inter-
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section ages are usually around 400 Ma suggest-
ing a pervasive Caledonian event.

The other school of thought considers that
whole rock Rb-Sr isochrons represent magmatic
crystallization ages and that subsequent events
have only caused minor disturbance to the iso-
topic system (Brueckner, 1972, 1979; Carswell &
Harvey, 1983; Harvey, unpublished data; Krill &
Griffin, 1981). The significance of the Caledonian
mineral ages is less certain. Brueckner (op. cit.)
gives two possibilities; that the metamorphism
was Proterozoic but a slight re-heating event reset
the mineral ages (‘limited Caledonization’) or that
the most severe recrystallization was Caledonian
(‘'severe Caledonization’). With respect to the
latter, Brueckner (1979) points out that the youn-
gest good whole-rock ages for the gneisses are
960 Ma (granodiorite near Geiranger) and
975Ma (Hestbrepiggan granite). Both of these
rock suites have a pervasive tectonic fabric which
must have been imposed during either the late
Sveconorwegian or the Caledonian. In addition to
this we note that the evidence of Gee (1980) and
Krill (1980) in favour of a Caledonian age for the
main deformation in the BGC strongly supports a
‘severe Caledonization’. Also, Krill (1981a) rep-
orts a 745 Ma whole rock Rb-Sr date for a pre-
tectonic dyke in the Saetra unit near Oppdal and a
345 Ma Rb-Sr mineral isochron age from a grani-
tic intrusion cutting a regionally mapped thrust
surface in the same area, bracketing tte tectonic
events within the Caledonian orogeny.

A recent study of coexisting green (Caledonian)
and brown (Sveconorwegian) biotites from near
the Caledonian front in SW Norway (Verschure,
Andressen, Boelrijk, Hebden, Maier, Priem &
Verdurmen, 1980) shows that resetting of biotite
Rb-Sr and K-Ar ages at temperatures of up to
400 C may require complete recrystallization.
This brings into question the validity of models
requiring a limited Caledonian heating event.
Krill & Griffin (1981) comparing interpret-
ations of whole rock Rb-Sr ages from the BGC
with those in the Alps suggest that such ages can
record magmatic events despite very strong tec-
tonism and metamorphism. They reject the likeli-
hood of large-scale homogenization of isotope
systems during orogenesis.

Whilst it is not intended to review the distri-
bution of whole-rock ages within the, BGC, it is
significant that all reliable ages for gneisses are
either Svecofennian or Sveconorwegian, domin-
antly the former. Good evidence for Caledonian
protolith ages comes from Gee’s (1980) cor-
relation of Cambrian sediments into the
Trollheimen area. Other evidence comes from

the common lithological comparison of meta-’
quartzites and arkoses with the Eocambrian
Sparagmites of southern Norway.

We, therefore, prefer the interpretation that
whilst the main crust-forming events for litho-
logies in the BGC were Proterozoic, the tectonic
and metamorphic events responsible for the
present state of this area were dominantly
Caledonian.

Outside the BGC in S Norway granulite-facies
assemblages are common in Proterozoic gneisses.
Also, relict granulite-facies parageneses are some-
times found within amphibolite-facies gneisses of
the BGC (Lappin et al. 1979; Krogh, 1980a,
Mearns, 1982; Cuthbert, unpublished data). In
view of the Proterozoic provenances of the BGC
gneisses, it seems reasonable to expect to en-
counter relics of such older parageneses. Bryhni,
Fitch & Miller (1971) carried out **Ar/*°Ar age
spectrum analysis on a clinopyroxene from an
augen-gneiss in the Fjordane complex, Gloppen.
The most retentive argon gave an age of 1550 Ma,
which may record the age of its crystallization,
under granulite-facies conditions.

However, eclogite-facies relics are also found in
the gneisses, as eclogites, garnet peridotites and
isolated gneissic domains containing ompbhacitic
pyroxene or diopside-plagioclase symplectites.
These also show the influence of pervasive later
amphibolitization. At Flekke, Sunnfjord, low-
pressure granulites are preserved (Opx + Cpx
+ plag + K-feldspar + quartz) with garnet cor-
onas forming on orthopyroxene aggregates
{Cuthbert & Carswell, 1982). This is taken to
indicate a superimposed higher pressure (and
lower temperature) event, correlated with similar
textural development in partially eclogitized
metabasites. Identical relationships are seen at
Flatraket, Stadlandet (Cuthbert, unpublished
data) and in the Bergen Arcs (Austrheim &
Griffin, 1982). In all these areas subsequent per-
vasive amphibolite-facies recrystallization has oc-
curred. Hence there is evidence here that a high
pressure event postdates the Proterozoic granu-
lites and predates the amphibolite-facies meta-
morphism. Resolution of the complex polyme-
tamorphic history of the BGC undoubtedly re-
quires very careful petrographic observations
before any a-priori assumptions can be made
about the relative (or absolute)ages of the mineral
parageneses.

Recent evidence has begun to throw light on the
age of eclogite formation. Krogh, Myson & Davis
(1973) reported a U-Pb zircon age of 401 + 20 Ma
from the Ulsteinvik eclogite, Hareidland. The
zircons contained inclusions of eclogite-facies
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munerals but no secondary minerals, hence the age
was taken as a minimum age for formation of the
eclogite. However, this age is not entirely un-
ambiguous in that it only provides an upper limit
for this event and there is evidence for some older,
inherited zircon in the rock.

Griffin & Brueckner (1980) have presented five
two-point Sm-Nd mineral isochrons using gar-
nets and clinopyroxenes from eclogites. Ages in
the range 407-477 Ma were obtained, in close
agreement with the results of Krogh et al. (1973)
and slightly older than, but overlapping with, Rb-
Sr mineral ages from the gneisses. Sm-Nd and Rb-
Sr isotope systematics suggest that at least some
of the eclogite protoliths had a long crustal
history prior to the Caledonian orogeny. Further
work (Griffin & Brueckner, 1982) has dem-
onstrated the difficulty of obtaining meaningful
Sm-Nd ages from eclogites with equilibrium
temperatures below about 700 C due to dis-
equilibrium distribution of REE between garnet
and pyroxene. Samples with zoned garnets tend to
give much older ages. A five-point Rb-Sr min-
eral isochron from the Verpeneset eclogite,
Nordfjord, gave an age of 398 + 1 Ma with an
initial ratio of 0.7034, suggesting that the proto-
lith is probably Palaeozoic and thus the meta-
morphism Caledonian.

Mearns & Lappin (1982b) have reported Sm-
Nd garnet—clinopyroxene whole-rock isochron
ages for garnet lherzolites and associated garnet
pyroxenites as well as for an ‘external’ or ‘country-
rock’ eclogite and a garnet whole-rock age from a
grey gneiss. The eclogite gave an age of 408
+ 8 Ma, the gneiss 414 + 31 Ma, suggesting re-
crystallization or ‘thermal resetting’ of Pro-
terozoic material during the Caledonian orogeny.
The ultramafites gave much older ages and a low
£Nd (1029 + 34 Ma,eNd = —1.6;1316 + 138 Ma,
eNd = —1.4)suggesting crystallization soon after
formation of the whole-rock in the mantle
and that these rocks have apparently not been
disturbed by any Caledonian metamorphic
events.

Gebauer et al. (1982) have also reported
Caledonian ages for eclogites from U-Pb zircon
discordia, which suggest protolith formation in
the Svecofennian and Sveconorwegian and
eclogite metamorphism at about 400 Ma.

Krill (1981) has produced a Rb-Sr whole rock
isochron for an intermediate gneiss which is
interbanded with eclogite-bearing mica schists of
the Blaho unit W of Oppdal, giving an age of 583
+ 69 Ma. This further supports a Caledonian age
for the eclogite metamorphism.

Some indication of the severity of the

Caledonian thermal event is given by Devonian
mineral ages from pegmatites which cut eclogites,
indicating temperatures high enough to cause
anatexis well into the waning stages of the or-
ogeny (Griffin & Merk, 1981).

