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Edogites in quartzo-feldspathic gneisses of Nordfjord are similar to the 
oceanic tholeiites in their low content of titanium, ferric iron, potassium, 
and phosphorus. The chemical composition of the eclogites varies, how
ever, within wide limits, and it is probable that alterations of bulk 
chemical compositions have taken place if the eclogites were indeed 
formed by transformations from other basic rocks. 
The garnets contain 36-50% Alm, 0.4-1.9% Spess, 23-43% Py, 0.3-2.1% 

And, and 13-25% Gross. Clinopyroxenes contain 3-9% Ac, 23-42% Jd, 
8-13% Tsch, 3-7% Hd, and 38-56% Di. 
Titanium, nickel, chromium, and strontium are concentrated in dino
pyroxene relative to garnet, while cobalt, manganese, scandium, and 
zirconium are relatively concentrated in garnet. 
Eclogites from gneiss of Nordfjord differ from the eclogites endosed in 
ultrabasites of Sunnmöre both in bulk chemistry, composition of garnet 
and clinopyroxene, and in the partition of elements between garnet and 
dinopyroxene. 
The ultrabashes occur in leetonised zones and might represent rocks 
which are tectonically emplaced, but the eclogites enclo3ed in gneiss 
are Iikely to be original crustal rocks. They occur as disrupted layers 
or boudins in paragneiss in harmony with a formation from dry basic 
igneous and sedimentary rocks endosed in a thick geosynclinal pile of 
supracrustals which were rapidly buckled down to great depths and 
metamorphosed there. Elements that could not easily be accommodated 
in the eclogite minerals during their formation were probably expelled 
from the system. 

INTRODUCTION 

The eclogites of Nordfjord and Sunnmöre were described by Eskola (1921) 

in a paper which contained a wealth of mineralogical and chemical data. 

Eskola distinguished between eclogite forming bands in dunite (Rödhaugen 

type), and several types of eclogite endosed in gneiss. The term 'eclogite' 

should, according to the strict definition of the word, be used to denote a 

rock composed of omphacite and gamet. The gamet-clinopyroxene rocks en

closed within the gneisses of Nordfjord and Sunnmöre are true eclogites in 

this sense, but the gamet-clinopyroxene bands in dunite are composed of 

l 
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magnesian gamet and diopsidic clinopyroxene, and would by some authors 
(O'Hara & Mercy 1963, Mercy & O'Hara 1965) rather be termed 'gamet 
pyroxenite', 'gamet diopside rock', or 'gamet websterite'. lt would be con
tusing for the field geologist, however, to use different narnes for rocks of 
almost the same modal composition and of similar look. We will therefore 

use the term eclogite for non-feldspathic rocks which consist mainly of 
calcium-rich dinopyroxene and pyrope-almandine. 

Edogites are in part dassified by the rocks with which they are associated 
(Banno 1964, 1966, Coleman et al. 1965, Smulikowski 1964, 1965). Five 
commonly recognized groups are associated with l) kimberlite, 2) alkali
basalt, 3) ultrabasite, 4) gneiss, and 5) glaucophane schist 

A sixth group of garnet-dinopyroxene rocks associated with anorthosites 
has been induded among the eclogites by some authors (Eskola 1921, 

Banno 1966), but falls outside our definition of eclogites. 
The present paper gives new chemical data on eclogites endosed within 
quartzo-feldspathic, mainly almandine-amphibolite-facies gneisses of Nord
fjord. The general geology has been described previously by Bryhni (1966). 

ECLOGITES IN THE CALEDONIDES OF NORTHWEST EUROPE 
AND EAST GREENLAND 

Eclogites occur along the west coast of Nol"Way from Sognefjord to Trond
heimsfjord (Eskola 1921, Backlund 1936, Gjels�ik 1951, 1952, Hemes 1954, 

Holtedahl & Dons 1960, Lappin 1960, Kolderup 1960, O'Hara & Mercy 
1963, McDougall & Green 1964, Schmitt 1964, Mercy & O'Hara 1965, Lap
pin 1966, Bryhni 1966, Binns 1967, Mercy & O'Hara 1967) and are most 
abundant in outer Nordfjord and in Sunnmöre. Eclogites associated with 
gpeiss are much more numerous and make up a larger bulk volume than 
eclogites associated with ultrabasites. 

Edogites are a1so reported from Spitsbergen (Gee 1966), where they 
occur as indusions in marbles and other metamorphic supracrustal rocks. 
In the British Caledonides, eclogites occur within the Lewisian inliers (A1der

man 1936, Ramsay 1958), the Moinian (Church 1966) and within ultrabask 
bodie:> in Ordovician spilites and glaucophanic rocks (Bloxham & Allen

. 
1960). In the Caledonides of East Greenland, edogites occur endosed in 
paragneiss at Liverpool Land (Sahlstein 1935). 

By the theory of contioental drift, East Greenland can be fitted to North
west Europe: the eclogites would then have a central location within the 

Caledonian belt (Fig. l). lt is interesting to note that the edogites occur in 

the same general area as the deposits of Old Red dastics. The vast thickness 
of Old Red deposits and the tectonic nature of the borders of the basins 
containing them, testity to considerable crustal movements in these areas 
at late stages of Caledonian orogeny. 
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D Carb oniferous and younger 

l:::=::�;:::::j Con t inental Devonian (Old Red l 

III! Caledonian orogenie b elt with major fold trend Iines 

Pre-Cambrian and autochthonous Cambro-Silurian r Marginal overthrust, with direction of thrusting 

Fig. l. Location of eclogites (E) in the Caledonides. Map drawn on the computed best fit of 

North-West Europe to East Greenland (Bullard, Everett & Smith 1965). Numbers indicate 

radiometric age determinations in million years. 
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(2) Samples analyzed 

500m 

Generalized attitude of 
foliation 

A Anorthosite 
• Eclogite 

Fig. 2. Geological map showing eclogite occurrences in gneiss west of Totland, Nordfjord. 

Locality map for the analyzed samples inserted. 

FIELD RELATIONs OF THE ECLOGITES IN GNEISS 
OF NORDFJORD 

Field relations of the eclogites in Nordfjord have recently been described 
by Lappin (1966) and Bryhni (1966). Only a few points will be reviewed here. 

l. The eclogites are endosed within roiea-rich schists and gneisses, biotite

plagioclase gneisses, and biotite- two-feldspar gneisses assumed to have 

been produced from original supracrustal rocks and metamorphosed in the 
almandine-amphibolite facies. Eclogites are also found within a complex 
of mangeritic rocks of the granolite facies. 

2. The eclogites usually form elongated bodies which range in length 

from less than one metre to several hundred metres. One of the largest 
bodies has recently been mapped by Bryhni, whose map is reproduced 

together with a locality map for the analyzed samples, as Fig. 2. 

3. The eclogites and the surmunding gneiss have been repeatedly folded. 

In places the oldest folds and linear structures are preserved in the eclogitic 

bodies and the eclogites are then structurally incongruent with the gneiss. 

4. Tight folds in the banded eclogites indicate that they have experienced 

a period of very plastic deformation although they were obviously com

petent rocks relative to the gneiss at later stages of deformation. 
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Table l. Estimated mineral composition of eclogites in gneiss, Nordfjord 

2 3 4 5 6 

Oinopyroxene 35 50 10 45 30 60 

Garnet 40 30 30 30 50 35 
Kyanite 5 5 
Zoisite 5 10 5 x x 

Pale amphibole 10 5 5 5 x 

Q u art z x x x 10 x 

Rutile x x x x x x 

Apatile x x x 

Calcite x x 

Black iron minerals x x x x x x 

Pyrite x x x x 

White mica 5 x x x x x 

Biotite 5 x x x 5 
T ale x 

pyroxene or ampl!ibole 
symplectite x x 40 20 x x 

Mica symplectite x x x x 

Kyanite symplectite x 

Kelyphite-amphibole or 
green amphibole x x 5 x x x 

Klinozoisite x x x 

Epidote x x 

l. Mica eclogite. Road section E. of Allmenningen. 
2. Kyanite-zoisite eclogite. Road section S. of Oppedal, Vågsöy. 
3. Kyanite-zoisite meta-eclogite. Store Toren (1234) N. Nordfjordeid. 
4. Amphibole eclogite. Halvneset E. of Allmenningen. 
5. Banded quartz eclogite. Road section, K valneset W. of Totlandsvåg. 
6. Biotite eclogite. N. of Svartebottenvatn, Vågsöy. 

