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The synorogenic Krutfjellet gabbro within the upper Koli Nappes in Nordland displays a complex igneous and metamorphic 

evolution, including deep-seated contact metamorphism, anatexis and extensive interaction between the crystallizing magma and the 

country rocks. Gabbroic and metabasic rocks show a wide compositional range, some of which reftects wall-rock contarnination, 

whereas the Nd isotopic signatures of selected gabbro samples indicate an origin from a depleted magma source. The 

gabbros/metabasics display subalkaline (including calc-alkaline) to rnildly alkaline compositions. Sm-Nd whole-rock +mineral 

isochron dating of olivine gabbro and gabbro-norite give ages of respectively 437 ± 22 Ma, 143
Nd/144Nd, = 0.512353 ± 24 and 

439 ± 20 Ma, 143
Nd/144Nd, = 0.512301 ± 20. Contact metamorphic rninerals in adjacent pelitic rocks yield sirnilar ages (437 ± 6 Ma, 

Gnt +Pl, sample 6B and 435 ± 5 Ma, Gnt +Pl+ Bi, sample 175), interpreted to date the contact metamorphic growth of garnets in 

anatectic rocks. Small-scale disequilibria between early- and late-formed rninerals in gabbros and in contact metamorphic/anatectic 

rocks may have been induced by contarnination and incomplete rnixing during the crystallization. 
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Introduction 

The discontinuous Krutfjellet Nappe (Haggbom 1980) is 
located in the lower part of the Upper Kali Nappes of the 
Central Scandinavian Caledonides (Upper Allochthon, 
Gee et al. 1985; Stephens et al. 1985, Fig. 1). This part of 
the Kali nappes is characterized by volcano-sedimentary 
successions of island are affinity, interpreted to represent 
exotic terranes which originated outboard to Baltica 
(Stephens & Gee 1989). The meta-supracrustal sequences 
were later intruded by gabbros and granites which have 
been related to the rifting and opening of marginal basins 
prior to the closure of the Iapetus Ocean and collision 
with Baltica (Stephens & Gee 1989; Pedersen, Furnes & 
Dunning 199 1). 

The present study focuses on a gabbro and the contact 
metamorphic/anatectic meta-sedimentary rocks from the 
Krutfjellet area (Figs 2, 3). This location has a tectonos
tratigraphic position similar to the Artfjallet gabbro on 
the Swedish side of the border, and the Sulitjelma gabbro 
further to the north (Fig. l) which have Late Ordovician
Early Silurian intrusion ages (Senior & Andriessen 1990; 
Pedersen, Furnes & Dunning 1991 ) . The Krutfjellet gab
bro and associated meta-sedimentary rocks (Krutfjellet 
Group) have been described elsewhere with respect to 
deformation and metamorphic history (Mørk 1979, 1985). 

This article presents mineral and whole-rock Sm-Nd 
and Rb-Sr isotopic data for gabbros with well-preserved 
igneous rnineralogy and from gamet-rich, high-grade 

contact metamorphic rocks. Geochemical (whole-rock) 
data for gabbro/meta-gabbro are also included for clas
sification purposes, to illustrate the possible chemical 
contamination of the gabbro from wall-rock and as a 
basis for comparison with other Caledonian gabbros. 
The main purpose of the study, however, is to constrain 
the age of intrusion and metamorphism and to compare 
the Sm-Nd ages obtained for the gabbro (whole
rock + plagioclase + pyroxene) and for the gamet-rich 
felsic rocks where the result is largely controlled by the 
gamet composition. This article presents further evidence 
for the applicability of gamet for dating of high-/ 
medium-grade metamorphism by the Sm-Nd method. 

Geological framework 

Tectonism and metamorphism 

The study area comprises Krutfjellet mountain on the 
eastem side of lake Røssvatn in Hattfjelldal (Fig. l ) ;  it 
consists of meta-sedimentary rocks of the Krutfjellet 
Group, interfolded with meta-volcanic rocks in the 
southem part and intruded by the 40 km2 Krutfjellet 
gabbro complex in the central part (Fig. 2; Mørk 1979, 
1985). This succession is part of a discontinuous tectonic 
unit within the Kali Nappe sequence, which has been 
defined as the Krutfjellet Nappe (Haggbom 1980). The 
Krutfjellet Group comprises polymetamorphic, medium-
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Fig. I. Overview map showing main tectonic units in Nordland and the location 
of the Krutfjellet gabbro (KG) in the Koli nappe complex (KN) east of Lake 
Røsvatn. The location of the Artfjiillet gabbro (AG) and the Sulitjelma gabbro 
(SG) are shown for comparison. PW = Precambrian basement windows, 
UMA = Uppermost Allochthon, SN = Seve Nappe (modified from Gee et al. 
1985). 

grade micaschists (pelitic and psammitic), hornblende 
micaschist, calcareous quartzite and polymict conglomer
ate (Mørk 1985). 

Relations between gabbro intrusion and metamor
phism in the area have been described in detail elsewhere 
(Mørk 1979, 1985). The main part of the gabbro was 
emplaced after an early phase of isoclinal falding and 
medium-grade, staurolite + garnet-grade metamorphism 
of the Krutfjellet group. The intrusive emplacement was 
inftuenced by faulting ( deformation phase D2) and due
tite falding of the gabbro-micaschist contact zone. The 
steep western contact zone is parallel to axial planes of 
F2 folds, which were folded by open folds during late F2 
and F3. The northern part of the gabbro complex has an 
elongated shape, parallel to the northern thrust contact 
of the Krutfjellet Nappe and to sediment zones which are 
preserved as inclusions in the gabbro. This part of the 
gabbro is variably foliated and is affected by shear 
deformation and associated retrogression. 