Together these various data strongly indicate
that the major crust-forming events for the litho-
logies in the BGC were Proterozoic, dominantly
in the Svecofennian but with significant con-
tributions from the Sveconorwegian and
Caledonian events. It is quite possible that much
of this crustal (and mantle?) material suffered
high-grade amphibolite and/or granulite facies
metamorphism prior to the early Palaeozoic, but
a growing body of evidence supports a major
tectonometamorphic event in the BGC during the
Caledonian orogeny, commencing at least as early
as 420 Ma. The significance of the eclogite mineral
ages depends upon prejudicial interpretation of
the origins of these controversial rocks (cf. Bryhni
et al., 1977; Lappin & Smith, 1978; Smith, 1980;
Carswell & Gibb, 1980; Griffin et al., 1981), but it
is possible that this orogenic event involved
depression of very large masses of continental
crust to great depths prior to their exhumation
and exposure at the land surface by the early to
middle Devonian.

METAMORPHICEVOLUTION OF THE
BASAL GNEISS COMPLEX

Much of the research carried out in the BGC has
centred around two rather exotic and enigmatic
rock-types, the eclogites and the garnetiferous
peridotites. This is especially true of work during
the last 20 years; a result of the surge of interest in
the nature of the upper mantle. The fact that these
eclogite-facies assemblages occur in a terrain
apparently consisting largely of amphibolite-
facies assemblages has caused discussion of an
intensity which is out of all proportion to their
rather insignificant volume. This metamorphic
contrast has led to the eclogites being described as
‘foreign inclusions’ (e.g. Lappin, 1966) and evol-
utionary models involving tectonic transport of
eclogites and peridotites from sub-crustal depths
to high lithospheric levels have been developed to
explain their presence (Lappin & Smith, 1978;
O’Hara, 1976; Smith, 1980).

There is, however, a growing body of evidence
(outlined below) to suggest that in many cases
eclogites and even garnet peridotites have been
formed by metamorphism in-situ within their
country rocks. Conclusive proof of this has
profound tectonic consequences as it implies that
large masses of buoyant continental crust have
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been subjected to unusually large confining
pressures.

Occurrence of eclogite-facies rocks

Eclogites occur in both the Jostedal and Fjordane
complexes of Bryhni (1966), but are more
common in the latter unit. They are also reported
from the Vikvatn sequence in the Tafjord area,
but not in the basal Fetvatn gneisses (Brueckner,
1977). They occur in the Frei group of the
Kristiansund area (R3heim, 1972; Griffin &
Rdheim, 1973; Krogh, 1980b) and in Surnadal
(Tgrudbakken, 1981). Hence the eclogites occur in
most, if not all, of the lithologic units of the BGC,
to within 25km of its border with the overlying
allochthon in the E. However, eclogites are ap-
parently absent in the BGC to the S of Sognfjord.
In the more heterogeneous rock sequences (e.g.
the Fjordane complex) eclogites are frequently
associated with anorthosites (Eskola, 1921;
Brueckner, 1977; Bryhni, 1966; Brastad, 1983;
Griffin & Mgrk, 1981) as well as obvious supra-
crustal rocks (Bryhni, 1966; Carswell & Harvey,
1983; Harvey, unpublished data). Garnet peri-
dotites appear to be confined to these hetero-
geneous gneisses (Bryhni, 1966; Carswell, 1973a;
Brueckner, 1977) but are generally absent to the S
of Nordfjord, where hydrous peridotites are more
normally present. The close association of some
peridotites to what are apparently layered basic
bodies and to anorthosites has often been noted
(Schmitt, 1964; Eskola, 1921; Brueckner, 1977;
Bryhni, 1966; Brastad, 1982). Some authors have
noted the common occurrence of garnet peri-
dotites in steeply inclined shear belts (Bryhni,
1966; Lappin, 1966) but Brueckner (1977) con-
siders this to be due to their ‘stratigraphic’
position on the limbs of large-scale folds.
Lappin (1966) suggested that eclogites share
most of the structural history of the surrounding
gneisses at Selje, Stadlandet, and Almklovdalen,
but that anorthosites and garnet peridotites were
introduced at successively later stages. However,
Medaris (1980) has found that all the structural
elements in the gneisses at Almklovdalen are
shared by the peridotites. Similar relationships
occur in peridotites at Rgdskaret, Gurksgy
(Griffin and Mgrk, 1981). At Kalskaret, Tafjord,
peridotites, anorthosites, eclogites and gneisses
have all undergone the same structural history
(Brueckner, 1977). At Bjgrkedalen, eclogites show
gradational contacts towards anorthosites and
close association with peridotites, all of which
have at least two fold episodes in common with
the gneisses (Brastad, 1982, 1983). In all these

examples the earliest obvious pervasive foliation
is associated with amphibolite facies assemblages
which postdate the eclogite-facies parageneses.
Hence the eclogites and garnet peridotites can be
described as relics whose mineral facies would
appear to have converged with that of the gneisses
during deformation associated with amphibolite-
facies metamorphism.

Foreign versus in-situ metamorphism

Early arguments in favour of the foreign tectonic
origin of eclogites and peridotites stemmed from
the apparent difference in metamorphic grade
between these rocks and their host gneisses, the
commonly sheared margins of the bodies and, in
the case of the peridotites, the lack of a thermal
metamorphic aureole around them (O’Hara &
Mercy, 1963; Lappin, 1966; Carswell, 1968a).
Later evidence in favour of this hypothesis came
from geothermometric/geobarometric studies.
Lappin & Smith (1978) derived temperatures of
700-800°C and pressures of 30—45 kbar for
primary assemblages in orthopyroxene-eclogites
from Stadlandet, using the

Gt-Cpx
D Fe2* /MgZ +

method of R8heim & Green (1975), the two-
pyroxene solvus of Wood & Banno (1973) and the
solubility of alumina in orthopyroxene and garnet
(Wood & Banno, 1973). Reconstruction of the
composition of an early high-Al orthopyroxene,
now containing exsolution lamellae of garnet, and
an early clinopyroxene with lamellae of ortho-
pyroxene allowed estimates of pre-exsolution
conditions at 1200-1370°C, and 30-40 kbar.
Similar results were obtained by Carswell (1973b)
for an exsolved orthopyroxene lens within a
garnet-peridotite. In both cases it was postulated
that the rocks formed in the upper mantle prior to
tectonic intercalation into the crustal rocks.
More recent arguments in favour of the foreign
origin of the eclogites and garnet-peridotites have
centred around the radiometric age differences
between these rocks and their host gneisses, the
arguments for and against which are outlined
above. The emphasis of interpretation for the
eclogites has now shifted from an origin in the
upper mantle to one in subducted or deeply
obducted oceanic crust (O’Hara, 1976; Gebauer et
al., 1982; Mearns & Lappin, 1982a; Smith, 1981).
Smith (1980, 1981) has expanded upon this idea,
suggesting that the diversity of lithologies and
mineral facies found within the BGC is a result of
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production of a ‘gigantic tectonic mélange’ during
Caledonian orogenesis which shuffled rocks from
a range of lithospheric levels with little mineralo-
gical or isotopic re-equilibration. While this idea
may provide a crude description of the tectono-
stratigraphy of the BGC, it is considered that the
information presented in this synthesis shows that
Smith’s (1980) model breaks down under detailed
scrutiny.

Much of the geological evidence in favour of
the foreign origin hypothesis is equivocal. The
sheared margins often seen on bodies of eclogite
in the gneisses can be more simply explained by
differential movement of the eclogite during
boudinage of a continuous metabasic sheet
within the less competant gneisses. At Flemsgy,
Sunnmére, bodies of corona-bearing metado-
lerite are frequently boudinaged. Sheared margins
are frequently transformed to eclogite and field
evidence suggests that bodies of eclogite in the
country-rock have been torn from the dolerite
margins during deformation. These are indeed
‘foreign inclusions’, but movements of no more
than a few metres are required to explain their
present position (Mgrk, 1982).

The lack of a thermal metamorphic aureole
around the peridotites is perhaps not surprising in
view of their complex structural history, during
which deformation would surely have obliterated
the evidence for any such aureole and has cer-
tainly frequently disrupted any observed backwall
metasomatic reaction zones. Geochemical evi-
dence (Carswell, Krogh & Griffin, 1983) from
some of the more iron-rich garnetiferous peri-
dotites such as in the Eiksunddal eclogite complex
(Schmitt, 1964) suggest that these were probably
of low pressure igneous origin, originally having
been olivine gabbro-peridotite cumulates.