5. The eclogitic bodies now form boudins, fold-mullions and angular tec
tonic fragments in the gneiss. They commonly follow structural horizons, 

and it is probable that previously they were dykes and continuous layers. 

6. The contact zone of most eclogite bodies is altered to meta-eclogite, 

amphibolite and homblendite or to epidote-biotite-plagioclase rocks which 

are also seen in a 'breccia gneiss' as fragments and fold-mullions mechani

cally mixed with gneis-s. 

GENERALMINERALOGY 

The general mineralogy of the eclogites in gneiss has recently been described 

(Lappin 1966, Bryhoi 1966) and only a few facts will be summarized here. 

The most common mineralogkal type is a quartz- pale amphibole-garnet
clinopyroxene eclogite, but assemblages with quartz- white mica (phengite)-
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kyanite-zoitite-garnet-clinopyroxene or quartz-orthopyroxene-garnet-clino

pyroxene are also common. Rutile is ubiquitous as an accessory while 

apatite and magnetite are rare. White phengitic mica, amphibole and 

zoisite are probably primary as weil as secondary constituents. Biotite, cal

cite, epidote, green amphibole, plagioclase, pyrite, sphene and talc in the 

eclogite bodies are probably secondary. 

The estimated mineral compositions of same eclogites are given in Table l. 

LATE METASOMATIC ALTERATIONs AT 

ECWGITE CONTACTS 

Primary omphacite, kyanite, and phengite in the relatively unaltered eclogites 

have been subjected only to formation of marginal symplectites. This altera

tion was probably a response to rising temperature or decreasing pressure, 

or both (Bryhni 1966, p. 60). Wikström (personal communication 1968), 

who has made an electron-probe study of symplectites in eclogites of Nord

fjord, has demonstrated that processes leading to formation of symplectites 

are not isochemical. The main alterations in the marginal zone of eclogite 

bodies must, however, be due to infiltration of various elements from the 

enclosing gneisses. Pyrite, calcite, white mica, talc, amphibole, epidote, and 

quartz are concentrated in layers or pockets in the eclogitic bodies, and 

may have formed in response to introduction of S, C02, H20, K20, and Si02. 

The most obvious effects of metasornatism are seen in the outermost marginal 

zone of an epidote-biotite-plagioclase rock surmunding eclogite bodies. Che

mical compositions of an eclogite and its outermost marginal zone are Iisted 

in Table 2. The rock of the marginal zone is composed of about 20 % 

epidote, 30 % biotite and 50 % plagioclase, but has mesoscopic structure 

inherited from the parent eclogite. A comparison of the standard cells 

(Barth 1948) indicates the following element migrations in the marginal zone: 

Ad d ed 

0.2 P-ions 

5.0 K-ions 

5.4 Al-ions 

0.5 Ti-ions 

4.5 H-ions 

28.7 valences 

Subtracted 

0.9 Na-ions 

6.6 Ca-ions 

0.6 Mg-ions 

0.6 Fe2+-ions 

0.3 Fe3+-ions 

1.9 Si-ions 

0.9 C-ions 

28.6 valences 

Direct comparisons of the standard cells do not, however, permit evalua

tion of relative enrichment of inert (immobile components: the apparent 
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Table 2. Chemical composition of eclogite and its marginal alteration product 

WEIGHT PER CENT 

Marginal epidote-biotite-
Eclogite plagioclase rock 

Si02 46.74 44.71 

Ti02 1.71 2.44 

Al203 15.26 19.89 

Fe203 2.20 1.81 

FeO 8.15 7.44 

M nO 0.11 0.17 

M gO 7.19 6.74 

Ca O 13.20 6.97 

Na20 3.40 2.88 

K20 0.72 4.61 

H2o- 0.08 

H20+ 0.71 2.05 

co2 0.70 0.08 

PaOs 0.08 0.40 

100.17 100.27 

NUMBER OF CATIONS IN THE STANDARD CELL (160 OXYGEN) 
Eclogite Po.tKo.9Na6.sCat4.oMgto.6Mno.tFeZ+6.sFe3+1.7 

Alt7.9 Ti t.3Si46.4Ct.oH2.3 
Marginal Ep-Bi-PI rock P0.3Ks.9Na5.6Ca7.4Mgto.0Mno.1Fe2

+6.2 Fe3+t.4 
Al23.3 Tit.8Si44.5Co.t H6.8 

enrichment of aluminium in the marginal zone may not be due to introduc

tion of Al-ions, but rather to a removal from the area of consideration of 

more of the other elements in solution. 

CHEMICAL COMPOSITION 

Six new analyses of eclogites associated with gneisses of Nordfjord are pre

sented in Table 3. Minor elements are reported in Table 4; their averages 

are< 0.002 % Ba, 0.006 % Co, 0.024 % Cr, 0.013 % Cu, 0.019 % Ni, 

0.003 % (?) Sc, 0.012 % Sr, 0.028 % V, and 0.011 % Zr. 

The wide variation in chemical composition is striking and testifies that 

the eclogites in gneiss are a chemically very inhomogeneous group. Most 

of the analyzed eclogites can be related to the tholeiitic basalt group by 

their contents of normative Q and Hy or 01 and Hy (Yoder & Tilley 1962), 
but two are similar to alkali basalts in that they contain normative Ne and 

01. Most eclogites in gneiss contain, however, too little titanium, ferric iron, 

potassium, and phosphorus, or too much aluminium and calcium to be 

closely related to either the contillental tholeiites or to the alkali basaltic 

groups. Their composition is then more nearly comparable to that of the 
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Table 3. Chemical composition of eclogites in gneiss, Nordfjord. (Analyst P.-R. Graff.) 

2 3 4 5 6 

WEIGHT PER CENT 

Si02 46.44 46.78 47.89 46.74 49.93 49.84 

Ti02 0.54 0.47 0.63 1.71 1.60 0.67 

Al208 14.46 20.45 18.02 15.26 16.01 14.50 

Fe208 0.50 0.84 0.80 2.20 0.49 1.60 

FeO 10.77 7.23 6.87 8.15 12.28 7.48 

MnO 0.13 0.09 0.21 0.11 0.45 0.13 

Mg O 13.80 10.93 10.14 7.19 7.05 9.99 

Ca O 10.12 10.02 11.77 13.20 8.96 12.06 

Na20 1.00 2.40 2.78 3.40 2.12 2.36 

K20 <0.10 0.32 0.12 0.72 0.16 0.72 

H2o- 0.04 0.00 0.08 0.00 0.11 0.02 

H2o+ 1.84 0.50 0.70 0.71 0.35 0.54 

co2 O.o7 0.05 0.04 0.70 0.11 0.05 

P20s 0.04 0.02 0.01 0.08 0.20 0.08 

Total 100.35 100.10 100.06 100.17 99.82 100.04 

CATION PER CENT 

Si 43.44 42.48 43.77 43.67 47.27 45.98 

T i 0.38 0.32 0.43 1.20 1.14 0.47 

Al 15.95 21.90 19.42 16.81 17.87 15.77 

FeS+ 0.35 0.57 0.55 1.55 0.35 1.11 

Fe2+ 8.43 5.49 5.25 6.37 9.73 5.77 

M n 0.10 O.o7 0.16 0.09 0.36 0.10 

Mg 19.25 14.80 13.82 10.02 9.95 13.74 

Ca 10.14 9.75 11.53 13.21 9.09 11.92 

N a 1.81 4.23 4.93 6.16 3.89 4.22 
K <0.12 0.37 0.14 0.86 0.19 0.85 

p 0.03 0.02 O .Dl 0.06 0.16 0.06 

Total 100.00 100.00 100.00 100.00 100.00 100.00 

C02 0.09 0.06 0.05 0.89 0.14 0.06 
H2o+ 5.74 1.51 2.13 2.21 1.11 1.66 

H20- 0.12 0.00 0.24 0.00 0.35 0.06 

2 3 4 5 6 

CATANORM 

Q 0.72 
Or <0.60 1.85 0.70 4.29 0.97 4.24 
Ab 9.07 21.12 20.94 17.28 19.46 21.11 
An 35.04 43.25 35.88 24.48 34.46 26.76 
N e 0.01 2.22 8.11 

Hy 22.10 33.87 4.66 
Di 11.97 4.05 17.15 29.28 7.15 25.61 

01 19.77 28.11 21.35 10.77 14.79 
M t 0.53 0.86 0.83 2.32 0.52 1.67 
Il 0.76 0.64 0.87 2.40 2.28 0.93 

Contd. 
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Table 3. Contd. 

