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that the: Rb-Sr isotopic systems were not equilibrated . thz whole-rock scale. The Sztra Nz ppe provides
cvidence of a strong Caledorion deformation/metamorphic cvent in the Western Gneits Region of
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The Western Gneiss Region includes the unfossi-
liferous medium- to high-grade schists and
gneisses that form a large part of Western Nor-
way. The region was long considered to repre-
sent the orogenic core of the Scandinavian Cale-
donides (Wegmann 1935; iToltedakl 1953; Strand
1961), and the gneisses thought to include Pre-
cambrian basement and Eocambrian-Paleozoic
cover rocks, both largely transformed by Cale-
donian granitization. These inierpretations were
supported by early geochronological studies, as
minerals consistently yieldzd Caledonian dates
(Broch 1964). However, recent whole-rock Rb-
Sr age determinations have necessitated re-eval-
uations of earlier conclusiors. Many gneisses
have yielded Precambrian isochrons, showing
that they were not formed by Caledonian graniti-
zation. Thus, it has become uncertain which, if
any, of the rocks, structures, and metamorphic
assemblages are of aledonian age. Many recent
geochronologic studies, geologic studies, and re-
gional reviews have suggested that the last major
orogenic event in the Western Gneiss Region
was Precambrian, and that Caledonian orogene-
sis may involve only relatively brittle deforma-
tion and low-grade metamorphism (e.g. Raheim
1977; Skjerlie & Pringle 1978; Krogh 1977;
Brybni & Brastad 1980; Roberts & Sturt 1980).

Fowever, these conclusions are based largely
on interpretaticns of the meaning of Rb-Sr
whole-rock dates, which are potentially equiv-
ocal as a result of geologic and isotopic complex-
ities (Krill & Griffin 1931). This paper addresses
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two problems that previously have hindered in-
terprefations of Rb-Sr resuits in the Western
Ganeiss Region.

(1) Intrusive rocks with well defined field rela-
tionsiiips are scarce, and the few dates obtained
have not heiped to bracket the orogenic events.
‘Late’- and ‘post’-tectonic intrusive rocks have
given Caledonian dates (Pidgeon & Raheim
1972; liebekk 19§1) but none have given Precam-
brian dates, which would be clear evidence of a
strictly limited degree of Caledonian metamor-
phism. Conversely. some *pre’- and ‘syn’-tecton:c
intrusions have g ven Precambiian dztes (Priem
et al. 1973; Brueckner 1979; Raheim 1979) but
none have given Caledonian dates, which would
clearly demonstrate that the Caledonian orogen-
esis played a major rcle here. The dolerite dikes
examined in the present study are an example of
the latter.

(2) The data points on Rb-Sr diagrams are al-
rost invariably scattersu and the scattering is
difficult to interpret. Although some rocks in the
Western Gneiss Region hzve yieided Precam-
brian isochrons, many schists and gnzisses, espe-
cially those earlier presumed to be Caledoniaa,
do not recerd isechrons, but rather ‘errorchrons’
with scatter of the data poiitts about Precambrian
or Caledonian reference lines. if the scatter is
interpreted as being secondary {causcd by retro-
gression, late cleavage, or jointing) the errcrch-
rons are considered to represent minizaum meta-
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Fig. 1. Stepped dolerite drke (1) cutting sedisnentary layering.
Katfe is 20 cm fong.

morphic ages (Raheim 1977; Solheim 1980). Al-
ternatively, if the scatter reflects incomplete iso-
topic equilibration during metamorphisia, the er-
rorchron dates could be maximum ages for the
metamorphism. Feldspathic psammites that pro-
duced strongly scattered data (Solheim 1980) are
reexamined in the present study in an attempt to
interpret this scatter.

Geologic setting

The eastern margin of the Western Gneiss Re-
gion, near the Trondheim Region, is generally
less deformed and metamorphosed than western
parts, and & tectonostratigraphy and structural
history are resoivable (Krill 1980a). The Sztra
Nappe. consisting of feldspathic psammite cut by

Lable 1. General charactenistics of Sietra dikes.