Unequivocal geological evidence in favour of a
foreign origin for the eclogite-facies inclusions in
the gneisses is difficult to envisage. As the most
feasible mechanism for tectonic emplacement
might be introduction along large crustal dislo-
cations, one might expect to find eclogites
strongly associated with major lithological
boundaries. This has not been demonstrated as
yet, to our knowledge, although such a situation
may be complicated by polyphase folding follow-
ing emplacement. However the observation that
peridotites are sometimes associated with shear
zones (Bryhni, 1966; Lappin, 1966) is interesting
in the light of continuing assertions that these
rocks were indeed foreign to the continental crust
prior to the eclogite-forming metamorphism
(Carswell & Gibb, 1980; Medaris, 1980).

Geological evidence in favour of crustal

eclogite-facies metamorphism can perhaps be
divided into two types. The first is the preserv-
ation of features demonstrating that the rock was
indigenous to its surrounding crustal rocks prior
to eclogite-facies metamorphism. The second is
the preservation of features within the rock
showing that its protolith had a low-pressure
origin. If evidence for only the latter exists it is
difficult to deny a foreign origin, as deep level
obduction (Lappin, 1977; Lappin & Smith, 1978;
Smith, 1980, 1981) of eclogitic oceanic crust may
explain its present position. If the surrounding
crustal rocks have co-facial high-pressure para-
geneses then in-situ metamorphism is likely to
have occurred, but this says little about the pre-
metamorphic tectonic history of the eclogite. In
view of the known tectonostratigraphy of the
BGC it is not unlikely that fragments of oceanic
crust formed part of the early nappe pile (c. /- Krill,
1980, 1981).

Evidence for the crustal derivation of eclogites
has been reviewed by Bryhni et al. (1977), Krogh
(1977a) and Griffin et al. (1981) and in several
contributions in Griffin & Mgrk (1981). Perhaps
the most obvious indigenous crustal eclogites are
the sills and dykes of metadolerites and meta-
basalts which preserve relics and eclogitic
pseudomorphs of low-pressure igneous phases.
These are known from the Surnadal synform
{Tgrudbakken, 1981; Tgrubakken & R&heim,
1981), the Molde peninsula (Harvey, unpublished
data; Carswell & Harvey, 1983), Kristiansund
(Raheim, 1972; Griffin & R&heim, 1973),
Sunnmgre (Mgrk, 1982; Gijelsvik, 1952),
Flatraket, Stadlandet (Lappin, 1966), Malgy
(Bryhni et al. 1977) and Dalsfjord, Sunnfjord
(Cuthbert & Carswell, 1982; Cuthbert, unpub-
lished data). Original igneous margins are pre-
served at Midgy, Moldefjord (Griffin & Carswell,
1983), at Flatraket and Malgdy, where the dykes
intrude granulite facies mangerites (Bryhni et al.,
1977) and at Dalsfjord (Cuthbert & Carswell,
1982; Cuthbert, unpublished data). Where the
margins of these bodies are sheared but not
hydrated, granoblastic aggregates of garnet and
omphacite occur which are often indistinguis-
hable from the eclogite pods found elsewhere in
the gneisses.

Within these metadolerites the original igneous
assemblage appears to have been plagio-
clase + clinopyroxene + olivine + orthopyroxene
+ oxides. The common coexistence of plagioclase
and olivine indicates crystallization at pressures
certainly less than 10 kbar (Mysen & Heier, 1972)
and temperatures greater than 1100°C. A
sequence of corona-forming reactions has pro-
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gressively transformed this assemblage to essen-
tially bimineralic eclogite. These reactions are
summarized in Table 1, and discussed further
below.

Layering is a common feature of both eclogites
and garnet peridotites. At Ulsteinvik and
Eiksunddal eclogite mineralogical layering has
been demonstrated to mimic original igneous
layering, sometimes rhythmic in character
(Schmitt, 1964; Mysen & Heier, 1972; Carswell et
al., 1983). Other types of layering in eclogites may
be a result of eclogitization of sediments, or
interbanded sediments and igneous rocks. A
number of occurrences of eclogite along western
Nordfjord expose interbanded pyroxene-rich or
quartz-rich layers (Bryhni, 1966; Bryhni &
Griffin, 1971; Bryhni, 1981) and in the Moldefjord
area marble lenses occur within a large area of
retrograded eclogite. The marbles contain silica-
rich layers and grade into eclogites (Hernes, 1954;
Carswell & Harvey, 1983; Harvey, unpublished
data). Carswell & Harvey (1983) consider these
rocks to have been submarine basic volcanics
interbedded with limestones.

High-pressure assemblages in the gneisses

It has been recognized for some time that high-
pressure parageneses are occasionally preserved
in the gneisses.

Pelitic gneisses adjacent to the Ulsteinvik
eclogite, Hareidlandet, contain the assem-
blage garnet + omphacite + biotite + plagioclase
+ quartz, the omphacite now being represented
by a diopside-plagioclase symplectite. Gneissic
meta-xenoliths in this eclogite have the assem-
blages garnet + orthopyroxene + plagioclase
+quartz and garnet + kyanite + clinopyroxene
+ plagioclase + quartz. Garnets in these xenoliths
contain inclusions of omphacitic pyroxene
(Mysen & Heier, 1972; Griffin & Mgrk, 1981).
These assemblages suggest metamorphism under
the same conditions as the eclogite (800°C, and
18 kbar—Griffin et al., 1981).

Syenitic gneisses from Tafjord also locally
contain symplectic clinopyroxenes (Brueckner,
1977), as do some augen gneisses in the
Moldefjord area (Carswell, 1981; Carswell &
Harvey, 1983). In the latter case the symplectites
are rimmed by rather grossular-rich garnet cor-
onas, suggesting equilibration at >9kbar at
700-800°C (c¢f. Green and Mysen, 1972).

In the intermediate augen-gneisses (mangerites)
at Flatraket, Stadlandet, and Ma3lgy, the as-
semblage garnet + clinopyroxene + plagioclase
+ K-feldspar + quartz + kyanite  is  found,

garnet-clinopyroxene pairs giving the same
equilibration temperatures as the adjacent eclo-
gites (Krogh, 1977b, using

Gt-Cpx
D Fe2* /Mgz +

as for Ellis & Green, 1979).

Krogh (1980a,b) has demonstrated co-facial
eclogites and gneisses from two areas; Fgrde,
Sunnfjord and Kristiansund. At Fgrde, rather
low-temperature eclogites record conditions of
630+ 35°C, 15.01+2.5kbar (Naustdal) and 540
+35°C, 12.5 + 2.5 kbar (Kvineset). In the gneisses
garnet-omphacite pairs give similar temperatures
(Ellis & Green, 1979). The assemblages annite
+ K-feldspar + magnetite + quartz, ferropar-
gasite + garnet + plagioclase + clinopyroxene
+ magnetite + quartz, garnet + acmitic clinopy-
roxene + plagioclase + magnetite and garnet +
phengite + annite + quartz which occur in the
gneisses are also compatible with the conditions
deduced for the eclogites. At Kristiansund, three
garnet granulite samples contain garnet + clino-
pyroxene + quartz + epidote + plagioclase +
amphibole + rutile, the garnets containing inclu-
sions of clinopyroxene, quartz and rutile or
clinopyroxene, quartz, biotite and white mica.
Using garnet—clinopyroxene pairs, jadeite content
of omphacite, garnet + clinopyroxene + plagio-
clase + quartz in the absence of orthopyroxene
and CaAl,Si,O¢-rich clinopyroxene + quartz,
conditions for the granulites are estimated at 18.5
+ 3.0kbar and 750 + 50°C (see Fig. 4).

On Midgy, Moldefjord, anatectic backveins of
gneiss in eclogites preserve the assemblage Ca-
rich garnet + kyanite + plagioclase + quartz 4- K-
feldspar + omphacite. Geobarometry on this as-
semblage (method of Ghent, 1976) gives a pre-
ssure of 19-21 kbar at 750°C. This pressure is the
same as that deduced for many eclogites in this
area. Hence, in this case, both geological and
mineral-chemical data suggest an in-situ meta-
morphic origin for the eclogite (Griffin & Mgrk,
1981; Griffin & Carswell, 1983). The assemblage
garnet + plagioclase + kyanite + quartz is being
discovered widely in the BGC and gives meta-
morphic conditions compatible with those for
adjacent eclogites (Griffin, pers. comm., 1982).

Similar anatectic backveins are known from the
Fe¢rde area (Krogh, 1980a) and the Dalsfjord area
(Cuthbert, unpublished data) in Sunnfjord, where
they contain garnet + (diopside + plagioclase
symplectite) or omphacite + phengite + quartz
and are gradational into garnet+ omphacite
+ phengite eclogites.