2 3 4 5 6 

KATANORM 

Ap 0.08 0.04 0.02 0.17 0.43 0.17 
Cc 0.09 0.06 0.05 0.89 0.14 0.06 

Sum Sal 44.70 66.23 59.73 54.17 55.61 52.11 
SumFem 55.30 33.77 40.27 45.83 44.39 47.89 

l. Mica eclogite. Road section E. of Allmenningen. 
2. Kyanite-zoisite eclogite. Road section S. Oppdal, Vågs0y. 
3. Kyanite-zoisite meta-eclogite. Store Toren (1234), N. Nordfjordeid. 
4. Amphibole eclogite. Halvneset E. of Allmenningen. 
5. Banded quartz eclogite. Road section, Kvalneset, W. Tottlandsvåg. 
6. Biotite eclogite. N. Svartebottenvatn, Vågsöy. 

Table 4. Spectrographic analysis of eclogites and their coexisting garnets and clinopyroxenes 
(weight per cent). Analyses by H. J. Bollingberg 

2 3 

Rock G ar Pyr Rock G ar Pyr Rock G ar Pyr 

Ba 0.002 <0.001 <0.001 0.003 <0.001 < 0.001 0.003 < 0.001 < 0.001 
Co 0.008 0.005 0.003 0.006 0.008 0.002 0.005 0.007 0.001 
C r 0.030 0.010 0.030 0.024 0.008 0.020 0.023 0.010 0.010 
Cu 0,018 0.002 0.008 0.008 0.005 0.002 0.010 0.003 0.003 
M n 0.20 0.35 0.002 0.11 0.30 0.005 0.10 0.36 0.004 
Ni 0.032 0.001 0.020 0.207 0.003 0.020 0.024 0.002 0.020 
Sc* 0.003 O.oi 0.001 0.001 0.002 0.001 0.003 0.01 0.001 
Sr 0.005 0.001 0.006 0.005 0.001 0.004 0.010 0.001 0.004 
T i 0.26 0,03 0.11 0.25 0.02 O.o7 0.30 0.08 O.o7 
v 0.024 0.005 0.035 0.013 0.003 0.010 0.023 0.004 0.017 
Z r 0.010 0.010 0.003 0.007 0.020 0.001 0.006 0.007 0.006 

Contd. 

4 5 6 

Rock G ar Pyr Rock G ar Pyr Rock G ar Pyr 

Ba < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 <0.001 0.002 < 0.001 0.001 
C o 0.005 0.007 0.003 0.005 0.005 0.002 0.005 0.007 0.003 
C r 0.023 0.030 0.020 0.010 0.007 0.010 0,035 0.020 0.040 
Cu 0.010 0.010 0.003 0,015 0.002 0.005 0.017 0.010 0.007 
M n 0.20 0.38 0.007 0.41 0.40 0.006 0.20 0.38 0.009 
Ni 0.012 0.002 0.020 0.009 0.001 0.020 0.010 0.002 0.010 
Sc* 0.003 O.oi 0.003 0.003 0.005 0.002 0.003 O.oi 0.005 
Sr 0.026 0.001 0.003 0.005 0.002 0.005 0.020 0.001 0.010 
T i 1.00 0.05 0.10 0.85 0.06 0.05 0.40 0.05 0.28 
v 0.043 0.010 0.047 0.032 0.008 0.052 0.030 0.009 0,035 
Z r 0.019 0.020 0.007 0.016 0.020 0.001 0.008 0.007 0.003 

* Sc semiquantitative with + �� per cent accuracy 
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Ca 

MgL-----------------------------------------------� TotalFe 

Fig. 3. Bulk composition of eclogites from Nordfjord and Sunnmöre plotted in a triangular 

diagram showing the relative cation percentages of Mg:Ca:total Fe. Eclogites associated 

with gneiss are outlined with a solid Iine, eclogites in ultrabasite with a dashed Iine. Numbers 

refer to Mercy & O'Hara 1965. 

marginal phase of basic intrusions of Skaergaard type (Wager & Deer 1939, 
p. 225) or with the oceanic tholeiites (Engel & Engel 1964, Forbes 1965, 

Engel, Engel & Havens 1965). 

Fig. 3 brings out some of the differences between eclogites in gneiss and 
in ultrabasites of Nordfjord and Sunnmöre. Edogites associated with the 
ultrabasites of Sunnmöre are gradational into dunites (O'Hara & Mercy 
1963, p. 258, Bryhni 1966, p. 49, Lappin 1966, p. 480) and usually con
tain olivine and orthopyroxene. lt is therefore expected that the eclogites 
in the ultrabasites are more magnesian than the eclogites endosed in gneiss. 
But even edogites with similar modal composition from the two environments 
differ significantly in their content of titanium, chromium, nickel, magnesium, 
sodium, potassium, and phosphorus (data from Tables III and IV and 
from Mercy & O'Hara 1965, 1967). The distinction was first noted by 
Eskola (1921) and has since been confirmed from other parts of the world 
by a number of authors (Mercy & O'Hara 1965, p. 324). 

Binns (1967) has reported on the major and minor elements of an 
edogite endosed in gneiss at Naustdal. The Naustdal eclogite has higher 

contents of titanium, phosphorus, and vanadium than the eclogites we 
have studied, while chromium and nickel contents are notably lower. 
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Gjelsvik (1952) distinguished between three types of gabbroic rocks in 
Sunnmöre: troctolitic dolerite, olivine dolerite and olivine-free dolerite. 
These dolerites did not occur in the area where eclogites were present, 

and Gjelsvik suggested that some of the eclogites have formed by meta
morphism from dolerites. The present bulk chemical composition of most 
eclogites associated with gneiss is rather different from the composition of 

the most widely distributed olivine dolerites and olivine-free dolerites (data 
in Gjelsvik 1952, pp. 79 and 85). lt is unlikely, therefore, that the eclogites 
in gneiss have formed from rocks corresponding to the Sunnmöre dolerites 
uniess there has been a substantial local change in bulk chemical com
position. 

The dolerites of Sunnmöre are late-orogenie (Gjelsvik 1952, p. 90), and 
probably younger than the eclogites in the gneisses. It is therefore more 
promising to select some of the pre-tectonic basic intrusives in the gneiss 
complex for comparison with the eclogites. Such basic intrusives occur in 
the mangeritic rock bodies at Målöy and Flatraket, and have already been 
related to the eclogites by Bryhni (1966, p. 59). 