Weakly deforned tntenscly deformed

Thickness 1-5 metres (~10 cm

Orentation Subvertical. cutting Subhorizontal
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+opaque, K-spar,
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Fig. 2. Isoclinal fold in psammite. developed adjacent to
strongly deformed metadolerite. Hammer is S0 cm long.

dolerite dikes (Bjerlykke 1905; photo p. 389), is
a distinctive and areally extensive tectonostrati-
graphic unit. Regional correlations suggest that
the Sztra Nappe is a western extension of the
Sédrv Nappe, and local field relationships indicate
that the dolerite dikes intruded before the large-
scale thrusting of the S@tra Nappe and metamor-
phism and recumbent folding of the tectonostra-
tigraphy (Krill 1980a). The samples of metado-
lerite and feldspathic psammite discussed here
were all collected from the Engan flagstone quar-
ries near ‘Sztra’ south of Oppdal (map Fig. 1,
Krill 1980a}. The quarries provide excellent ex-
posure in a thick and relatively well preserved
part of the Sztra Nappe.

Dolerite dikes

The degree of deformation is variable and nearly
all of the characteristic of the dikes (thickness,
orientation, structure, texture, mineralogy, and
chemistry) vary with the degree of deformation
(Figs. 1-2). Table 1 summarizes general charac-
teristics of the least deformed ard most de-
formed dikes. However, all intermediate stages
of deformation are found, and individual dikes
can be traced from weakly to intensely deformed
paris.

Samples of unfoliated metadolerite were ccl-
lected from three of the least deformed dikes.
Locations of the dikes, cctragraphic descriptions
of samples, and analytical techniques are pre-
sented in the Appendix. Samples from dikes ‘M’
and ‘D’ contained no weathered surfaces, and
five samples of each were analysed. Only two
samples were analysed from dike *A’, which cor-
tains rusty-weathered joints and traces of meta-



LITHOS 16 (1983)

Fig. 3. Unfoliated metadolerite of dike ‘M". Pyroxene (Px) is
largely replaced by amphibole. Phuiomicrograph is 1.3 mm
long. Plane lighi.

moiphic biotite. In addition, a sample of biotite-
epidote schist from the intensely deformed part
of a fourth dike was aralysed (Fig. 4). Analyses
of major and trace elements are listed in Table 2.
The doicrite samples have chemical characteris-
tics typical of abyssal or oceanic tholeiitic basalt,
and are very similar to the Ottfjallet dolerites of
the Siarv Nappe (Solyom et al. 1979) and those
occurring ir: the upper part of the Leksdal Nappe
(Andreasson et al. 1979).

Whole-rock Rb-Sr results on the twelve sam-
ples from dikes M, D, and A are listed in Tablz 3
and plotzed in Fig. 5. Although the Rb/Sr ratios
are very low, there is sufficient dispersion to
definc an iscchron corresponding to an age of
745+37  Ma,  (¥'St/*Sr),=.7046 + .0003,
MSWD == 1.1. Sample 67A has several rusty joint
surfaces and was not included in the regression.
Inclusion of this sample does not significantly
change the date, but raises the MSWD value to
7.7.

Dikes M and D each have enough spread in
Rb/Sr ratios to yield separate whol:-rock dates.
The five samples of dike M produce a well de-
fined isochron date of 738%56 Ma, (¥Sr/
88r) = .7046, MSWD = 0.4. Dike D is chemi-
cally less variable, and the date has iarger uncer-
tainty: 635+231 Ma, (¥'Sr/Sr),=.7050,
MSWD = 0.7.

The dates are interpreted as the age of igneous
intrusion. The extremely low ratios of *’Sr/*°Sr
are in the range typical for isotcpically unaitered
basalt (Faure & Powell 1972; Carmichael et al.
1975). The initial 87Sr/%Sr ratio of the dolerite.
(.7046) is within the range of mantle-derived val-
ues (Faure & Powell 1972). The initial ratio is
higher than most modern mid-ocean ridge ba-
salts, but iower than most tholeiitic basalts within
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Fig. 4. Schistose metadolerive consisting of biotite, epidote,
znd quartz. Photomicrograph is 3.2 mm long. Plane light.

continental rocks (Carmichael et al. 1975). This
low ratio suggests that these samples of doierite
were not significantly contaminated by Sr from
the psammite or other rocks during the genera-
tion, intrusion, or metamorphism of the doler-
ite.