Hence it is becoming apparent that high-
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pressure assemblages are not uncommon in the
gneisses. Indeed, they may prove to be as common
as the more obvious eclogites and garnet peri-
dotites. However, in common with the latter, these
assemblages are often retrograded to hydrous
amphibolite-facies assemblages.

Orthopyroxene eclogites and garnet peridotites

In a recent review of orthopyroxene-bearing
eclogites in the BGC, Carswell et al. (1983) have
derived metamorphic equilibration pressures con-
siderably lower than those obtained earlier by
Lappin & Smith (1978). Eclogites within gneisses
(‘external eclogites’) have values of 700-740°C,
and 17-18 kbar, whilst ‘eclogites’ (garnet webste-
rites) forming layers within garnet peridotite gave
710 C, and 20 kbar. Hence conditions deduced
for these rock types appear to be mutually
compatible and also match conditions for more
aluminous eclogites and high-pressure granulites
in the NW coastal areas of the BGC.

Considerable disequilibrium among orthopy-
roxene, clinopyroxene and garnet exists in these
rocks and may have been the cause of previous
anomolously high pressure estimates. Further-
more Carswell et al. (1983) suggest that the
pyroxenes with exsolution features were probably
never in equilibrium with garnet, invalidating the
high pressure and temperature values derived
from the reconstructed mineral analyses
(Carswell, 1973a; Lappin & Smith, 1978).

An upper mantle origin for some of the peri-
dotites is still postulated (Carswell, 1968a, b,
1973b; Carswell & Gibb, 1980; Carswell et al.,
1983; Medaris, 1980, 1982) on the basis of bulk-
rock geochemistry, mineralogical compari-
sons with nodules from kimberlites and geo-
thermobarometry. Until recently there has
been a tacit assumption that they represented
primary sub-continental mantle, but recent evi-
dence has complicated the issue. Griffin & Qvale
(1981, see also Griffin & Mgrk, 1981) have
favourably compared the composition of an ec-
logite body within the Almklovdalen peridotite at
Raudkleivane with that of ferroan basaltic amphi-
bolite dykes in Caledonian alpine-type serpenti-
nites from the Bergen area. The Raudkleivane
eclogite contains garnets with strong prograde
zoning (see below) and amphibolite facies mineral
relics and it is inferred that this peridotite has
evolved by prograde (‘crustal’) metamorphism of
a serpentinized peridotite.

Carswell et al. (1983) have reported the pre-
sence of early spinel relics with garnet coronas in
geochemically similar peridotites to that at

Almklovdalen, providing further evidence of pro-
grade metamorphism. This raises the possibility
that some of the garnet peridotites may have been
derived from sub-oceanic mantle. Some features
of garnetiferous peridotites like those at
Kalskaret, Tafjord (Carswell, 1968a) are similar to
those described in some ophiolites containing
primary high P-T mantle assemblages (Spray,
1982). These are thought to be fragments of
lithosphere from incipient rifts or marginal basins
where large scale mantle diapirism has taken
place. This similarly deserves further investiga-
tion, particularly in view of the contention of
Gebauer et al. (1982) that some eclogites had
basaltic protoliths originating in back-arc basins.

The uniformity of P-T estimates for eclogites
and garnet peridotites indicates that, whatever
their origin, they have been metamorphosed
under very high confining pressure. Carswell &
Gibb (1980) have suggested that the peridotites
gained their present mineralogical constitution
after emplacement into their present host rocks
during high P/T metamorphism operative on a
regional scale.

Prograde and retrograde metamorphism
and P/T trajectories

Evidence for a low-pressure pre-eclogite facies
metamorphism is commonly preserved in eclo-
gites in the BGC, in the form of corona structures
and compositional zoning in minerals, usually in
garnets.

Table 1 shows the sequence of corona-forming
reactions, as described by Griffin & Bryhni (1977),
Griffin & Raheim (1973) and Griffin & Heier
(1973). Early reactions consume the solidus
phases, producing low-pressure granulite assem-
blages (e.g. aluminous pyroxenes + spinel +
plagioclase) then high-pressure granulites (garnet
+ low Al pyroxenes + plagioclase) before final
consumption of plagioclase to produce ompha-
citic pyroxene and almandine-pyrope-grossular
garnet. Griffin & Raheim (1973) considered that
these reactions were a continuous sequence occur-
ring during cooling and compression from solidus
conditions. However, studies in the anorthosites
of the Bergen Arcs show that although this may
have been the case for the granulite-facies cor-
onas, the eclogite event was superimposed at a
later, separate stage (Austrheim & Griffin, 1982).
Also at Dalsfjord, Sunnfjord, low-temperature
breakdown of plagioclase predates the eclogite-
facies corona assemblage, implying considerable
cooling prior to eclogitization (Cuthbert &
Carswell, 1982; Cuthbert, unpublished data). Late
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stage breakdown of omphacite and garnet pro-
duce secondary plagioclase coronas, which Griffin
and Rheim (1973) have interpreted as being a
result of strong decompression.

Although the coronites provide striking exam-
ples of eclogitization of low-pressure protoliths,
the likelihood of temporal breaks in their evol-
ution and strong overstepping of the stability
fields of the minerals involved (¢f. Griffin &
R&heim, 1973) makes construction of P/T trajec-
tories for their evolution difficult.

Chemical zoning in garnets is common in the
eclogites and, locally, the gneisses southwards
from Nordfjord. Relict mineral suites (including
amphibole, zoisite, white mica, feldspars and
pyroxenes) are often preserved within garnets.
Thus these rocks provide a useful window for
examination of the pre-eclogitic history of the
BGC.

Two early studies (Bryhni & Griffin, 1971;
Rdheim & Green, 1975) discussed the interpret-
ation of compositional zonation in garnets. The
factors affecting zoning patterns include rates of
intergrain and volume diffusion (controlled by
temperature, fluids, deformation and cooling
rate), fractionation due to removal of components
from the reacting system into earlier grains,
distribution coefficients (K ) for continuous ex-
change reactions and availability of new com-
ponents during mineral breakdown resulting
from discontinuous reactions. The latter two are
P/T dependent. The good correlation between
mineral compositional variation and zonal chan-
ges in inclusion suites (e.g. Bryhni et al., 1977,
Krogh, 1980a, and unpublished data) suggests a
strong P/T effect and therefore confirms the
usefulness of these features in the deduction of
P/T histories.

Figure 3 shows zoning profiles from three
eclogite garnets, from Gjgrlanger by Dalsfjord,
Sunnfjord  (Cuthbert, unpublished data),
Verpeneset, Nordfjord (Bryhni & Griffin, 1971;
Krogh, unpublished data) and Langvatnet, Molde
peninsula (Harvey, unpublished data). The exam-
ples from Gjg¢rlanger and Verpeneset both con-
tain relict amphibolite-facies assemblages in
garnet cores and eclogite-facies assemblages
nearer the rims. The amphibolite-eclogite trans-
ition is marked by a strong rimward increase in
pyrope content and a decrease in spessartine and
almandine. In the Verpeneset example amphibole
compositions show a systematic variation from
the core, with a marked change at the eclogite
transition. Similar patterns are found in eclogites
from the Naustdal area, Sunnfjord (Krogh,
1980a) but the rim zone assemblages and the

eclogite matrices are characterized by the presence
of glaucophanitic amphibole. Although these pat-
terns can be partly explained by chemical fraction-
ation, the evidence for prograde metamorphism is
particularly convincing here.

Suggested P/T paths for the Sunnfjord eclo-
gites and gneisses (after Krogh, 19804) and the
Verpeneset and Romsdalshorn eclogites are
shown in Fig. 4. Maximum conditions for the
Sunnfjord area are 510-630°C, and 12-15 kbar
(Krogh, 1980a; Cuthbert & Carswell, 1982;
Cuthbert, unpublished data) and for the
Verpeneset eclogite are 740°C, and 17-19 kbar.