The chemical similarity of oceanic tholeiites and our eclogites associated 
with gneiss should be studied in more detail. Both are low in titanium, 
ferric iron, potassium, phosphorus, barium, strontium, and zirconium, and 
high in calcium. The analyzed kyanite-bearing eclogites have a very high 
aluminium content (18.02-20.45 % Al203) while the kyanite-free eclogites 
are low in aluminium (14.46-16.01 % Al203). Variation and local enrich

ment of aluminium in basaltic rocks is often related to concentrations of 
plagioclase, but it is interesting to note that the marginal phase of the 
Skaergaard intrusion (Wager & Deer 1939) and some oceanic tholeiites 

thought to correspond in composition to the undifferentiated magma (Nicholls, 
Nalwalk & Rays 1964, p. 335) contain as much as 18.9 (marginal phase, 

Skaergaard) and 17.07 (glassy margin of oceanic tholeiite) weight per cent 
Al203• 

Loca1 concentration of phosphorus has probably occurred in some 
eclogites. Eskola (1921, pp. 34-35) found 5.8 % apatite in the Duen eclogite 
and calculated that the rock contained 2.4 weight per cent P 205, and Binns 
(1967, p. 352) found 10.2 % apatite or 3.4 weight per cent P205 in the 
Naustdal eclogite. In the latter case apatite was accompanied by 5.5 % 

rutile, and the sample is not very representative of typical eclogites. Zoisite 
was not reported from Duen and Naustdal eclogites. This mineral is present 
in most eclogites associated with gneiss, and can easily be mistaken for apatite. 
Some caution should therefore be exercised in utilizing analyses where 

the phosphorus content has been calculated from the modal percentage of 
apatite. 

With the two exceptions referred to above, eclogites associated with 

gneisses of West Norway have low phosphorus contents, just as oceanic 

tholeiites. Oceanic tholeiites are, however, characterized by a remarkable 
uniform chemical composition which is not found for the eclogites. 
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Non-uniform romposition is also evident for titanium if eclogites from 

adjoining areas are considered. Thus magnetite- and ilmeno-hematite ore 

occurs in the central part of an eclogite with 3.54 % Ti02 at Bergsöya, 

Sunnmöre (Gjelsvik 1957), and the Naustdal eclogite of Sunnfjord (Binns 

1967) contains 6.44 % Ti02• Such ranges in chemical romposition invalidate 

the apparent similadties between our eclogites and the oceanic tholeites. 

A question rarely discussed in geochemical studies of eclogites is the 

extent of chemical changes during formation of the eclogite: potassium in 

eclogites is clearly lower than in most basalts and not covariant with sodium 

(Forbes 1965}, or with uranium and thorium (Heier 1963, p. 852) as in 

basalts. Heier (1963) suggested that the lack of correlation between potassium, 

uranium, and thorium might be due in part to secondary introduction of 

potassium in the eclogites, but the very low potassium contents of some 

of the samples made it Iikely that a selective removal of potassium bad 

also taken place. 

We consirler the low potassium content to be a general property of those 

eclogites which consist essentially of garnet and pyroxene. Garnet and cli

nopyroxene of eclogites have very little potassium (Griffin & Murthy 1968), 

and we agree with Forbes (1965) that any potassium that was present 

was originally expelled during formation of eclogites composed essentially of 

these two minerals. But some eclogites have apparent primary phengitic 

white mica, and these have appreciable amounts of potassium. Potassium is 

obviously retained in those eclogites which crystallized under conditions 

where white mica could nucleate, while other eclogites lost their potassium 

or had potassium concentrated in secondary micaeous zones within or 

around the eclogite body. 

The wide range of variation of some elements in the eclogites of Nord
fjord merits some comment at this stage. The variation is especially high 

in silicon, aluminium, and magnesium. The aluminium range (14.46-20.45 

weight per cent Al203) could certainly have been even wider if samples 

with maximum content of zoisite and kyanite bad been selected for chemi

cal analysis. This variation is best explained by a formation of the eclogites 

from a variety of original rocks and the different extent of metasornatism in
volved. An apparent geochemical similarity between the eclogite in gneiss 

and the oceanic tholeiite is therefore not very significant. 

GARNET 

In hand specimens, garnet from eclogite in gneiss is brown-red, red or pink 

and can thus be distinguished from the deep purple red garnets of the 

eclogites endosed within ultrabasites of Sunnmöre. Grain diameters are 

usually in the range 2-5 mm, although both smaller and larger grains occur. 

Larger zoned garnets are found in coarse-grained eclogite, which sometimes 

occurs as layers in medium-grained eclogite. Grain diameters are then in the 
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Table 5. Chemical composition and physical eonstants of garnets 

Si02 

Ti02 

Al203 
Fe203 

FeO 

MnO 

M gO 

Ca O 

Na20 

K20 

P205 

Total 

Si 

Al 

Al 

Fe
3

+ 

T i 

FeB+ 

M n 

Mg 

Ca 

N a 

K 

p 

Almandin e 

Spessartine 

Pyrope 

Andradite 

Grossular 

n 

a (Å) 

lA 2A 3A 4A 5A 6A 7A 

WEIGHT PER CENT 

36.98 38.85 38.85 38.14 37.30 38.84 38.38 

0.09 0.02 0.14 0.22 0.11 0.08 0.12 

23.16 22.94 23.62 22.16 23.98 22.85 22.82 

0.80 0.24 0.24 0.64 0.46 0.11 0.09 

20.54 17.68 18.48 22.80 20.43 18.16 21.25 

0.47 0.26 0.22 0.53 0.20 0.64 0.83 

8.96 11.93 10.94 5.92 8.62 10.16 7.60 

8.60 7.85 7.54 9.60 8.40 8.43 8.20 

0.10 0.22 0.14 <0.05 0.28 0.14 0.16 

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.14 

0.06 O.D3 0.05 0.09 0.05 0.05 0.08 

99.81 100.D7 100.27 100.20 99.88 99.51 99.67 

NUMBER OF CATIONS ON BASIS OF 12 OXYGEN 

2.831}
3 

002.912\3 
00

2.909l3 00
2.946}3 00

2.849}3 00
2.940}3 00

2.931 }3 00 
169 . 88f . 

91 J . 
54 

. 151 . 
60 

. 
69 

. 

1.921 1 1.940 l 1.994l 1.966 l 2.008 1 1.979 1 1.986l 
46(97 14(96 14{"02 39t02 27t04 6(99 512.00 

5 l 8 15 6 5 7 

1.315 1.109) 1.157 1.471 1.305

1 
1.150} 1.357 

61 16 14 34 13 41 S4 
1.022 1.334 1.221 680 981 1.147 865 

705 3.12 630 3.13 605 3.02 794 2.98 687 �3.03 683 3.05 671 2.99 
14 32 20 <5 41

] 
20 24 

<4 <4 <4 <4 <4 <4 14 

4 2 3 4 3 3 5 

COMPOSITION IN TERMS OF END-MEMBERS 

41.1 35.9 38.6 49.4 43.7 38.1 46.1 
1.9 0.5 0.5 1.1 0.4 1.3 1.8 

31.9 43.2 40.8 22.8 32.9 38.0 29.3 

2.1 0.7 0.7 2.0 1.4 0.3 0.3 

23.0 19.7 19.4 24.7 21.6 22.3 22.5 

1.777 R 1.762 1.767 R 1.780 1.773 R 1.776 1.780 

11.586 11.616 11.585 11.569 11.591 11.585 

R indicates that index of refraction is variable within a range. 

Chemical analyses by P.-R. Graff. Locality numbers as in Table I and Fig. 2. 

7A from 'manguitic' rock south of Trollebö, Deknepoll. 

range 5-20 mm. Rare megacrysts, up to 50 mm in diameter, have been found 
in sheared eclogites or meta-eclogites. Aggregates of garnet and quartz occur 
as layers in eclogite or around some eclogite bodies. Garnet is usually an
hedra! to subhedral with a tendency to have well-developed crystal outlines 
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Fig. 4a. Composition of garnets.-

Grossular 
+ 

Andrad i te 

Triangular diagram showing the relative mo leeular proportions of (Alm +Spess) : (Gross+ 

And) : Py. Black triangles: eclogite-garnets analyzed for the present study (Table 5). Open 

triangles: garnets from ultrabasites of Sunnmöre (data from Eskola 1921 and O'Hara and 

Mercy 1963). 

where it is in contact with quartz. Euhedral garnet, with red-brown colour 
darker than usual, is present in parts of the contact zone where the eclogite 
is banded and contains quartz-rich layers. lnclusions of other minerals are 
common: clinopyroxene, kyanite, micas, quartz, rutile, and zoisite occur 
in garnet of the relatively unaltered eclogites, while altered varieties also 
contain inclusions of green amphibole and epidote. 