In contrast, the sumple o7 strongly foliated
bigtite-epidote schist from the fourth dike con-
tains relatively large amounts of K and Rb, and
very littie Na, compared to unfoliated samples
(Table 2). Although it gained Rb and Sr from the
psammite, the Rb-Sr znalysis plots below the 745
Ma isochron line (Fig. 6), whereas anaiyses of
psamimite (Fig. 6 and Solheim 1980) plot above
the line. Thus, in this particular metadolerite
sample the gain in ¥Rb was qualitatively more
significant than the gain in *'Sr.

Table 2. Chemical analyses of Sztra metadolerites.

Untcliated Schistose

M D A Average 24

N=5 N=3 N=2 N=3 N=t
Si0, 50.96 51.02 51.90 5t.29 51.26

TiO, 1.50 2.35 1.66 1.84 2.27
13.78

AL:O, 12.96
Fe,0, 1138 1591 131 1287  13.6l
MnO A8 25 20 21 20
MgO  7.14 474 668 619 5.06
Ca0 1096 947 1054 102 803
Na,0 1.9 08 207 24 2
K:0 34 5t A3 ¥ 363
P,0; 15 26 18 .20 28
Rb (ppm} 0 15 % 13 i33
Sr 197 (55 230 194 240
Zr 86 131 167 108 -
Nb 5 9 7 7 -
Y Pk #“ 25 3t -
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Tubte 3. Rb-Sr analyscs.

LITHOS 16 (198%)

Sump. we, Rb Sr 87Rb. 87Sr_ 1-sigma
No. (kg) (ppm) fppm) 86Sr 86Sr Error
Metadolerite
66A 1.4 1.4.46 231.2 .181 .70667 00007
67A 1.6 15.69 219.6 173 79700 00005
68M 2.0 .73 194.0 100 .70556 00018
oD 1.5 16.11 157.9 .295 19775 00005
o 2.2 14.21 155.5 264 70742 00026
7™M 24 4.85 V5.6 .146 70608 .00004
M 2.4 7.95 202.1 114 70572 .00008
7D 22 1€.80 157.4 {0 70780 {00005
740 37 14.42 155.2 .268 70752 {00008
75M 4.7 4.86 207.6 066 70534 00007
T6M 2.0 16.59 189.0 300 70775 00006
770 39 13.66 152.3 259 70728 .00012
04 44 132.9 259.9 1.48 71661 00006
Psamrute
42 1.5 169.1 189.2 2.59 74055 .00007
43 1.2 165.1 186.5 2.57 .73986 .00008
44 1.2 170.4 181.2 2.72 74103 .00006
45 1.0 166.6 170.0 2.69 74199 .00006
46 99 148.5 138.6 2.29 . 74068 .00014
47 .52 143.6 168.8 2.56 .74386 06010
48 75 149.8 146.2 2.98 .74459 .00008
49 11 166.3 189.9 2.54 74034 00009
50 1.3 170.1 i83.6 2.69 74197 .00007
51 1.1 166.8 181.9 2.66 .74039 .00008
52 1.0 93.56 267.8 993 .72861 00003
53 K. 174.1 2159 2.34 74057 00013
54 78 154.5 i70.5 2.63 74383 .00006
126 1.4 92.82 265.3 atl 72799 .00006
127 1.3 104.3 263.6 1.03 72902 00005
128 i§ 95.84 296.9 929 .72819 00010
12¢ 1.6 98.24 290.4 481 .72872 00007
130 52 175.0 1999 2.54 74338 00010
131 A6 1125 148.9 2.2 741706 00007
132 44 151.6 154.7 2.84 74441 00009
133 .54 185.3 189.2 2.64 .74321 00006
134 50 131.3 142.0 2.68 74404 00005
135 9 170.4 163.2 3.03 .74455 00009
136 T 132.2 179.0 2.14 74075 {00007
137 O 130.7 148.0 2.56 74225 00009
138 34 186.2 140.6 3.84 74785 .00009
139 .55 132.8 136.4 2.83 74427 .00007
140 52 160.8 162 3 2.88 74288 .00008