High-grade contact metamorphism and local anatexis 
occurred in a narrow zone around the gabbro and within 
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Fig. 2. Simplified geological map of the Krutjellet gabbro (based on Mørk 1985). 

Locations of gabbro samples mentioned in the text are shown here and in Fig. 3. 

numerous xenoliths and infolded sediments in the gabbro 
(Fig. 3). The contact metamorphism took place at mod
erately deep crustal levels (5-7 kbar, Mørk 1985). 
Quartz dioritic veins, locally with coarse-grained garnet 
or sillimanite, were generated by anatexis of pelitic rocks 
in the contact zone. A later phase with ductile deforma
tion and falding was associated with retrograde meta
morphism and a third stage with garnet growth at low 
grade conditions (garnet + biotite + chlorite, T ,...., 450°C). 
This phase may relate to the thrust emplacement and 
refolding of the Krutfjellet Nappe. 

The Krutf}ellet intrusive complex 

The Krutfjellet intrusive complex includes gabbro/am
phibolitic meta-gabbro, diorite and granitic rocks. 
Granitic rocks and gabbro in the northern part of the 
massif intruded into, and were complexly interfolded 
with, calc-silicate hornfelses and conglomerates. The 
sheets and veins of granite seen in the northern part of 
the area are interpreted to have originated by anatexis of 
older crustal rocks (Mørk 1979). Same granite sheets in 
the north may have been emplaced prior to the main 
gabbro intrusion, whereas other veins and dykes of gran
ite may be contemporaneous with the main gabbro em
placement. Anatexis of schists may also have inftuenced 
the composition of the gabbro on a local scale ( see 
below). In some locations the gabbro is characterized by 
a high content of partly molten and variably assimilated 
country-rock xenoliths. A several km lang zone of cal
careous conglomerate extending from Lake Røssvatnet 
into the central part of the gabbro body is also recog
nized in partly assimilated blocks, ftoating within hybrid 
gabbro (Figs 2 and 4). Pelitic rocks are also common as 
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Fig. 3. Geological map of the southem and 
central part of the Krutfjellet gabbro with 
sampling locations for the isotopic work. Ele
vation above sea leve] is shown for the 
highest peaks, and steep glacial valleys 
(krut = sami word for kettle, 'gryte') in the 
north are also indicated. (Mapping on air 
photos l: 30,000). 

1km 

xenoliths in the southem gabbro area. These are associ
ated with local anatectic quartz dioritic melts back-vein
ing into the gabbro (Fig. 4b). Such relationships are 
abundant in the northeast-southwest trending valley in 
the southem part of KrutfjelleL The composition is 
characterized by a mixture of amphibolitic meta-gabbro/ 
leuco-gabbro, diorite, xenoliths and anatectic veins from 
the country rock which form a magmatic breccia (Fig. 
4b). In summary, there is abundant field evidence for 
contamination of the gabbro caused by interaction with 
partially melted country rock. 

The igneous rocks have experienced extensive late
and post-igneous amphibolitization, mainly by pseudo
morphic mineral growth ( see below), and the gabbro 
complex is dominated by medium-grained, variably am
phibolitized meta-gabbro. Coarse-grained pegmatitic 
patches are occasionally developed, and fine-grained 
meta-gabbro is present in parts of the contact zone and 
within igneous breccias (and dykes?) in the southeastem 
infolded zones. Indistinct igneous layering is occasionally 
present in the central southem areas, but it is not com
mon. The emplacement of the gabbro was accompanied 
by ductile deformation, hydration and extensive incorpo
ration of the country rocks in to the body when the magma 
was still hot. This may, in part, have prevented the 
development of regular igneous layering. 

Gabbro with well-preserved igneous mineralogy is pre
served in the central and southem mountain ridges, and 
may be distinguished from the amphibolitized gabbro by 
its brownish weathering. The petrographic composition 
varies from augite-norite to olivine-gabbro with ophitic 
to subophitic texture. The early crystallization of olivine 
and plagioclase was followed by the later crystallization 
of orthopyroxene and augite. Late crystallized brown 
homblende and ilmenite are present in some samples. 
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Coronas of orthopyroxene + Fe-pargasitic homblende + 
spinel have grown between olivine and plagioclase at 
high temperatures during the cooling of the gabbro. 
Most of the gabbro has been altered to amphibolitic 
meta-gabbro by the growth of homblende, actinolite, 
zoisite/clinozoisite and quartz assemblages, commonly by 
pseudomorphic replacement of the igneous phases (Mørk 
1985). 

Analytica/ procedure 

Isotopic analyses were performed at the University of 
Oslo (Minera1ogica1-Geo1ogica1 Museum, laboratory of 
isotopic geo1ogy). Mineral separates for isotopic dating 
were prepared by magnetic separation and purification 
by hand-picking utilizing optica1 microscopy. The miner
alogy of the fractions was verified by SEM EDS ana1ysis 
(at IK U). The analytical procedures and instrument per
formances were identical to those reported by Sundvoll 
& Larsen ( 1990) and Meams ( 1986). Isochron calcula
tions followed the procedure of Y ork ( 1969), using the 
va}ues 1.42 X 10-ll a-l and 6.54 X 10-12 a-l for the 
decay constants of, respectively 87Rb and 147Sm (Steiger 
& Jager 1977). The error in the 147Sm/144Nd and 87Rb/ 
86Sr estimates are respective1y 0.5% and 0.25%. The 
�>-notation follows De Paolo & Wasserburg ( 1976a) using 
UR values for Rb-Sr reported by De Paolo & Wasser
burg (1976b) and CHUR values for Sm-Nd reported by 
Jacobsen & Wasserburg (1984). Errors quoted are at 2a 
leve l. 