Eskola (1921) indicated that the garnets found in eclogites from adjacent 

areas exhibit a wide range in chemical composition. A quartz-bearing 
eclogite from Silden was reported to contain magnesian garnet (Alm41•0 

Spessl-5 Py 43-2 And6•3Gross8•0) while chlomelanite-eclogite.from Duen contained 
ferrous garnet (Alm57•5 Spe;s1.6 Py16-l And5•5 Gross19.3). 

Seven new chemical analyses of gamets have been made for the present 
study (Table 5). Some of the samples probably cover a slight range of com
positional variation as indicated by the index of refraction, which is not 
eonstant within the samples. 

Six of the garnets are from eclogites in gneiss of the almandine-amphibolite 
facies and on e (7 A) from a mangeritic gamet-clinopyroxene rock of the 
granulite facies which occurs in the same area. The contents of minor ele
ments are reported in Table 4. The new analyses indicate that gamets from 
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Ca 

Mg�--------------------------------------------------� Fe2• 

Fig. 4b. Composition of garnets.-

Triangular diagram showing all known Caledonian eclogite-garnets in terms of cation 

percentages Mg :Ca: FeZ+. Black triangles: garnets analyzed for the present stud y (Table 3). 

Open triangles: garnets reported in the Iiterature. Compositional fields as given by Smuli

kowski 1965: dashed outline: eclogite in ultrabasite, solid outline: eclogite in gneiss and 

migmatite, and dotted outline: eclogite in glaucophane schist. 

edogites endosed in gneiss of Nordfjord are essentially almandine-pyrope
grossular with 36-50 % Alm, 23-43 % Py, and 13-25 % Gross. Gamet from 
the mangeritic rock contains slightly less pyrope, but is otherwise within the 
compositional range of the gamets in the edogite. 

The high content of pyrope and grossularite distinguishes these gamets from 
gamets in amphibolites of the almandine-amphibolite facies. The overlap of 
compositional fields of gamets from eclogite and from granulite-facies 
rocks has been noted by a number of authors (Rosenqvist 1952, Banno 
1965, Coleman et al. 165, Subramanian 1965) and the composition has 
been attributed to formation under high pressure. 

Gamets from edogites in the gneisses of Nordfjord are much less magne
sian than gamets from the eclogites endosed in ultrabasites of Sunnmöre. 
Our data, and the data previously published by Eskola (1921) and O'Hara 
& Mercy (1963) on g:1mets from the ultrabasites of Sunnmöre, are campared 

in Fig. 4a. All available garnets from Caledonian edogites have been plotted 
in Fig. 4b, which shows the relative cation proportions of Mg:Ca:Fe2+. 

A verages of spectrographic determinations of minor elements of gamet 
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in the six eclogites endosed in gneiss are: < 0.001 % Ba, 0.006 % Co, 

0.114 % Cr, 0.005 % Cu, 0.36 % Mn, 0.002 % Ni, 0.008 % (?) Sc, 

0.001 % Sr, 0.05 % Ti, 0.006 % V, and 0.014 % Zr. Gamet from 

gneiss-associated eclogites of Nordfjord have a notably higher chromium 

content than gamet of the Naustdal eclogite (data from Binns 1967), but 

much lower than gamet of the ultrabasites of Sunnmöre (data from Mercy 

& O'Hara 1967). These differences are obviously related to the very different 

chromium contents in the whole rocks. Cobalt and nickel are positively 

correlated with magnesium in gamet. Titanium is not correlated with 

magnesium within the group of gamets from eclogite in gneiss, but the more 

magnesian gamets of the ultrabasites have a higher content of titanium. 

This may be related to higher pressures during formation of the ultrabasites 

and their associated eclogites. 

CLINOPYROXENE 

In hand specimen clinopyroxene is bright grass-green or pale-green jade. 

Altered clinopyroxene in the meta-eclogites has a dull jade-green colour. 

The grains are Iarger than gamet and are usually elongated parallel to the 

crystallographic c-axis. A preferred orientation of Iaths in the foliation 

surface is seen in places. The Iaths are usually 3-10 mm 1ong, although 

coarse-grained eclogites sometimes contain grains of clinopyroxene several 

centimetres Iong. 

Most of the other minerals in the eclogite can be found as inclusions 

in clinopyroxene. Rutile sometimes forms 'trains' of small rods aligned 

parailet to the foliation surface. Altered eclogites have diopside-plagioclase 
or amphibole-plagioclase symplectite developed at the margin of clinopyr
oxene grains. 

Two chemical analyses of clinopyroxene from eclogite in gneiss of 

Nordfjord have been published previously. Eskola (1921) found that cli

nopyroxenes from the Duen and Silden eclogites were omphacites (respec

tively Ac17 Jd36 Tsch5 Hd13 Di29 and Ac8 Jd22 Tsch6 Hd6 Di58). Warner 

(1964) reported on the chemical composition and X-ray crystallography 

of omphacite from Hareidland in Sunnmöre, and Binns (1967) has recently 

described zoned omphacite from amphibole-rich eclogite at Naustdal in 

Sunnfjord. 

Six clinopyroxene from eclogites associated with gneiss have been analyzed 

for the present study. Major elements are reported in Table 6 and minor 

elements in Table 4. The clinopyroxenes studied by us contain 3-9 % Ac, 

23-42 % Jd, 8-13 % Tsch, 3-7 % Hd and 38-56 % Di. These omphacitic 

pyroxenes are quite different from the diopsidic pyroxenes that occur in 

eclogite from the ultrabasites of Sunnmöre. The differences are demon

strated in Fig. 5a and Fig. 5b. Five of the new analyses plot within the 

field outlined by Smulikowski (1965) for clinopyroxene of eclogite in gneiss 
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Table 6. Chemical composition and physical eonstants 

1B 2B 3B 4B 5B 6B 

WEIGHT PER CENT 

Si02 52.55 53.85 54.23 53.16 53.93 52.95 

Ti02 0.10 0.08 0.12 0.15 0.31 0.21 

Al203 10.45 10.85 12.29 13.61 13.01 9.27 

Fe2Q3 1.03 1.93 1.29 2.33 1.83 3.15 

FeO 1.35 0.89 1.81 2.37 2.10 1.97 

M nO n.d. n.d. n.d. O .oJ O.Q7 0.08 

M gO 12.62 11.32 10.42 8.47 8.85 11.24 

Ca O 17.60 16.20 15.15 14.65 12.65 16.43 

Na20 4.28 5.10 4.29 4.96 6.82 4.46 

K20 0.18 <0.05 <0.05 <0.05 <0.05 0.05 

Pz05 n.d. n. d. tr. tr. n.d. n. d. 
100.16 100.27 99.65 99.78 99.61 99.81 

NUMBER OF CATIONS ON BASIS OF 6 OXYGEN 

r
-
K 8 <l <2 <2 <l 

X -Na 296 351 295 343 470 312 

r
ea 673 616 576 559 482 634 

-Mg 23 32 127 96 47 53 

-Mg 649 567 424 354 423 551 

-M n 2 2 
-FeZ+ 

40 27 54 70 63 59 
y -FeS+ 28 77 34 63 49 85 

-Ti 3 2 3 4 8 6 

-Al 317 364 435 466 465 301 

{-Al 123 90 78 106 81 93 
Z -Si 1.877 1.910 1.922 1.894 1.919 1.907 

E y 1.037 1.037 .950 0.958 1.010 1.004 

COMPOSITION IN TERMS OF END·MEMBERS 

Acmite 3 8 3 6 5 9 

Jade i te 27 27 27 29 42 23 
Tschermack's mol. lO 9 13 11 8 9 

Hedenbergite 4 3 5 7 7 6 

Diopside 56 53 52 47 38 53 

Z/c 41° 41° 400 
42° 

2Vz 71
0 

70° 72 68° 

Chemical analyses by P.-R. Graff. Locality numbers as in Table l. 

and migmatite complexes, while one falls within the field outlined for 

clinopyroxene of eclogite associated with glaucophane schist One of the 

pyroxenes analyzed by Eskola 1921 (Duen) also falls within the field for 

clinopyroxenes of eclogite associated with glaucophane schist The com

positional fields for clinopyroxenes of eclogite associated with gneiss and 

glaucophane sehist therefore overlap to a greater extent than indicated by 

Smulikowski (1965). 