In contrast tq the above, the Langvatnet ec-
logite garnets show rather flat profile (Fig. 3)
and narrow, retrogressive rims (decreasing
Mg?* /(Mg?* + Fe?*); Mn and Ca show similar
profiles). The garnets sometimes contain inclu-
sions of rutile, omphacite and quartz, with no
obvious zonal arrangement. Similar profiles are’
reported for an eclogite garnet from Reset, outer
Romsdal (Krogh, unpublished data) and appear
to be common in eclogites where

Gt-Cpx
DFe2 + /Mgz +

is less than 6.0, corresponding to temperatures
above about 725°C. This may be a result of more
effective volume diffusion in garnets at these high
temperatures, wiping out any prograde zoning.
The narrow, retrograde rims may thus represent
late growth or restricted re-equilibration due to
limited intergrain diffusion below this threshold
temperature. The matrix omphacites have lower
jadeite contents than the inclusions, possibly
reflecting a significant drop in pressure at a late
stage. Thisis the opposite to the situation found in
prograde eclogite garnets at Naustdal (Krogh,
1980a) and Verpeneset (Krogh, unpublished
data).

Secondary, retrogressive features of eclogites
include breakdown of omphacite to diopside—
plagioclase or amphibole—plagioclase symplec-
tites, breakdown of garnet + quartz to produce
enstatite + plagioclase, and reaction of garnet
+clinopyroxene to produce ' amphibole
+ plagioclase + enstatite symplectites. Phengites
in eclogites and gneisses breakdown to biotite +
phengite or biotite + K-feldspar + kyanite.
Glaucophane and barroisite may be replaced by
amphiboles more similar to those in garnet cores.
Prograde garnets (e.g. Fig. 3c) show narrow
retrograde rims in some cases. Latest stage alter-
ation involves the formation of chlorite and
epidote after garnet (Krogh, 1977a, and un-
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Fig. 3. Compositional zoning profiles and mineral inclusion suites for garnets from Verpeneset, Nordfjord
(Krogh, unpublished data), Langvatnet, Moldefjord (Harvey, unpublished data) and Gjgrlanger, Sunnfjord
(Cuthbert, unpublished data). Open circles—almandine component; triangles—grossular component; diamonds—
pyrope component; squares—spessartine component; closed circles—Mg2* /(Mg?* /Fe?*). Amph = amphibole;
Zo = zoisite; Pg = paragonite; Qtz = quartz; Rt = rutile; Omp = omphacite; Ky = kyanite; and Il = ilmenite.
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Fig. 4. Petrogenetic grid showing P/T trajectories for eclogites from Sunnfjord (s) (after Krogh, 1980a).
Verpeneset (V) and Romsdalshorn (R), Mgreog Romsdal (Krogh, unpublished data). A—Ab = Jd + Qtz
(Holland, 1979, 1980), B—lower stability of DiJd,, + Qtz (Holland, 1979, 1980), C—Lws 4+ Ab = Zo + Pg+ Qtz
+ vapour (Holland, 1979), D—Lws + Jd = Zo + Pg + Qtz + vapour (Holland, 1979), E—wet eclogite solidus
(Lambert & Wyllie, 1972), F—Zo + Ky + Qtz = liq. + vapour (Boettcher, 1970), G—Zo + Ky + Qtz = An + vap
(Boettcher, 1970), H—plagioclase out in high-Al basalt andesite (extrapolated from Stern, Hung & Wyllie,
1975), I—special iherzolite—garnet lherzolitetransition (O’Hara, Richardson & Wilson, 1971), J—maximum
stability field for glaucophane, ticks point towards stability field (Maresch, 1977), K—Marg + Ab = Pg + Zo
+Qtz (Franz & Althaus, 1977), L—Pg = DiJd,, + Ky + vapour (Holiand, 1979). Stippled area—P/T conditions
deduced for granulites near Kristiansund (Krogh, 1980b). Triangle—best estimate of P/T for orthopyroxene
eclogites in the BGC (Carswell et al., 1983). Diamond—best estimate of P/T for garnet lherzolites in the BGC
(Carswell & Gibb, 1980). Inset—P/T trajectories plotted against generalized metamorphic facies boundaries.

published data; Lappin & Smith, 1978; Griffin &
Carswell, 1983). These features are thought to be a
result of strong decompression with little change
in temperature, imparting a rather hairpin-shaped
profile to P/T trajectories (Fig. 4) (Krogh, 1977a,
1980a; Griffin et al, 1981). Similar profiles are
reported from other orogenic belts containing
eclogites implying, perhaps, a common tectonic
process for their metamorphic evolution (e.g.
Ernst & dal Piaz, 1978; Ernst, 1977, 1981;
Maresch & Abraham, 1981).

Regional temperature and
pressure variation

It will be apparent from what has been said above
that a range of P/T conditions occurs not only
within individual eclogites, but also between
them. Bryhni et al. (1977); Krogh (1977a); Griffin
& Mgrk (1981) and Griffin et al. (1981) have
plotted

Gt-Cpx
DEe2 % /Mgz +
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values for rim compositions and estimated tem-
perature on a map of the BGC and find a
systematic increase in Kpand T towards the NW
coast. The lowest temperatures are recorded in
Sunnford, where ‘type C' glaucophane-bearing
eclogites outcrop. The highest temperatures are
recorded between Stadlandet and Kristiansund.
Pressures also increase in the same sense for the
eclogites and continuing research suggests a si-
milar pattern is recorded in garnet + plagioclase
+ kyanite + quartz assemblages in the gneisses
(Griffin, pers. comm.).

This regional pattern is thought to be a result of
crustal ‘subduction’ during continental collision
(Krogh, 1977a), now thought to be of Caledonian
age, as discussed above. The variation is con-
sistent with the findings of Krill (1981b) who
reported decreasing

Gt-Biot
D Fez +/Mg2 +

values (cf. Ferry & Spear, 1978) westwards from
the eastern margin of the BGC and westward
change of metabasites from amphibolites to
eclogites.

The superimposition of this regional variation
of temperature and pressure on the structurally
complex BGC puts strong constraints on tectonic
models for the origin of the eclogite-facies as-
semblages. First, it implies superimposition of
high-pressure metamorphism on existing major
structures. Second, it considerably reduces the
credibility of foreign origin hypotheses unless
some special mechanism can be explained for the
variation which is consistent with regional geo-
logical relationships. Further resolution of this
matter urgently requires extensive fieldwork to
map out the major tectonic units, and detailed
petrographic and geothermobarometric studies
across large amplitude structures to ascertain the
relative age of eclogite metamorphism with re-
spect to deformation episodes.

In order for the regional variaton to have
remained intact the BGC must have emerged as a
fairly rigid, coherent body. The pressure variation
implies that the uplift hinged somewhere in the
SE, possibly near to Jotunheimen. Some disturb-
ance »f the iso-K, lines seems to have occurred in
Sunnfjord, perhaps due to late movement at the
base of the Sunnfjord nappe (Griffin & Mégrk,
1981; Cuthbert, unpublished data).

Summary of metamorphic evolution

High-pressure assemblages seem to have formed
early in the observed tectonic history of the BGC,

probably early in the formation of the present
tectonostratigraphy. This metamorphism has af-
fected all the lithologies and any ‘foreign’ frag-
ments (oceanic crust, and upper oceanic, back-arc
or sub-continental mantle) have equlibrated es-
sentially in their present position relative to their
host gneisses. A P/T history is recorded in which
low-pressure protoliths suffered a rapid compres-
sion with some heating, followed by a rapid
decompression which may have been nearly ad-
iabatic or isothermal. Disequilibrium on all scales,
including preservation of pre-Caledonian para-
geneses, prograde Caledonian parageneses and
mineral zoning and only partial retrogression
implies that the high-pressure event was rather
short-lived. The regional P/T variation implies
superimposition of an increasing overburden to-
wards the W, up to about 65 km in thickness. The
preservation of blueschist-type parageneses in
Sunnfjord implies short-lived depression of
rather cold (upper?) continental crust to con-
siderable depths (up to 45 km).

GEOPHYSICS

The aim of this section is twofold. The first part
will discuss evidence for the deep structure of the
BGC and adjacent areas. The second part will
explore the isostatic constraints on the evolution
of the eclogite bearing terrain and attempt to
throw some light on the possible thermal evol-
ution of the BGC.

Deep structure

It is now generally accepted that the Caledonian
orogenic belt has formed as a result of the
collision of the Baltic—European continental plate
with the Greenland—-American continental plate
following closure of the Iapetus ocean (e.g.
Dewey, 1969, 1982; Phillips, Stillman & Murphy,
1976). The presence of ophiolite fragments in
thrusted nappes in the Scandinavian Caledonides
suggests that a geosuture exists close to the
present coast of western Norway, marking the line
of continental collision (Gale & Roberts, 1974;
Gee, 1975, 1978; Furnes et al., 1976; Andresen &
Faerseth, 1982).