Whole-rock chemical analyses of gabbro and meta
gabbro refer to unpublished thesis data (Mørk 1979) 
(X-ray ftuorescence analysis, operation conditions as in 
Weigand et al. 1974, analysis of Ni, Cr, Co, V, Rb and 
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Fig. 4. Examples of partial melting of country-rocks in the contact zone and in 
xenoliths in the gabbro. (a) Anatexis of pelitic schist (brownish, right) in contact 
with gabbro, southeastem K.rutfjellet. Note back-veining of leucosomes into the 
gabbro. (b) Variably assimilated blocks of polymict conglomerate in the gabbro, 
northern K.rutfjellet ridge. (c) Calc-silicate gneiss in xenoliths in the gabbro, 
southeastern K.rutfjellet. 

Sr according to the method of Jacobsen 1975). Na20 was 
analysed by y-spectrometry (neutron activation analysis) 
using a Ge(Li) detector and the content of Fe203 was 
calculated from titration analysis. Each analysis was run 
in duplicate. Calculated standard errors from pooled 
variance of 20 duplicate analyses are 0.26 for Si02, 0.02 
for Ti02, 0. 16 for Al203, 0.06 for Fe203, 0.002 for 
MnO, 0. 14 for MgO, 0.2 for CaO, 0. 10 for Na20, O.ol 
for K20 and 0.015 for P205• 

/sotopic dating 

Sample description 
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Samples which were selected for isotopic dating are 
described below: 

Gabbro: Three gabbro samples with well-preserved ig
neous mineralogy were selected for Sm-Nd and Rb-Sr 
isotopic analysis. Sample 82 is medium-grained gabbro
norite from the western mountain ridge (Fig. 3). Samples 
17 and 35 are respectively medium-grained olivine-gab
bro and fine-grained ophitic gabbro from the southem 
mountain ridge. Metamorphic (or late igneous) alter
ation is limited to thin coronas of orthopyroxene and 
amphibole between olivine and plagioclase and, occa
sionally, growth of amphibole within pyroxene. 

Contact metamorphic rocks: Two samples of contact 
metamorphic, anatectic rocks with coarse-grained gamet 
were selected for Sm-Nd and Rb-Sr isotopic dating. 
Sample 6B is from a xenolith in the 'middle' part of the 
gabbro body (Fig. 3). This rock is characterized by very 
coarse ( � l cm) poikiloblastic garnets in a matrix of 
quartz + plagioclase + cordierite (partly replaced by 
kyanite) + orthopyroxene + bi o tite. The fact that this 
rock type is found deep within the gabbro body and its 
heterogeneous distribution of plagioclase + pyroxene ver
sus gamet, inpicate that it is a mixture of a partially 
melted pelitic xenolith and hybrid gabbro. The contact 
metamorphic garnets have a homogeneous composition 
� Almu5 Pyr 30 Grs3.3 Sps1.7• Gamet -biotite thermometry 
indicates temperatures around 660-'--680°C, whereas gar
net-orthopyroxene-cordierite thermobarometry indicates 
630-720°C and 6.6 kbar (Mørk 1985). 

Sample 175 is from the zone with contact metamor
phic, micaceous rocks, possibly near the roof of the 
intrusion (Fig. 3). Coarse gamet grains (up to cm size) 
have grown preferentially within quartz-dioritic veins. 
The studied bulk-rock sample included both the leuco
some and some paleosome material. Chemical zoning 
profiles of gamet by electron microprobe analyses show a 
homogeneous, fairly Mg-rich almandine composition in 
the central part of the grain (Alm64Pyr29Grs3.4Sps3.4), 
and a distinct decrease in the Mg-content in the outermost 
rim (Alm64Pyr8Grs18Sps10). Fe/Mg exchange thermome
try for gamet rim and coexisting biotite indicate temper
atures of 600-574°C for the latest stage of the gamet 
growth, whereas the gamet core compositions, which are 
similar to the garnets in sample 6B, would imply high
grade metamorphic temperatures (Mørk 1985). 

Sm-Nd and Rb-Sr isotopic results 

Sm-Nd and Rb-Sr isotopic results for whole-rocks and 
minerals are shown in Tables l and 2, and calculated 
isochron dates and e-values are given in Table 3. 

Gabbros: Sm-Nd whole-rock sample + igneous minerals 
for samples 17 and 82 define two parallel isochrons with 
ages of 437 ± 22 Ma and 439 ± 20 Ma and initial ratios 
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Table l. Sm-Nd isotopic results. 

Sam p le ppm Sm ppm Nd t47Sm/t44Nd t4'Nd/t44Nd 

Gabbro 

35 wr 1 .43 4.68 0.1 861 0.5 1 2926 ± 3 

17 wr 3.40 1 1 .2 0.1856 0.5 12878 ± 5 

17 Cpx 7.74 23.2 0.2030 0.5 12938 ± 5 

17 Pl 0.46 2.57 0.1091  0.5 12666 ± 5 

82 wr 3.80 13.8 0. 1677 0.5 1278 1 ± 5 

82 Opx 2.33 7.40 0. 19 15  0.5 12859 ± 5 

82 Cpx 8.57 25.1 0.2079 0.5 1 2894 ± 5 

82 Pl 0.73 4.22 0. 1058 0.5 12605 ± 5 

Contact 

rock 

6B wr 5.67 21 . 1  0. 1466 0.5 12108 ± 4  

6B Pl 1.59 10.9 0.0889 0.5 1 1989 ± 4  

6B Got 9.3 1 2.6 0.4502 0.5 1 3023 ± 5 

175 wr 1 5.5 78.4 0.1201 0.5 12149 ± 4  

175 Pl 4.5 1 24.5 0.1 1 19 0.5 12164 ± 6 

175 Bio 10.3 53.2 0.1 178 0.5 12175 ± 5 

175 Got 9.72 1 1 .0 0.5381 0.5 1 3375 ± 4 

Table 2. Rb-Sr isotopic results. 