2 
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Fig. 5a. Composition of clinopyroxenes.-

Triangular diagram showing the relative molecular proportions of Di:He:(Jd+Ac) for 

the analyzed clinopyroxenes (Table 6) compared with clinopyroxenes from the ultrabasites 

of Sunnmöre (data from Eskola 1921 and O'Hara & Mercy 1963). 

Clinopyroxene from eclogite in ultrabasite has a very low jadeite content 

(Eskola 1921, O'Hara & Mercy 1963) and would not for this reason normally 
be accepted as eclogite pyroxene. We think that the low content of 

jadeite in this case is related to the very low content of sodium in the rock 

as a whole and that the recognition of eclogite pyroxene should not be 
based on the content of jadeite alone. The content of four-coordinated 

aluminium is low in the omphacites of the eclogite in ultrabasite. White 

(1964) has demonstrated that the ratio of jadeite to Tschermack's molecule 

is a useful index for recognizing eclogitic clinopyroxenes. Both groups 

of clinopyroxenes from eclogites of Nordfjord and Sunnmöre (i.e. those in 

both gneiss and ultrabasite) plot within the field of eclogite-facies clinopy

roxenes outlined by White (1964). 

Spectrographic determinations of minor elements in the clinopyroxene 

associated with gneiss gave the following average results: < 0.001 % Ba, 

0.002 % Co, 0.022 % Cr 0.005 % Cu, 0.005 % Mn, 0.02 % Ni, 0.002 % 
(?) Sc, 0.005 % Sr, 0.11 % Ti, 0.033 % V, and 0.004 % Zr. 

The nickel content is significantly higher than in the clinopyroxene of 
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Fig. 5b. Composition of clinopyroxenes.-

Triangular diagram showing all known Caledonian eclogite-clinopyroxenes in terms of 

cation percentages AI:Ca:Na. Black squares: clinopyroxenes analyzed for the present 

study (Table 6). Open squares: clinopyroxenes reporled in the literature. Compositional 

fields as givm by Smulikowski 1965. Dashed outline: eclogite in ultrabasite, solid outline: 

eclogite in gneiss and migmatite, and dotted outline: eclogite in glaucophane schist. 

the Naustdal eclogite (data from Binns 1967), obviously related to a 

higher content of nickel in the whole rock. Comparison with the data of 
Mercy & O'Hara (1967) confirm earlier statements by Eskola (1921) and 

O'Hara & Mercy (1963) that the chromium content of eclogitic clinopy

roxenes is much lower in the gneiss than in the ultrabasite. The new data 

also indicate lower contents of manganese and nickel in eclogitic clinopy

roxene from the gneiss than from the ultrabasite. 

PARTITlON OF ELEMENTs BETWEEN GARNET 

AND CLINOPYROXENE 

The distribution of elements between garnet and clinopyroxene is of parti

cular interest in eclogites because these are essentially bimineralic rocks 

which appear to have formed under a wide range of physical conditions. 

V.ariations in distribution coefficients for particular elements in coexisting 

garnet and clinopyroxene are related to different load pressures and tempera-
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Fig. 6. Partition of Mg:Ca:(Fe2++Mn) between coexisting garnet (triangles), and clino

pyroxene (squares), illustrated in terms of cation per cent proportions. Solid Iines: eclogites 

in gneiss of Nordfjord (Tables 5 and 6 and Eskola 1921 for the Silden and Duen eclogites). 

Dashed Iines: eclogites from ultrabasites of Sunnmöre (data from Eskola 1921 for the Röd

haugen eclogite and frcm O'Hara & Mercy 1963 for N 23, N 70, and N 71). 

tures during formation of the eclogites and to variations in chemical com
position of the minerals themselves. 

The chemical composition of garnet and clinopyroxene of eclogites vary 

within wide limits. Still, the compositional limits of certain elements and the 

ratio of distribution of these elements between garnet and clinopyroxene 

may be related to the physical conditions during formation of these rocks. 

A fully satisfactory interpretation of the data may have to wait until more 

information on the partition of elements between coexisting garnet and 

clinopyroxene from other environments is available. However, some tenta

tive generalizations can be made on the basis of our data and the geochemi

cal information on Norwegian eclogites already available (Eskola 1921, 

O'Hara & Mercy 1963, Mercy & O'Hara 1965, Matsui, Banno & Hernes 

1966, Binns 1967, and Mercy & O'Hara 1967). 

Ferromagnesian elements and calcium 

The partition of magnesium, calcium, and ferrous iron + manganese be

tween coexisting garnet and clinopyroxene is illustrated in Fig. 6. The 
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Fig. 7. Co p Iotted against sum Fe2+ +Mg for garnets (triangles), clinopyroxenes (squares) and 

bulk eclogite compositions (dots and outlined). 

family of tie-lines from eclogites in gneiss has a different slope from the 
family of tie-lines related to the eclogites in ultrabasite. 

Three of the eclogites analyzed by us have tie-lines approximately paraHel 

to the Duen eclogite analyzed by Eskola. This set is erossed by tie-lines 

between coexisting garnet and clinopyroxene from our No. 6, two kyanite

bearing assemblages and Eskola's Silden eclogite. 

Crossing tie-Iines could indicate that load pressures or temperatures were 
different during formation of the eclogites (Coleman et al. 1965), lack of 
equilibrium, or that essential components have been omitted from the pro
jection. A stringent analysis of these factors has not yet been undertaken, 
but we think that variation in pressures and temperatures will probably be 
the explanation for the various types of eclogites. 

Barium 
The low barium content in the eclogites we have studied confirm results 

obtained by Binns (1967) on the Naustdal eclogite, and by Griffin & Murthy 

(1968) on eclogites from various geological environments. The barium 

content of eclogite in gneiss is lower than in most basalts except the oceanic 

tholeiites. The barium which is present is preferentially contained in other 

minerals besides garnet and clinopyroxene (e. g. white mica and pale amphi-
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Fig. 8. Relative distribution of Ni, Cr, and Co between garnet (triangles) and clinopyroxene 

(squares). Field of whole rock compositions is outlined. Tie-line refers to average compositions. 

bole). A phengitic mica from a micaceous aggregate in one of the eclogites 

(sample 4, Halvneset E. of Allmenningen) bad, in fact, as much as 0.026 % 
Ba. 

C o balt 
The average cobalt content in eclogites associated with the gneisses is 

0.006 % Co with a range of 0.005-0.008 % Co. Cobalt is concentrated in 

garnet relative to clinopyroxene (Fig. 7), the average ratio of cobalt in 

garnet to cobalt in clinopyroxene being 3.3:1. Our results are in general 

agreement with the results obtained from the Kolmannskog eclogite (Matsui, 

Banno & Hernes 1966) and the Naustdal eclogite (Binns 1967). 

The concentration of cobalt shown in the whole rock analysis and in 

the analyses of garnet and clinopyroxene is related to the general geochemi

cal coherence between cobalt and total ferrous iron + magnesium (Fig. 7). 

A similar relationship was noted by Carr & Turekian (1961) for basaltic 

and gabbroic r�ks and taken by them to indicate that the concentration 

of cobalt in such rocks is generally dependent on the total number of 

Fe-Mg lattice sites. 
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The chromium content of eclogite associated with the Nordfjord gneisses is 

much lower than the chromium content of eclogite associated with ultrab::ls

ites of Sunnmöre. This relationship was noted by Eskola in 1921. The data 

now available (Table N and Mercy & O'Hara 1967) indicate ranges re

spectively of 0.010-0.035 % Cr and 0.075-0.274 % Cr. The distribution of 

chromium between the two major minerals in the two environments is 

also different. In the eclogite associated with gneiss, chromium has preferen

tially entered clinopyroxene with an average partition ratio between 

clinopyroxene and gamet of 1.8:1, while it is preferentially enriched in 

garnet in the eclogites endosed within ultrabasites of Sunnmöre. This 

relation is in agreement with results obtained by Mercy & O'Hara (1967) 

in a study of the world-wide distribution of chromium between gamet and 

clinopyroxene in eclogites and ultrabasites. 