A comprehensive geophysical survey off the
Norwegian coast (Talwani & Eldholm, 1972) has
revealed the presence of a marked belt of high
gravity and magnetic anomalies parallel to the
coast between Trondheim and Stadlandet, trend-
ing towards Shetland and the N coast of Scotland.
These are attributed to intrabasement density
contrasts of pre-Permian age and have been
related to dense Lewisian mafic granulites, as seen
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in NW Scotland (Talwani & Eldholm, 1972;
Watts, 1971). Gee (1975) suggests that these
anomalies mark a dramatic change in the nature
of the basement crust and may mark the junction
between the ancient, Lewisian-type crust of
Greenland and Scotland and the granitic, Gotho-
grenvillian-type crust of the Baltic shield. In this
case the line may well represent a geosuture.
However, the close proximity of these anomalies
to the ophiolites on the W coast of Norway, and in
particular to that on Shetland (Mcquillan &
Brooks, 1967, Pritchard, 1981) may suggest that
they represent an ophiolite-lined suture. Inter-
pretation of the significance of these anomalies is
complicated by their proximity to the Great Glen
transform fault. Very large strike-slip movements
on this fault may put the Lewisian rocks in close
proximity to present northern Norway (Kent &
Opdyke, 1979) perhaps invalidating these hypo-
theses. However, smaller movements (< 500 km)
constrained by the geometry of the Barrovian
metamorphic zones of Scotland, may only slightly
affect the continuity of the anomalies as they lie
essentially parallel to the fault.

The presence of a geosuture so close to the
BGC may mean that the leading edge of the
Greenland Plate may have over-ridden the BGC
and therefore could provide at least part of the
great overburden required to satisfy the geobar-
ometric estimates. Such a hypothesis can only be
very simplistic in view of the complex nature of
the plate-margin collisions (Dewey, 1982). The
presence of eclogites and garnet peridotites on the
corresponding east coast of Greenland (Smith &
Cheeney, 1981) suggests depression of the
Greenland margin to great depths implying also
either that this part of the E Greenland
Caledonides represents part of the same struc-
tural entity as the BGC and the suture lies further
west still, or that both margins have been de-
pressed below some intervening structure, per-
haps a microcontinent, an Andean-type orogen or
just a telescoped continental margin similar to
that envisaged here for the BGC but thrust in an
opposing direction. Thus, although at present we
may be able to pin-point the primary geosuture (if
such a structure exists), we still cannot precisely
reconstruct the nature of the upper collided plate.
Seismic reflection studies akin to the COCORPS
or BIRPS experiments may help to resolve this
problem in the future.

Seismic refraction and reflection studies in S
Norway give some clues to the deep structure of
the BGC. A recent COCORP reflection profile
has revealed the presence of a crustal low velocity
layer (LVL) at approximately 12-14 km below

the present land surface in the Mgre area .
(Mykkeltveit, Husebye & Oftedahl, 1980). This
LVL has been best defined over a length of about
50 km, and seems to be about 4 km thick with a
westward dip of < 2° (Fig. SE). It cannot be
explained by heat flow anomalies and
Mykkeltveit et al. (1980) suggested that the LVL
results from incorporation of oceanic crust and
sediments during overthrusting of the BGC over
the Baltic margin. Such a model has many faults,
on the basis of the information outlined in this
paper, not the least of which is that it precludes the
development of Caledonian eclogites in the BGC.

Seismic refraction studies carried out by work-
ers at the Seismological Observatory at Bergen
show similar results to those of Mykkeltveit et al.
(1980). Sellevoll & Warrick (1971) discussed
the results of two traverses across S Norway,
from Fedje (Bergen Arcs) to Grimstad (S coast)
and Flord (W coast, BGC) to Asnes (near Swedish
border in Proterozoic foreland). They constructed
a model in which the crust outside the
Caledonides has a 6.00 km/sec P-wave velocity
for the upper crustal layer, underlain by a
6.51 km/sec layer below about 18 km, with the
Moho reflector at about 33 km. An interesting
observation is that within the area corresponding
to the BGC and the Bergen Arcs an additional
upper high-velocity layer (6.32 km/sec) is present.
It was suggested that this is underlain by a low
velocity layer with a base at about 14-17 km. The
velocity of the LVL was taken as that of the
surface layer at Grimstad (6.00 km/sec). Also
Kanestrgm (1977) has described a detailed refrac-
tion study in the Mdre area to the W of that by
MykKkeltveit et al. (1980) and found evidence fora
LVL (5.00 km/sec) 7 km thick withits top at 9 km.
The upper layer velocity was 6.20 km/sec, also
higher than that in the foreland.

From these studies another interpretation for
the velocity reversal may be suggested in which
the LVL results from the superposition of a high
velocity layer over crust of normal velocity distri-
bution. This does not entirely discount the pre-
sence of supracrustal material in the LVL. The
anomolously high upper layer velocity is interest-
ing in that it coincides with the outcrop of an
eclogite-bearing terrain where dense high-
pressure parageneses may still be common, de-
spite retrogression.

In recent years seismic mapping of velocity
changes and reversals has made significant contri-
butions to our knowledge of orogenic belts,
indicating the superposition of large masses of
crystalline continental crust over each other and
over supracrustal layers in, for example, the
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Fig. 5. Evolutionary model for the Basal Gneiss Complex, as described in the text. For details see Table 2.

Appalachians (Cook, Albaugh, Brown, Kaujman,
Oliver & Hatcher, 1979), the Alps (Hsi, 1979) and
the Scottish Caledonides (Soper & Barber, 1982).
The latter two examples suggest crustal-scale
imbrication. A major problem in developing a
tectonic model for the BGC is to find a viable
mechanism by which crust which has been buried
to depths of up to 70 km can be restored to the
Earth’s surface and still have a crust of near-
normal thickness beneath it. We suggest that
following the early phase of collision, in which the
eclogitic parageneses formed in a tectonically
thickened and overthrust continental margin, a

phase of suture progradation (Roeder, 1979)
caused underthrusting of continental crust (and
supracrustal cover?) below the eclogite-bearing
terrain, hence providing the isostatic impetus for
its uplift.

Isostasy and thermal history

Bird, Toks6z & Sleep (1975) have made a theoret-
ical study of the mechanical and thermal effects of
continent—continental collision. They found that
when subduction of continental crust follows that
of the oceanic slab, the greater thickness of the
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continental lithosphere tends to resist bending, so
that downwarping tends to occur at some distance
in front of the original suture zone. Furthermore,
the buoyancy of the continental crust introduces
large deviatoric stresses on the downgoing slab. A
combination of these factors causes a large, low
angle thrust to form in the underthrust plate,
making it easier for the continental crust to
continue underthrusting. This results in suture
progradation. Should the contact between the
dense oceanic crust and the continental crust be
disrupted by this shearing, the oceanic slab will
become detached and sink, perhaps removing the
driving force for continental underthrusting. In
this case crustal doubling will cease and isostatic
compensation, aided by surface erosion, will act to
restore the crust to a more normal thickness. Bird
et al. (1975) and Toks6z & Bird (1977) have
applied this model to the Zagros mountains and
the Himalayas.

Dewey (1982) shows that during continental
convergence crustal imbrication will tend to occur
by reversal of listric normal faults formed during
the early phases of basin development. The form
taken by this ‘tectonic telescoping’ will vary
between thin-skinned flaking and whole-crust
imbrication, depending on the previous thermal
history of the margin. Where the cold, ‘elastic lid’
is of crustal depth, faulting may take in slivers of
upper mantle material during thrusting,

A combination of the latter two mechanisms
would tend to produce a prism of imbricated
crust, possibly of great thickness, between the
primary geosuture and a low angle prograde
suture, a situation apparently developing at pre-
sent in the Zagros mountains and the Himalayas
(Bird et al, 1975; Powell & Conaghan, 1973;
Barazangi & Ni, 1982; Shackelton, 1981) and one
which may be directly analogous to the S
Norwegian Caledonides.