Sample ppm Rb ppm Sr 87Rb/s�r 87Sr/86Sr 

35 wr 1.70 234 0.0210 o. 702826 ± 1 3  

17  wr 10.7 257 0.1205 o. 703610 ± 30 

17 Cpx 7.46 55.8 0.3864 0.705280 ± 30 

17 Pl 1 .69 446 0.0109 o. 702900 ± 30 

82 wr 8.61 257 0�0969 o. 703600 ± 30 

82 Opx 2.87 25.6 0.3240 o. 705020 ± 30 

82 Pl 0.61 460 0.0038 o. 702980 ± 30 

6B wr 50.7 54.0 2.729 o. 735992 ± 12 

6B Pl 2.53 201 0.0365 0.7 13737 ± Il 

175 wr 106 124 2.479 o. 730990 ± 60 

175 Bio 373 7.6 1 54.7 1.623260 ± 44 

175 Pl 45.1 240 0.5435 0.716805 ± lO* 

175 Got 2.86 1 .87 4.451 0.768433 ± 200 

• Recalculated from spike. 

of 0.5 12353 ± 24 and 0.5 12301 ± 20, respectively (Fig. 5 
and Table 3). Another whole-rock gabbro sample (35) 
plots above these regression lines in the isochron dia
gram. 

Rb-Sr data for the same gabbro samples and mineral 
separates also define two parallel isochrons with calcu
lated ages of 445 ± 18 Ma and 446 ± 20 Ma for samples 
17 and 82, and initial ratios of O. 702837 ± 26 and 
O. 702967 ± 25, respectively (Ta ble 3 and Fig. 6). These 
ages are slightly older than the ages calculated from the 
Sm-Nd method, but overlap within less than la standard 
deviation of the calculated isochrons. 

Calculated eNd and �>sr (t = 440 Ma) values for the 
three whole-rock samples indicate moderately depleted 
compositions for samples 17 and 35, dose to the mantle 
array, and less depleted for sample 82 (gabbro-norite, 
Table 3 and Fig. 7). 

Contact metamorphic rocks: Sm-Nd data for whole-rock, 
plagioclase and garnet separates from xenolith 6B indi-
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Fig. 5. Sm-Nd isotopic data and whole-rock +mineral isochrons for gabbro, see 
Tables l and 3. Pl = plagioclase, Cpx = clinopyroxene, Opx = orthopyroxene, 
wr = whole rock. 
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Fig. 6. Rb-Sr isotopic data and whole-rock +mineral isochrons for gabbro, see 
Tables 2 and 3. Pl= plagioclase, Cpx = clinopyroxene, Opx = orthopyroxene, 
wr = whole rock. 

cate a poor fit (MSWD = 7 1, Tabie 3) regression line 
with an 'age' of 444 ± 40 Ma. The metamorphic minerals 
garnet + feldspar yield an age of 437 ± 6 Ma (Table 3, 
Fig. 8). The poor fit of the regression line which includes 
the whole-rock sample may reflect isotopic disequi
librium. A possible explanation for the disequilibrium 
may be the incomplete mixing of gabbro and pelite on a 
whole-rock scale (see below). 

Whole-rock + plagioclase + biotite + garnet from the 
anatectic sample 175 define a hetter constrained age of 
441 ± 20 Ma (Table 3). As for sample 6B, the error and 
high MSWD value may reflect the incomplete equilibra
tion between the whole-rocks and the metamorphic min
erals. In the case of sample 175, garnet was observed to 
grow preferentially within the anatectic veins (leuco
somes) whereas the whole-rock also includes paleosome 
material. A combination of the metamorphic minerals 
garnet+ biotite + feldspar from sample 175 gives a well
constrained age of 435 ± 5 Ma (MSWD = 0.54, Ta ble 3). 
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Table 3. Isochron data for minerals ± whole-rock and calculated e,-value (t = 440 Ma) for whole-rock. *Poor quality of fit - 'heterogeneous whole-rocks' (see text). 
Sm-Nd results 

Whole rock (wr) Age (Ma) 
Sam p le and minerals ± 2u err. 

Gabbros 

17  wr +Cpx +PI 437 ± 22 

82 wr + Opx + Cpx + Pl 439 ± 20 

35 

Gamet-rich anatectic rocks 

6B* wr +Gnt + Pl 444 ± 40 

6B Gnt +PI 437 ± 6  

175* wr +Pl + Bi +Gnt 441 ± 20 

175 Gnt +PI +Bi 435 ± 5 

175 Gnt +PI 434 ± 5  

1 75* Gnt +wr 448 ± 5  

Rb-Sr results 

Whole rock (wr) age (Ma) 
Sam p le and minerals ± 2u err. 