The gneiss-associated eclogite at Naustdal (Binns 1967) has extremely 

low chromium content compared to what we have found for the Nordfjord 

eclogites, but the chromium is also there, preferentially contained in clino

pyroxene. 

Manganese 

Manganese was determined by both wet chemical and spectrographic methods. 

The manganese contents of three clinopyroxenes were below the limits of 

detection by wet chemical methods, and thus the spectrographic values 

have been utilized for assessment of manganese distribution. 

The whole rock content of manganese in eclogite associated with gneiss 

is slightly higher (range 0.10-0.41 % Mn) than in the eclogite associated 

with ultrabasite (range 0.13-0.16% Mn according to Mercy & O'Hara 1967). 

This difference is probably related to the covariance between manganese 

and ferrous iron which is evident in the Nordfjord eclogites associated with 
gneiss (Fig. 9). 

The manganese content of the garnet in the gneiss-associated eclogite is 
about twice as high as in the whole rock, and much higher than in the 

associated clinopyroxene. The average ratio of manganese in gamet to 

manganese in clinopyroxene in eclogites associated with gneiss is 81 : l. This 

preferential concentration of manganese in garnet is much greater than in 

eclogites associated with ultrabasites of Sunnmöre (data from Mercy & 

O'Hara 1967), and is also high compared with the Kolmannskog eclogite 

(data in Matsui, Banno & Hernes 1966). 

Nickel 

The nickel content of eclogite associated with the gneisses of Nordfjord 

(range 0.009-0.032 % Ni) is slightly lower than in the eclogite in the ultra

basites of Sunnmöre (range 0.024-0.102 % Ni according to Mercy & O'Hara 



216 INGE BRYHNI, HALDIS J. BOLLINGBERG, & PER-REIDAR GRAFF 

30 
-
c ... 
u 
... ... 
Q, 

u 

E 
o 

20 
-
c 

";' 
"' 
� ... 
u. 

10 

• • ••• 
• Mn (atomic per cent) 

0-001 o.o1 0-1 1·0 

Fig. 9. Contents of Mn plotted against Fet+ for garnets (triangles), clinopyroxenes (squares), 

and bulk eclogite compositions ( dots and outlined). 

1967). Nickel has been greatly concentrated in clinopyroxene relative to 

gamet in both groups of eclogites (Figs. 8 and 10). The ratio of nickel in 

clinopyroxene to nickel in gamet in eclogites associated with the gneisses 

is, on the average, 10: l. The corresponding ratio in the eclogite associated 
with ultrabasites of Sunnmöre is slightly lower, according to data given in 

Mercy & O'Hara 1967). 

Our results are supported by the data given by Oftedal (1967) and 
Matsui, Banno & Hemes (1966) for the gneiss-associated eclogite at 

Kolmannskog, but cannot confirm the very low nickel contents reported by 

Bions (1967) for the Naustdal eclogite. 

Scandium 

Scandium is relatively enriched in gamet of the eclogites we have studied. 

Semiquantitative determinations indicate that scandium is distributed be

tween gamet and clinopyroxene in a ratio of 5 : l. The content of scandium 

in the Nordfjord eclogites is the same order as in the sample of the Naustdal 

eclogite (data from Bions 1967) where, however, scandium is relatively en

riched in clinopyroxene. 

Eclogite from Sikoku, Japan (Norman & Haskin 1968) has 0.009 %. 

0.0051 % and 0.0021 % scandium in gamet, whole-rock, and clinopyroxene 

respectively, and indicates the same tendency of scandium enrichment in 
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Fig. 10. Partitian of Ti, Ni, and Cr between garnet and clinopyroxene of eclogite in gneiss of 

Nordfjord (filled triangles and squares, respectively, Table 4) and of eclogite in ultrabasite of 

Sunnmöre (open triangles and squares, data from Mercy & O'Hara 1967). Tie-line refers to 

average compositions of garnet and clinopyroxene in gneiss of Nordfjord. Whole rock com

positions are outlined: eclogite in gneiss with a solid Iine, eclogite in ultrabasite with a dashed 

Iine. 

gamet as we have noted in Nordfjord. The scandium content is possibly 

related to ferrous .iron, but Norman & Haskin (1968) have found that such 

a relationship can only be demonstrated in sedimentary rocks. The tendency 

toward a relationship between ferrous iron and scandium in eclogite should 

therefore be verified in more material. 

Strontium 
The average strontium content in gneiss-associated eclogites is 0.012 % Sr, 

and the average ratio of distribution of strontium between clinopyroxene 

and gamet is 5 : l. The concentration of strontium is related to the partition 

of calcium between clinopyroxene and gamet, but other minerals probably 

influence the strontium distribution. It is Iikely that some of the strontium 

in the whole-rock analysis is contained in amphibole, zoisite, and white mica. 

A phengitic white mica from one of the eclogite samples (sample 4, Halv

neset E. of Allmenningen) bad, in fact, as much as 0.25 % Sr. 
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Preference of strontium in clinopyroxene is also evident in the Naustdal 

eclogite (Binns 1967). The high strontium content in clinopyroxene from 

Hareidland (0.05 % SrO according to Warner 1964) probably confirms that 

strontium has a strong preference for clinopyroxene. 

Titanium 
Titanium was determined both by wet chemical and spectrographic methods. 

The values correspond weil for bulk-rock compositions, but deviate some

what for the minerals. The spectrographic determinations were made on 

very small samples (7-8 mg), where great care was exercised to avoid grains 

with inclusions. Some rutile might still have been present in the samples, 

but certainly less than in the much larger samples needed for wet chemical 

analyses. Our assessment of the distribution of titanium in eclogites has 

therefore been based on the spectrographic determinations. 

Eclogites associated with gneiss of Nordfjord contain more titanium 

(range 0.25-1.00 % Ti) than the eclogite associated with ultrabasite of 

Sunnmöre (range 0.11-0.34 % Ti according to data in Mercy & O'Hara 

1967). The difference between the two groups is evident in Fig. 10, where 

it can be seen that the eclogites in gneiss have a surplus of titanium relative 

to what can be accommodated in clinopyroxene and garnet. The excess has 

gone into rutile, which is more abundant in the eclogites associated with 

gneiss than in those associated with ultrabasite. 

Garnets from the eclogites of Nordfjord contain more titanium than gar

nets from the almandine-amphibolite facies rocks investigated by Engel & 
Engel (1960, p. 38), but are comparable with garnets from granulite-facies 
rocks (data from Howie & Subramanian 1957, p. 42). This is to be expected 

if, as suggested by Engel & Engel (1960, p. 42), garnets do indeed become 

enriched in titanium during progressive metamorphi,sm. However, our data 

do not indicate any covariance between titanium content and pyrope content 

of garnets associated with gneiss. This lack of covariance cannot be due to 

the presence of inclusions in garnets. 

Clinopyroxene from eclogite in gneiss has a relatively low titanium con

tent compared with clinopyroxenes from basalts (Y oder & Tilley 1962, 

p. 364) or gabbroic rocks (Brown 1958, p. 516). This must be due to the 

limited degree to which titanium can be accommodated in clinopyroxene 

under the physical conditions necessary for formation of eclogites. Expulsion 

of excess titanium as rutile is probably an important feature during trans

formation of a gabbroic rock into eclogite. 