The thermal effect of this geotectonic scenario
will depend on a number of factors, including the
rate of underthrusting (and, therefore, frictional
heat production), the rate of surface erosion, the
effect of density changes due to metamorphic
reactions with high AV, the effect of radiogenic
self-heating and the previous thermal history of
the continental margins (England & Richardson,
1977; Bird et al., 1975; Tokséz & Bird, 1977;
Richardson & England, 1979; Draper & Bone,
1981). The existence of blueschist mineralogy in
parts of the BGC suggests downward transport of
fairly cold crustal material. Its preservation sug-
gests high initial uplift rates and rapid exhum-
ation, which may require tectonic stripping in
addition to erosion (Draper & Bone, 1981).

However, the P-T conditions for garnet peri-'
dotites and eclogites in the Molde-Kristiansund
area (~750°C, and 20kbar) lie along the
Precambrian shield geotherm (Carswell & Gibb,
1980) and may indicate some thermal relaxation
to a more stable geotherm prior to uplift here, in
an area which may be closer to the mantle heat
flux source.

Most recent thermal models of overthrust
orogenic belts (England & Richardson, 1977;
Richardson & England, 1979; Thompson, 1981)
result in a P-T path where some heating follows
the metamorphic pressure peak. Although this
may be the case in the north-western part of the
BGC, where retrograde garnet zoning is pre-
valent, it does not appear to be the case further S
where very little change in T or even some cooling
has occurred during decompression. Rubie (1982)
has produced a model for the history of the Alpine
Sezia-Lanzo zone in which a temperature rise
during uplift is prevented by continuing subduc-
tion of cold oceanic crust beneath the emerging
crustal slab. Bird et al. (1975) show that significant
heat transfer and self-heating do not occur in an
underthrust continental slab until about 30 Ma
after collision. Hence preservation of low-T para-
geneses in the overlying thickened crust may be a
result of the blanketing effect of the under thrust
slab.

An alternative to this model might be that the
recorded P-T trajectory is a result of interruption
of thermal relaxation by very rapid uplift. It is
interesting that the known volume of late oro-
genic Devonian sediments does not balance the
removal of up to 65 km of crust by erosion. The
known volume includes that found in seismic
studies of the Norwegian Sea and Northern
North Sea where basin accumulations of up to
6km occur (Talwani & Eldholm, 1972). This
discrepancy may be accounted for by considerable
tectonic stripping, which would be the result of
the unrooting and eastward translation of the
nappe pile, as envisaged by Gee (1975, 1978, 1980).
Very rapid unloading would have resulted from
this.

Griffin et al. (1981) and Griffin & Mgrk (1981)
have noted the close similarity between the ap-
parent regional P-T variation in the BGC and
that occurring at present at the top of the
underthrust continental slab in the Zagros moun-
tains (Bird et al., 1975). This may support the ideas
outlined above, but far better resolution of this
variation will be necessary before this similarity
can be seen as anything but fortuitous. Indeed, it
seems likely that in a tectonic window such as the
BGC any observed P-T variation may be a result
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of erosion to different crustal levels, a situation
which may prove very useful for resolution of the
thermal structure of the crust if its detailed
tectonic structure is ever resolved. Moreover, the
possibility that the P-T variation is diachronous
cannot be ruled out as yet.

In order to test the feasibility of the colli-
sion-underthrusting-recovery scenario outlined
above we have applied the isostacy equations of
Ahnert (1970) as used by England & Richardson
(1977) to a geotectonic model embodying the
geological, geochronological, petrological and
geophysical features outlined above. The equa-
tions relate crust and mantle densities, surface
height and erosion as follows:

H = H,-Fe

(2b of England & Richardson, 1977)
and

E= Emax (1 —exp (—t/}*))

(4b of England & Richardson, 1977)

where H, is the surface height at time t = 0, H is
the surface height at time t, F = (1 — pc/pm), pc
and pm being the densities of eroded material and
the mantle respectively. E is the amount eroded
after time t, E_,, the amount eroded after infinite
time and A the erosional time constant. The values
for these parameters were set by observing the
follwing constraints.

1. Maximum estimated pressures from mineral
geobarometry are about 20 kbar, indicating burial
depths of about 65km for rocks now at the
present land surface. Hence E_, = 65km.

2. Ahnert (1970) suggests that erosion rates seen
in large mid-latitude drainage basins indicate
erosional time constants as small as 55km. This
may be a maximum value if exhumation is
enhanced by tectonic stripping, depending on the
rate of nappe translation. A value of A = 55km is
taken here.

3. Radiometric ages on eclogite minerals cluster
around 420-400 Ma, with some as early as
447 Ma. If these are taken to be fairly early closure
ages then maximum crustal depth for the BGC
was reached at least as early as 420 Ma. A lower
bracket for commencement of final continental
collision is set by the lowest Silurian age for part
of the Kéli supergroup (at least 450 Ma). We have
set the maximum crustal depth achieved during
collision at about 450 Ma for the purposes of this
calculation.

4. The end of orogenesis (i.e. uplift) was achieved
by the time of deposition of the Devonian clastics
in middle Devonian times, and we use an age of
about 385 Ma here.

5. The total custal thickness achieved during
collision is equal to E_, plus the depth to the
present LVL, taken at ~ 14km. This level is
assumed to have been the Moho. Hence the
crustal thickness at that time was about 80km.
The distance from the LVL to the present Moho is
rather variable due to the coastwards rise in Moho
level away from the Jotun nappes (Sellevol &
Warrick, 1971; Ramberg & Grenlie, 1969;
Kanestrgm, 1973), but is generally about 25 km.
For the purposes of the calculation it is assumed
that this amount was added to the base of the
imbricate prism at some time after primary colli-
sion (the ‘secondary underthrusting event’).

6. The present crustal thickness is about 40 km
(maximum) with a surface elevation of about
1.5km. The crustal thickness at time t =0 is
arbitrarily set at 35 km, although it may have been
somewhat thinner due to marginal extension
during opening of Iapetus.

Manipulation of these figures led, by trial and
error, to a three stage scheme in which crustal
protoliths could be depressed to 65km and
returned to the surface within 73 Ma (Table 2).
This is slightly longer than the period indicated by
the time constraints. It was found necessary to
divide the secondary underthrusting event into
two periods with a small thickening phase after
the main one. Division of these main events into a
number of smaller increments would probably
further reduce the time needed. It is clear that a
single stage thickening event would not have
returned the eclogites to the surface in the time
available, indicating the importance of the secon-
dary underthrusting to provide the buoyancy
impetus for their exhumation. Any delayed re-
covery due to the development of an ‘eclogite
anchor’ (Richardson & England, 1979) would also
result in a poor fit with the time coustraints.
Maximum surface heights were broadly com-
patible with those of the Himalayan belt at the
present time.

AN EVOLUTIONARY MODEL FOR
THE BASAL GNEISS COMPLEX

The model present here is intended to relate the
main geological and geophysical features of the
South Norwegian Caledonides to the metamor-
phic evolution of the BGC as indicated by studies
of relict high pressure assemblages. We make no
detailed attempt to explain the pre-collisional
history of this part of the orogen. For reviews of
this see Gee (1975, 1978), Gee et al. (1981), Stevens
& Gee (1981) and Andresen & Faerseth (1982).
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Table 2. Calculated crustal thickening and erosion scheme for the evolution of the Basal Gneiss Complex during
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the Caledonian orogeny using equations 2b and 4b of England & Richardson (1977)

Time Crustal Surface  Crust
Interval ~ Thickness  Height Eroded
t (Ma) (km) H (km) E (km) Event Fig. Age
32 0 5A  Pre-450 Ma
—48  Continental collision, crustal thicken-
ining by imbrication
33 80 8.75 Partial thermal recovery, high P/T
metamorphism 5B ~450Ma
+28.2 Isostatic recovery and erosion, retro-
51.8 3.6 gressive metamorphism 5C
—25  Second suture develops with underthrus-
76.8 8.2 ting of Baltic foreland 5D
15 +15.5 Isostatic recovery, tectonic stripping and
61.2 53 erosion, continuing retrogressive meta-
morphism 5D ~410 Ma
— 2.5 Further crustal thickening, final eastward
63.7 58 translation of allochthon
25 +23.7 Isostatic recovery and erosion
40 L5
Deposition of Devonian molasse SE  ~385Ma

Figure S presents a series of sections showing the
main features of the evolutionary model, which
are also summarized in Table 2,

In developing the model the following assump-
tions were made.

1. The eclogites and garnet peridotites equilib-
rated in-situ within their present host gneisses.
Hence the whole BGC has suffered eclogite facies
metamorphism.