Gabbros 

1 7  wr +Cpx +PI 445 ± 18 

82 wr +Opx +PI 446 ± 20 

35 

Garn et -rich anatectic rocks 

6B wr 
175 wr +Bio 412 ± 8  

175 PI +Bio 413 ± 8 

175 Gnt +Bio 400 ± 8  

Rb-Sr dates calculated for the various combinations of 
biotite with whole-rock and metamorphic minerals for 
sample 175 indicated values in the range 400 ± 8 Ma-
413 ± 8 Ma (Table 3). These Rb-Sr biotite ages are 
distinctly younger than the Sm-Nd and Rb-Sr dates for 
the gabbro and the Sm-Nd garnet date for the same 

1 0  

Dep leted m antle 

- 1 00 300 

- 1  o 

Fig. 7. eNd-llsr plot for gabbro samples 35, 17 and 82 and contact-metamorphic, 
partly melted whole-rock samples of metasedimentary rocks ( 1 75, 6B). Calculated 
two-component mixing hyperbolas between depleted gabbro ( 35) and the two 
enriched anatectic rocks are indicated (in part overlapping). Also shown is the 
depleted mantle composition at 440 Ma. 
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Fig. 8. Sm-Nd isotopic data and whole-rock +mineral isochrons for contact 
metamorphic/anatectic gamet rocks, see Tables l and 3. Gnt = gamet, Pl= 
plagioclase, Bi = biotite. 

sample. This is according to the expected closure be
haviour of the Sr isotopic system in the different minerals 
(see later discussion). 

Compositional variation of 
gabbro/meta-gabbro 

Bulk -rock and mineral analyses of gabbro -mela -gabbro 

Twenty-one samples of meta-gabbro and six samples of 
gabbro were analysed for their bulk-rock composition 
(Mørk 1979), and some representative analyses are 
shown in Table 4. The samples represent different geo-
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Table 4. Bulk-rock, major element composition (wt%) of selected samples of gabbro and meta-gabbro from Krutfjellet, main complex. A few trace elements (ppm) 
are also shown. F, M and C refer to grain size (fine, medium, coarse). Hybr = hybrid mela-gabbro. 

Gabbros Meta-gabbros 

Sam p le 

Si02 
Ti02 
Al203 
Fe203 
FeO 
Mn O 
MgO 
Ca O 
Na20 
K20 
P20s 

H20+ 

Sum 

Cr 
Ni 
Co 
V 
Rb 
Sr 

35 

F-M 

47.62 

0.65 

19.68 

0.82 

6.50 

0. 12  

9.87 

10.38 

2.63 

1 . 1 4  

0.05 

0.05 

99.51  

229 

236 

52 

8 

2.6 

243 

82 

M 

49.02 

1 .76 

16.75 

0.91 

8.20 

0. 1 6  

7. 1 1  

10.32 

2.8 1 

0.42 

0. 1 5  

2. 1 8  

99.79 

144 

67 

41 

128 

8.7 

282 

12B 

c 

50.70 

0.43 

20.56 

0.66 

4.48 

0.90 

7.24 

10.52 

2.66 

0.41 

0.01 

2.27 

100,03 

153 
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graphical areas and depths within the gabbro complex, 
and they were taken to represent different lithologies. 
The gabbro and meta-gabbro samples are olivine + hy
persthene + diopside normative and thus subalkaline 
(Irvine & Baragar 197 1)  except three samples which are 
slightly nepheline normative and more transitional to 
alkaline samples 35, 45c and 94, Fig. 9). 

lgneous minerals were analysed in a few samples as a 
supplement to the bulk-rock chemical analyses. Olivine 
from olivine + plagioclase cumulate gabbro shows nor
mal growth zoning. The olivine and plagioclase variation 
of the studied samples ( 1 7, 35, 82, 12B) are Fo74 -Fo62 
and An69-An48 • Analyses of orthopyroxene (bronzite
hypersthen, En75 -En62) and clinopyroxene (augite, En45-
En39) compositions are shown in Table 5.  

The presence of orthopyroxene in samples with ig
neous mineralogy preserved and the dominance of or
thopyroxene-normative rock compositions indicate a 
subalkaline, possibly tholeiitic affinity. The subalkaline 
nature of the magma is also supported by the low 
Ti02/Al ratio and high Si02/Al203 ratio of the clinopy
roxene, both in the orthopyroxene-rich samples and in 
the potassium-rich sample 35 (Le Bas 1962; Nisbet & 
Pearce 1977; Leterriere et al. 1 982) .  The Ti-Al ratios of 
the clinopyroxene resemble those in clinopyroxene from 
calc-alkali basalts (Leterriere et al. 1982). 

The meta-gabbro samples cover a larger compositional 
range than the gabbro samples with igneous mineralogy 
preserved and also include more evolved samples with 
respect to Si02 and FeO/(FeO + MgO) (Fig. 1 0) .  Clas
sification of the magma is complicated because of the 
possibility of plagioclase and olivine accumulation and 
hybridization by assimilation of crustal material. For 
example, in the AFM classification diagram, olivine cu-
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mulates would appear more tholeiitic in composition 
than their host magma. Fig. 9b shows a predominance of 
calc-alkaline compositions. The most fine-grained sam
ples (meta-gabbro, e.g. 1 6c from the southern contact 
zone and 79 from the western zone) may be candidates 
for liquid compositions. These show a calc-alkaline 
affinity in terms of major element discrimination plots 
(Miyashiro 1975; Pearce 1976) and the calc-alkaline 
affinity is illustrated here by a K20-Si02 plot (Fig. 1 1 , 
dividing lines compiled by Rickwood 1989). 

Table 5. Microprobe analyses of pyroxenes from the Krutfjellet gabbro, samples 
35, 82 and 17 (from Mørk 1 979). Structural formulas calculated on the basis of 
4.0 cations and ferric iron calculated on a charge basis. 