It can also be seen that the eclogite in gneiss has a higher content of 

titanium relative to chromium in bulk rock and in associated garnet and 

clinopyroxene than do eclogites associated with ultrabasites. A positive 

correlation of titanium with ferric iron is evident within the group of eclogites 

associated with gneiss both in who le rock and in associated garnet (Fig. 11 ). 
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Fig. 11. Contents of Fe8+ plotted against Ti for gamets (triangles), clinopyroxenes (squares), 

and bulk eclogite compositions (dots and outlined). 

Whole-rock analyses show that the average eclogite associated with gneiss 

contains about 5 times as much titanium as the average clinopyroxene, 

and 10 times as much as the average gamet. The average ratio of titanium 

in clinopyroxene to titanium in gamet in eclogite associated with gneiss is 

2.75: l. Eclogites associated with ultrabasites of Sunnmöre have a ratio 

of 1.77: l (data from Mercy & O'Hara 1967). Any apparent differences in 

partition of titanium between gamet and clinopyroxene from the two environ

ments must, however, be checked on material where great care has been 

taken to obtain material without inclusions of rutile. 

A rutile crystal from an aggregate of quartz in eclogite was analysed 

and found to contain 0.006 % Co, 0.006 % Ni, 0.04 % Cr, 0. 10 % V, 

and less than 0.6 % total Fe. Inaccuracies due to contamination eaused by 

the presence of rutile in the samples of gamet and clinopyroxene are there

fore probably negligible for other elements than titanium. 

Vanadium 

The average content of vanadium in the eclogite in gneiss is 0.028 %

Vanadium has been concentrated in clinopyroxene relative to garnet (Fig. 12), 

the average ratio being 5 : l. Enrichment of vanadium in pyroxene was also 

demonstrated by Oftedal ( 1967). Preference of vanadium in clinopyroxene is 
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Fig. 12. Relative distribution of V, Zr, and Sc between garnet (triangles) and clinopyroxene 

(squares). Field of whole-rock compositions outlined. Tie-line refers to average compositions. 

related to the covariance of vanadium with trivalent iron and to the relative 
ease by which electrical neutrality can be restared in clinopyroxenes by 

coupled substitution of two bivalent ions by one trivalent and one univalent 

ion. Binns (1967) found more than three times as much vanadium in clino

pyroxene from the Naustdal eclogite than we have found in Nordfjord, but 

the distribution between clinopyroxene and garnet is similar. The high levet 
of vanadium in the Naustdal eclogite is obviously related to the high con

tent of trivalent iron in the sample, and it is of interest to note that the 

sample bad a very high content of rutile, which according to our experiences 

from Nordfjord contains an appreciable amount of vanadium (0.1 % ). 

A kyanite from eclogite in Nordfjord bad 0.016 % vanadium. 

Zirconium 

The average content of zirconium in the eclogite in gneisses of Nordfjord 

is 0.011 %. Zirconium is enriched in garnet relative to clinopyroxene (Fig. 

12), the average ratio being 8 : l. Zirconium probably occupies Fe2• positions 

and the preferential concentration of zirconium in garnet is thus related 
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to the partition of ferrous iron between gamet and clinopyroxene. Bions 

(1967) reported that no zirconium bad been found in the Naustdal eclogite. 

ORIGIN OF THE ECLOGITE IN GNEISS 

Both the whole-rock compositions and the compositions of coexisting gamet 

and clinopyroxene in the eclogite associated with gneiss of Nordfjord differ 

from those reported for the eclogite in ultrabasite of Sunnmöre. The field 

relations of the two groups of eclogites are also very different - except 

perhaps in those rare cases where eclogite from the gneiss has been tectoni

cally emplaced within the ultrabasite. The geographical association of the 

two groups of eclogites is probably a coincidence and they have probably 

formed under different physical conditions. 

Ultrabasites and the eclogite and gamet-peridotite associated with them 

in Sunnmöre and outer Nordfjord occur in strongly tectonized zones to 

which they might have been transported from sub-crustal depths (O'Hara & 
Mercy 1963, Lappin 1966, Bryhoi 1966). Any allochthonous emplacement 

of the ultrabasite-associated eclogites has, however, no consequences for the 

origin of eclogites which are associated with gneiss. O'Hara & Mercy (1963) 

and Lappin (1966) inferred that the eclogites in gneiss were also exotic in 

their present setting. Our opinion is that there might weil have been move

ments on the eclogite-gneiss contacts, but the relative movement distances 

have only been slight. The contents of Cr and Ni in the eclogite in gneiss 

are lower than in eclogite endosed in ultrabasites and other rocks for 

which a subcrustal derivation can be more confidently suggested. The 

occurrence of many small bodies of eclogite as boudins and disrupted layers 

in paragneiss over a !arge area of West Norway is indicative that the eclogite 

in gneiss has formed more or less where it is now, either by primary crystalli

zation from injected basic magmas or by transformation from original basic 

rocks incorporated into a thick pile of original supracrustal deposits. 
The contents of Co, Cr, Ni, V, and Zr in gneiss-associated eclogites are 

all within the range reported for basalts (data in Taylor 1965), and are 

thus not incompatible with the theory of formation of eclogites by trans
formation from basalts or gabbroic rocks as suggested by a number of 
authors (Gjelsvik 1951 and 1952, Hemes 1954, Kolderup 1960, Schmitt 

1964, Bryhoi 1966). Our results indicate, however, that the eclogite in 
gneiss of Nordfjord cannot have formed from gabbroic rocks identical 

with those which now occur in the area, without some change in whole

rock chemical composition. 

Transformation of basaltic rocks to eclogite has now been demonstrated 

in the laboratory for a variety of basalt compositions (Ringwood & Green 

1966, Green & Ringwood 1967). The experimental results indicate that the 

temperatures and pressures at transformation are sensitive to variations in 

chemical composition of the basalts. Some of the eclogites in Nordfjord 
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have low content of potassium and may have been produced from a variety 

of original basic rocks endosed within a rapidly down-buckled grosynclinal 

pile. 

Geochemical comparisons of the eclogites of Nordfjord with any potential 

parental rock are made uncertain by the possibility that metasomatic 

processes may have been active during eclogite formation. The wide varia

tion in concentrations of certain elements indicates that the Nordfjord 

eclogites formed from a variety of original plutonic, volcanic, and sedi

mentary rocksorthat metasornatism has been involved to a different extent 

during their formation. We are not yet in a position to evaluate the 

extent of any metasornatism involved in the process of eclogite formation, 

but expulsion of elements that could not easily be accommodated in the 

eclogite-minerals should be considered. 
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Appendix 

ANAL YTICAL METHODS 

Pure mineral fractions were obtained by magmatic separation, use of heavy 
liquids, and final hand-picking under the binocular microscope. 

Major elements were determined by P.-R. Graff using gravimetric, 

photometric, and flame-photometric methods. Silica, aluminium, calcium, 

magnesium, and total iron were determined by standard wet chemical 

methods. The contents of titanium, manganese, sodium, potassium, and 

ferrous iron were determined using the methods outlined by Langmyhr & 
Graff (1965). The Penfield method employed for determination of combined 

water and earbon dioxide was determined indirectly as suggested by Kolthoff 

& Sandeli (1959, p. 372). 

Samples containing rutile are liable to cause analytical difficulties be

cause rutile is not easily soluble in hydrofluoric acid. In such cases, the 

sample was decomposed by fusing it with Na2C03 before determining 

titanium. 



ECLOGITES IN QUAR'I'ZO-FELDSPATHIC GNEISSES, WEST NORWAY 223 

Minor elements were determined by H. J. Bollingberg using a Hilger 

Large Quartz Glass Spectrograph and synthetic standards calibrated against 

G-1, W-1 and NSB minerals with lessthan 10 % relative standard deviation. 

Duplicate determinations were made on all samples. The minerals analyzed 

by H. J. B. were handpicked carefully under the binocular microscope to 

obtain a 7-8 mg sample of the highest possible purity. 

Optical measurements were made by l. Bryhoi using sodium light and 

immersion methods for refractive indices and the universal stage for optic 

angles. Cell dimensions for gamet were determined by I. B. using Guinier 

X-ray films and Pb (N03h as intemal standard. 
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