2. The major structures in the BGC are of
Caledonian age.

3. The eclogite facies metamorphism was of
Caledonian age.

4. The LVL represents a structural discontinuity
in the crust.

All these assumptions are still matters of in-
tense debate, but we believe that the information
outlined in this paper strongly supports them as
correct assumptions. The model is described
below.

Following closure of the lapetus ocean and
obduction of ophiolites and eunimatic island-arc
sequences in the early Ordovician (A in Fig. 5), the
Greenland and Baltic margins collided. The Baltic
margin underthrust that of Greenland and was
tectonically telescoped, possibly along pre-
existing faults, leading to the development of a
stack of thrust sheets consisting largely of
Proterozoic crystalline basement and cover, in-
cluding some early Palaeozoic cover rocks.
Caledonian ophiolites were also incorporated in

the thrust stack and in the suture zone.
Incorporation of ultrabasic fragments probably
occurred at this stage, either due to thrusts
transecting the upper sub-continental mantle or
due to incorporation of basal oceanic or marginal
basin lithosphere. The thrust stack included not
only rocks now present in the BGC, but also those
in the allochthon.

The considerable horizontal shortening result-
ing from this collision caused great crustal thic-
kening (up to 80km) so that pressures large
enough to form eclogite facies assemblages pre-
vailed. Initially compression was much more
rapid than warming, so that low-temperature
amphibolites and low-T glaucophane eclogites
formed. Ultimately thermal relaxation due to
conduction of mantle heat flux and radiogenic
self-heating would have occurred, but this seems
to have affected only those rocks which have
attained the greatest depths (i.e. those which
record the highest pressures) as they record the
highest temperatures and show no prograde
garnet zoning. However, the widespread dis-
equilibrium shown in the BGC by mineral zoning,
carona formation and relict granulite and igneous
assemblages, as well as the preservation of low-T
eclogites, implies that in large volumes of this
early nappe pile, thermal relaxation was every
limited and hence this high pressure event was
only transient. Our isostatic calculations indicate
a period of 33 Ma for- this event, which is con-
sistent with the thermal modelling of Bird et al.
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(1975), and the time available between the de-
position of the Koli supergroup and eclogite
mineral  (closure?) ages. Andréasson &
Gorbatschev (1980) describe the metamorphism
of the nappes in the Trondheim-@stersund area
and suggest that common inverted metamorphic
gradients are a result of incomplete thermal
equilibration during early nappe thrusting. They
also note evidence for early high-P metamorph-
ism in some of the nappes as well as a westward
increase in metamorphic grade. These features are
consistent with the model. Andréasson &
Gorbatschev (1980) suggested that the high-P
event may have only lasted 15 Ma.

The overburden for the high-P metamorphism
was probably largely provided by the great thick-
ness of the nappe pile. The value of 65 km for the
overburden may be an overestimate if there wasa
large amount of dense oceanic crust in the thrust
stack.

At this stage the strong positive buoyancy of the
thickened prism of nappes caused strong uplift,
aided by surface erosion upon its emergence
above sea level. This would have had two effects.
Firstly, the decompression would have caused
retrogression of the high-pressure mineral as-
semblages, observed as symplectitization of om-
phacitic pyroxene and phengitic mica, followed by
development of amphibolite-facies assemblages.
The completeness of retrogression was probably
aided by deformation—relict mineral assem-
blages are most commonly observed in the least
deformed rocks. Geothermometry indicates that
very little change in temperature occurred during
decompression. This may have been a con-
sequence of the low rate of thermal conduction
relative to uplift, as a result of which the uplift was
essentially adiabatic. Thus the lack of extra ther-
mal energy to drive reactions across kinetic
barriers may have resulted in the common pre-
servation of high pressure relics (Lappin & Smith,
1978). Griffin & Mgrk (1981) note that many
retrogressive assemblages record pressures equi-
valent to 8—-10 km. This may be a result of either a
slowing down of the rate of uplift or a major
deformational event.

The second effect of the uplift would have been
to cause gravitational instability in the higher
parts of the nappe pile. This could have caused the
commencement of translation of the allochthon
away from its root zone in the nappe pile and
towards the foreland. We speculate that the
stretching involved in this translation may have
been responsible for the pervasive amphibolite-
facies foliation in the gneisses and the common
boudinage seen in the eclogites. Recumbent iso-

clinal folding occurred at or slightly before this
stage. Some eclogite-bearing units were involved
in the nappe translation now seen in the Seve
nappe in Sweden (Roermund, 1981).

At some time during this uplift period a major
low-angle crustal fracture formed in the Baltic
foreland (suture progradation). The foreland was
then underthrust along this fracture below the
eclogite-bearing base of the BGC. The thrust
surface is now seen as the LVL, either as a result of
emplacement of normal density upper crust below
eclogite-bearning gneisses, or due to the incorpor-
ation of some supracrustal sedimentary cover into
this fracture system. The former alternative im-
plies that little or no mineralogical equilibration
to higher pressure parageneses took place at the
top of the underthrust slab.

The surface expression of this thrust may be
where the basal deécollement to the allochthon in
central Sweden passes into the basement in the
Grong-Olden culmination. This ‘boundary
thrust’ would be analogous to the Main Boundary
Thrust of the southern Himalayas (Powell &
Conaghan, 1973; Shackleton, 1981; Baraganzi &
Ni, 1982). The geometry of the boundary thrust
further SW depends upon interpretation of the
Jotun nappe. If it is accepted that the nappe has
travelled from a source in the NW then its outcrop
may simply cover the boundary thrust. If, how-
ever, this Nappe has had a local, deep rooted
source, its emplacement may have been a direct
consequence of this suture progradation, either as
a result of the detachment of an ‘Ivrea-type flake’
(Battey & McRitchie, 1973; Smithson &
Ramberg, 1974; Banham et al., 1979) or telescop-
ing an ensialic marginal basin (Gibbs, 1982). In
either case the formation of the duplex thrust
system in the Valdres area may be at least partly a
result of off-scraping of the supracrustal sedi-
ments against the upper end of the boundary
thrust as the foreland moved north-westwards
below the hanging wall.

This phase of crustal doubling provided further
impetus for uplift and nappe translation, with the
unrooted allochthon being replaced by higher
units from the NW. In Sunnfjord, a break of
about 3.5-6.0 kbar is indicated by the different
parageneses in the eclogite-bearing basement and
the overlying Cambro-Silurian schists (Griffin &
Mgrk, 1981), but retrogressive assemblages in the
gneisses may be broadly consistent with the
conditions indicated by the schists, indicating that
their final juxtapositioning occurred after uplift of
at least 25km. Hence the final uplift stage was
probably only accompained by surface erosion
and not tectonic stripping. The effect of adiabatic
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upward transport of rather warm crust to these
higher levels may well have had a strong thermal
effect on the overlying allochthon, but this does
not seem to be well documented, although
Andréasson & Gorbatschev (1980) mention a
‘thermal pulse’ succeeding nappe translation.

Final emergence of the BGC in the early middle
Devonian produced the present geometry of this
part of the orogen, with the development of
molasse-filled intermontaine basins controlled by
late faulting. Guezou (pers. comm., 1981), as-
sociates this with late transverse movement near
the primary suture due to oblique collision. The
appearance of the BGC as a culmination within
the surrounding allochthon may be associated
with frequently observed late dome structures
(e.g. Lgset, 1977). If the regional P-T variation
observed by Krogh (1977a) and Griffin et al.
(1981) survives detailed scrutiny, it would appear
that after imbrication and inter-folding of the
lithologies forming the BGC it acted as a coherent
body during uplift, except for minor movements
as may be observed in the Sunnfjord area.

Elucidation of the history of the BGC has great
importance in geodynamic modelling of the
Caledonides as it is likely that its uplift provided
the driving force for final translation of the
allochthon into its present position. Studies of
high-pressure relics such as eclogites, garnet peri-
dotites and high-pressure granulites play an im-
portant part in this modelling.
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Note added in proof

It has been brought to our attention that the Griffin & Merk (1981) reference is not widely available.
Readers are advised instead to refer to the major new review paper on ‘High-pressure metamorphism in
the Scandinavian Caledonides’ by W. L. Griffin, H. Austrheim, K. Brastad, I. Bryhni, A. G. Knill, E. J.
Krogh, M. B. E. Merk, H. Qvale & T. Terudbakken to be published shortly in: The Caledonian
Orogen—Scandinavia and Related Areas (eds. B. A. Sturt & D. G. Gee), John Wiley.