Clinopyroxene Orthopyroxene 

Sample 35-2. 1 35- 1 .2  82-5.3 1 2-4. 1 17- 5.2 82- 1 . 1  82-9.2 17-7 . 1  

Si02 
Ti02 
Al203 
F�03 
FeO 
MgO 
Ca O 
Na20 
K20 

52.30 52.20 5 1 .60 
0.93 0.82 0.87 

4.20 4.80 2.90 

0.00 0.46 0.00 
7.00 6.09 10.30 

16.50 16.80 13 .90 

19 .10 19 .00 19.00 

0.50 0.60 0.50 
0.00 0.00 0.10 

5 1 .70 49.30 52.40 

0.98 1 .04 0.46 

4.90 4.30 1 .30 

0.28 3.39 0.00 

16.30 6.64 20.50 

7.25 14.60 22. 10  

16.30 19.80 1 .50 

0.50 0.40 0.00 

0.00 0.00 0. 10  

53 . 10  52.00 

0.60 0.31 

1 .30 2.60 

0.00 1 .23 

20.58 18 .59 

22.80 23.20 

1 .60 1 .60 

0. 10  0. 10 

0 . 10 0.00 

Sum 100.53 100.77 99. 17  100.71 99.37 98.36 100.60 99.63 

Si 
Al, 
Al 
Ti 
Fe3 
Mg 
Fe2 
Ca 
Na 
K 

1 .91  1 .89 1 .94 

O. l O O. l l  0.06 

0.09 0. 10 0.07 

0,03 0.02 0.03 

0.00 O.oi 0.00 

0.90 0.91 o. 78 

0.21 0. 18  0.32 

0.75 0.74 0.77 

0.04 0.04 0.04 
0.00 0.00 O.oi 

1 .88 1 .84 

0. 12  0. 1 6  

0.09 0,03 

0.03 O.o3 

0.01 0.09 

0.88 0.81 

0.22 0.21 

0.73 0.79 

0.04 0,03 

0.00 0.00 

1 .98 

0.02 

0.03 

0.01 

0.00 

1 .24 

0.65 

0.06 

0.00 

O.oi 

1 .95 • 1 .92 

0.05 0.08 

0,03 0.04 

0.02 0.01 

0.00 0,03 

1 .25 1 .28 

0.63 0.58 

0.06 0.06 

O.oi 0.01 

0.01 0.00 
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Fig. 9. Gabbro/meta-gabbro composition in terms of a) the normative components 

Ne' = Ne+ 3/5Ab, Q' = Q + 2/5Ab + l/40px, OI' = OI + 3/40px and b) AFM 
components (after Irvine & Baragar, 1971) illustrating the dominantly subalkaline 

and calc-alkaline character of the rocks. Open circles: samples with igneous 
mineralogy; filled circles: meta-gabbro; triangles: fine-grained mela-gabbro. 

The gabbro/meta-gabbro samples are relatively en
riched in Al203 (16-20%). This is comparible with a 
calc-alkaline (high-Al basaltic) magma composition. 
Sample 94 (23% Al203) is a zoisite-replaced plagioclase 
cumulate with an anomalously high Sr content. The Al 
content of the samples shows a decrease with increasing 
FeO/( FeO + MgO) ( excluding sample 94), Si02 shows 
an irregular increase and Na20 a weak increase, whereas 
K20, CaO, Ti02 and P205 show no regular variation 
with differentiation within the FeO/(FeO + MgO) range 
0.40-0.70 (Fig. 10). 

Four of the samples fall on a separate trend in a plot 
of Rb versus K20, with relative enrichment of K20 and 
depletion in Rb (Fig. 12) and they also have a low Rb/Sr 
ratio. These include the least evolved samples, 35, 45c 
and 41, and one evolved sample, 48. It is possible that 
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Fig. 10. Chemical variation diagram for selected oxides (in wt. %) plotted against 

FeO/(FeO + MgO) as abscissa. Symbols as in Fig. 9. Two hybrid mela-gabbro 

samples ( 45a and 45b) are marked by squares. 

samples 35 and 45c belong to a more alkaline magma 
series, as these were also mildly nepheline normative or, 
alternatively, that they have been influenced by selective 
contamination of K. Sample 35 was also analysed for its 
Nd and Sr isotopic composition. As it was the most 
depleted of the samples in the Bsr-eNd .plot (Fig. 7), the 
contamination model is not a very likely explanation for 
the high K value. It is thus more likely that more than 
one type of basic magma was present, and that the 
igneous activity involved both subalkaline and transi
tional/mildly alkaline magmas. 
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45 50 55 60 65 
wt.% Si02 

Fig. 11. Fine-grained meta-gabbro (filled circles) and )east differentiated gabbro, 

sample 35 ( open circle) plotted in the K20-Si02 diagram and indicating a 
calc-alkaline affinity. Dividing lines from Rickwood ( 1989). SS = shoshonite 

series, HKCAS = high-K calc-alkaline series, CAS = calc-alkaline series and 

LKTS = low K tholeiite series. 

Hybrid rocks are exemplified most clearly by the meta
gabbro samples 45a and 45b which are from the same 
exposure as the least differentiated (Mg-rich) meta-gab
bro 45c. The hybrid samples are heterogeneous and 
enriched in biotite and blue quartz ( 45a) or amphibole 
( 45b). Their compositions are not evolved with respect to 
FeO/(FeO + MgO), but they show a relative enrichment 
in Si02K20, Rb and in the Rb/Sr ratio, and a depletion 
in CaO (Fig. 10). This low FeO/(FeO + MgO) ratio is 
comparable with the observation from other igneous 
eruptions that assimilation of wall rock components into 
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the magma is facilitated by magma compositions which 
are Mg-rich and hot (e.g. Kerr, Kempton & Thompson 
1995). The above-mentioned samples, and the field rela
tions (Fig. 4) demonstrate that chemical interaction of 
the gabbro with the wall rock has taken place on differ
ent scales. 

Discussion of isotopic results 

The lack of a linear relationship between the three whole
rock gabbro samples in the 143Nd/144Nd-147Sm/144Nd 
and 87Sr/86Sr-87Rb/86Sr plots (Figs 5, 6) could in part 
reflect that the magma was originally isotopically hetero
geneous, and/or that secondary disturbance of the iso
topic compositions has occurred in connection with 
magma emplacement. It is a common observation from 
other studies of gabbros that whole-rock samples fail to 
form an Sm-Nd isochron. 

As noted from field relations and petrographic compo
sitions of the Krutfjellet gabbro, there is evidence of 
abundant contamination and hybridization of the 
magma by the melting and assimilation of various meta
sedimentary rocks both in the contact zone and deep 
within the intrusive body (sample 6B). Such a process 
implies that different degrees of contamination with 
older crustal Nd and Sr have taken place during the 
igneous crystallization. The enriched anatectic xenolith 
samples 6B and 175 may exemplify possible contami
nants. Sample 35 (mildly alkaline) has the most depleted 
composition with respect to Sm/Nd, Rb/Sr, Rb/K, FeO/ 
(FeO + MgO) and it is located close to the mantle array 
in the eNd-esr diagram. Hypothetical mixing hyperbolas 
between the most Nd-depleted sample (gabbro 35) and 
the strongly enriched anatectic rocks ( 175 or 6B) from 
the contact zone are exemplified in Fig. 7. The olivine 
( cumulate) gabbro 17 and the gabbro no rite ( 82) are also 
depleted in Nd, and near to the mixing lines. However, 
the more strongly contaminated and hybrid meta-gab
bros were not analysed for their isotopic composition in 
the present study. Much more comprehensive work must 
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be carried out in order to examine the influences of 
possible mixing and contamination on the compositional 
variation of the Krutfjellet gabbro. 

Late igneous interaction with wall rock may result in 
isotopic disequilibrium between early and late crystal
lized phases, and this may be a mechanism to explain the 
somewhat large 2a error of the whole-rock + mineral 
isochrons. Such contamination has recently been docu
mented in detail in the Fangen gabbro farther south 
(Sørensen & Wilson 1995). In the present study, the 
Sm-Nd mineral+ whole-rock isochron ages are, how
ever, identical for the two gabbro samples and they are 
also similar to the Sm-Nd garnet ages of the contact 
metamorphic rocks. 

The Sm-Nd isotopic system has been shown to have 
high closure temperatures for clinopyroxene and plagio
clase (Harrison & Wood 1980; Sneeringer, Hart & 
Shimizu 1984), and closure temperatures close to igneous 
temperatures have also been inferred for garnet (Cohen 
et al. 1988). However, Mezger, Essene & Halliday (1992) 
estimated closure temperatures around 600°C for Nd 
diffusion in common regional metamorphic garnets. 

The Krutfjellet gabbro intruded into the meta-sedimen
tary succession at a fairly deep level in the crust at 
medium-grade regional metamorphic conditions ( stauro
lite grade). This resulted in local elevation of the temper
atures by contact metamorphism, reflected by high-grade 
mineral parageneses and by metamorphic equilibration 
temperatures from 750-575°C (Mørk 1979, 1985). For 
the xenolith samples studied ( 6B and 175), we regard the 
value of 600°C (Mezger, Essene & Halliday 1992) as a 
minimum estimate for the closure temperature, due to the 
coarse grain-size of the garnets. This implies that the 
Sm-Nd garnet age dates the cooling of the gabbro befare 
it reached the ambient regional metamorphic geotherm. 
However, there is evidence of lack of isotopic equilibrium 
on a whole-rock scale which we interpret in terms of an 
incomplete mixing between molten pelite and magma, i.e. 
retention of Nd in early formed igneous minerals (e.g. 
Mørk & Mearns 1986). It has been shown elsewhere that 
Sm-Nd isotopic systems are not easily reset by metamor
phism except in connection with fluid induced recrystal
lization and ductile deformation and in the high-grade 
Caledonized gneiss areas of Scandinavia there is varied 
evidence of the survival of older mineral ages in the 
absence of recrystallization (Mørk & Mearns 1986; Co hen 
et al. 1988). In the contact-metamorphic rocks studied 
here, local isotopic equilibria may have been obtained 
between the minerals in the leucosomes ( coarse-grained 
garnet, plagioclase, biotite) which may have grown in 
equilibrium with the same fluid. 

In conclusion, the garnet + plagioclase age of 437 ± 6 
Ma for xenolith 6B and the garnet + plagioclase + biotite 
age of 435 ± 5 Ma for anatectic vein 175 are interpreted 
to date the high-temperature contact metamorphism and 
thus also the main igneous intrusion. 

Rb-Sr isotopic data for garnet, plagioclase, biotite and 
whole-rock do not define an isochron. Biotite is known 
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to have a distinctly lower closure temperature for Sr 
diffusion than plagioclase ( "'300°C; Dodson 1979). 
Two-point biotite-whole-rock or biotite-garnet isochron 
ages are 412 ± 8 Ma and 400 ± 8 Ma respectively. These 
data may constrain the age of cooling following the latest 
regional, retrograde metamorphic event (M3). The retro
grade metamorphism was associated with the replace
ment of medium-grade assemblages by low-grade 
assemblages and with regional garnet + biotite equilibra
tion at ca. 450°C. This metamorphic phase has been 
interpreted to relate to the thrusting of the Krutfjellet 
Nappe and the interfolding of the different Upper Koli 
Nappes. The whole-rock-biotite Rb/Sr age gives a mini
mum age for this structural and metamorphic event. 

Conclusion and regional comparison 

The age of the Krutfjellet gabbro is constrained by the 
Sm-N d mineral dates of coarse-grained, contact metamor
phic minerals garnet + feldspar ( 437 ± 6 Ma, sample 6B) 
and garnet+ feldspar + biotite ( 435 ± 5 Ma, sample 175) 
in anatectic veins. The combination of whole-rock and 
igneous minerals in the gabbro gives similar Sm-Nd ages 
( 437 ± 22 Ma and 439 ± 20 Ma). The large errors may 
reflect the limited spread in Sm/Nd ratios in combination 
with small isotopic heterogeneities of the crystallizing 
magma. The Rb-Sr (gabbro whole-rock +mineral) ages 
are also in the same range. The metamorphic bi o tite age of 
around 400 Ma gives a minimum age for the post
intrusive, eastward thrust emplacement of the nappes 
which occurred at ductile, low grade-metamorphic condi
tions. 

The Krutfjellet gabbro is comparable in age to the 
Arfjållet gabbro on the Swedish side of the border which is 
located in a similar tectonostratigraphic position (Senior & 
Andriessen 1990; 434 ± 5 Ma) and to the Sulitjelma gabbro 
in the Koli-equivalent Furulund Nappe further north 
(Pedersen, Furnes & Dunning 1991; 437 ± 2 Ma). These 
intrusives correlate in time with felsic rift magmatism in the 
Middle Koli Nappes in Våsterbotten ( 440 ± 2 Ma) which 
post-dates 476 Ma and 492 Ma volcanic are activity 
(Claesson, Stephens & Klingspor 1988). Gabbroic intru
sives of similar age are also present in the Narvik Nappe 
Complex exemplified at Råna ( 437 ± 2 Ma; Tucker, Boyd 
& Barnes 1990; U-Pb method), whereas the Mosjøen 
gabbro is slightly younger (Tørudbakken & Mickelson 
1986; 420 ± 8 Ma). The synorogenic Fangen gabbro in the 
Trondheim Nappe in the south (Wilson, Hansen & 
Pedersen 1983) is also slightly younger than the above
mentioned gabbros in the Koli Nappes. 

The most voluminous intrusives of comparable ages, 
however, are the granitic plutons of the Bindalen massif 
(Nordgulen et al. 1993; 430 ± 10 Ma-447 ± 7 Ma) and 
the varied gabbroic to granitic batholiths in the Hitra
Smøla area (Nordgulen, Solli & Sundvoll 1995) which 
may range in age between 450-428 Ma (Gautneb 1988; 
Tucker 1988). 
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The Krutfjellet gabbro shows many resemblances to 
the Sulitjelma gabbro with respect to intrusion levet, 
late/post magmatic development of coronas (ferro parga
sitic hornblende + spinel; cf. Mason 1968) and the poly
metamorphic evolution of pelitic country-rocks (Mason 
1980). From comparison with the published literature it 
appears, however, that the Krutfjellet gabbro is more 
intermixed with xenoliths and interfolded with meta-sedi
mentary rocks in a plastic state and also more strongly 
retrogressed, and the Krutfjellet gabbro is interpreted as 
syn-orogenic (Mørk 1985). 

The Koli Nappes have a complex tectonic history 
which was traditionally believed to involve accretion of 
istand arcs on to Laurentia, rifting and opening of mar
ginal basins, closure of the Iapetus ocean and collision 
with Baltoscandia (Stephens & Gee 1989). The Early 
Ordovician scenario between Baltica and Laurentia, 
however, is disputed by Torsvik et al. ( 1995) who suggest 
that Siberia may have been opposite Baltica at that time. 
The Early Ordovician sea-floor spreading is represented 
by numerous ophiolites of oceanic affinity ( see references 
in Pedersen, Furnes & Dunning 1991). An ophiolitic or 
incipient spreading origin ( oceanic mantle signatures) 
has also been assigned to some of the Late Ordovician
Early Silurian volcanics and gabbro intrusives which 
were related to spreading along the lapetus margin 
(Dunning & Pedersen 1988; Pedersen, Furnes & Dunning 
1991). The Nd and Sr isotopic data from least contami
nated and best preserved gabbro with igneous mineral
ogy at Krutfjellet indicate an origin from a depleted 
mantle, and on the basis of the synorogenic nature and 
the intrusive interaction with older continental crust we 
exclude an oceanic spreading origin for the gabbro. We 
suggest instead an origin by temporary rifting in a com
pressive continental margin regime (?oblique collision
transcurrent fault zone). 

A compilation of isotopic data from mafic and ultra
mafic intrusives from Finnmark in the north to the Oslo 
Graben in the south concluded that there was an Nd-de
pleted mantle composition beneath the Baltoscandic 
plate throughout the Precambrian and Palaeozoic (An
dersen & Sundvoll 1995). This reduces the applicability 
of Nd isotopic signatures to distinguish between Baltic 
and oceanic exotic terrane origins. However, the isotopic 
databases are still very fragmentary. Much work also 
remains to be done on the tectonic and palaeogeographic 
framework of this part of the Caledonides. 
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