Such isotopic disturbance is presuraably con-
trolled by the composition of the adjacent psam-
mite and by the extent of local metasomatic ex-
change of *’Rb and “'Sr. The 745 Ma isochron
line could be produced by such isotopic distur-
bance only if: {a) The three dikes initially had no
spread in Rb-Sr ratios, and (b) *’Rb and *'Sr
were added in the same proportion to samples in
each dike. This propertion could not have been
the same as the average ’Rb/*'Sr ratio of the

psammite, as the 745 Ma isochron line is clearly
not a mixing line between dolerite and psam-
mite. Thus, it seems unlikely that the isochron
resulted from isotopic exchange with the psam-
mite. If the dolerite isotopic ratios had been reset
by secondary equilibration independent of the
surrounding psammite, the different dikes would
produce parallel isochrons with dike D defining a
higher initial ®’Sr/*Sr ratio than dike M. The
only simple interpretation of the present iso-
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Fig. 5. Rb-5r plot. Unfoliated metadolerite.

chron is that the Sr/*°Sr ratio was homogeneous
in the original scurce magma of the three dikes,
and that the isochron records the age of this
homogenization.

During metamorphism, H,C must have en-
tered even the unfoliated metadolerite, to pro-
duce hornblende and epidote in the originally
anhydrous dolerite. However, this migration of
fiuid was not accompanied by significant distur-
bance of the major or trace-element chemistry,
or by exchange of Sr or Rb isotopes between the
psammite: and dikes M and D. Thus, it may not
be assumed that fluid migration automatically
resets the whele-rock date.

The Ottfjallet dolerite dikes of the Sarv Nappe
in Sweden have yielded a whole-rock Rb-Sr
isochron age 726+255 Ma, (¥Sr/*%Sr),=
=.7036+ .0005 (A=142x10"", Claesson
1976). The interpratation of this isochron as the
intrusive age (Claesson 1974) is supported by the
present results and the strong petrographic and
structural similarities between the Sarv and Saztra
Nappes. Prost et al. (1977) considered the
Ottfjallet dikes to be much older on the basis of
K-Ar dates ranging between about 600 Ma and
2500 Mz {Point et al. 1976, 1977). However, the
Setra date of 745 £ 37 Ma supports the interpre-
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tation that the older K-Ar dates resulied from
excess Ar (Claesson 1977).

Feldspathi: psammite

The S®tra psammite ic a light grey to white
fluvial sandstene, metamorphosed to amphibo-
lite facies together with the enclosed dolerite
dikes. The general petrography of the psammite
was described by Barth (1939) and the regional
setting by Krill (1980b). The samples for the
present study consisted of 40-55% quariz, 13-
20% K-feldspar, 10-15% plagioclase, 5-20%
muscovite, 1-5 % epidote, and 1-5 % hematite.

The degree of deformation of the psammite is
variable. Although stiain is generally very in-
tense, cross beds are well preserved in severai
parts of the flagstone quarry area, and the transi-
tion from irregularly bedded sandstone to welt
foliated flagstone can readily be obscrved. The
cross beds are progressively sheared and flat-
tened into the tectonic layering. Original minera-
logical and color features of the rock, as well as
the cross beds, were flattened and mechanicaily
drawn out into parallel layers. The average col-
or and mineral composition within layers are
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Fig. 7. Uadeformed psammite. Photomicrograph is 8 mm long.
Parallel-polarized light.

similay, but ther: is generally no zoning of miner-
al assemblages or systematic color changes a-
¢r0ss layers. There is no indication that meta-
morphic differentiation or chemical migration
were significant except near the dolerite dikes
«nd local epidoie-rich layers. Thin-sections of the
cross-bedded psammite show that sedimentary
grains of K-feldspar and quartz are of similar size
(Fig. 7). tn the strongly foliated flagstone, how-
¢ver, the quartz is strained and elongate, or re-
crystallized to smaller grains. The K-feldspar
prains remain as relatively large porphyroclasss
(Fig. 8), suggesting that the foliation is partiy
cataciastic. Foliation in the quarried flagstone is
rernarkably regular, allowing for easy splitting of
samples from adjacent layers. Indeed, skilled
cuarrymen can split thin slabs, 5-10 mm thick
and over a meter on each side, from arbitrarily
selected positions in a thick psammite block. The
splitting properties of the psammitic flagstone
were usefu: for the present Rb-Sr study.

A previous Rb-Sr whole-rock study of foliated
psammite from the Western Gneiss Region (Sol-
hieim 1980) showed the difficulty of carrying out
riutine Rb-Sr whole-reck dating of this rock
tvpe. One of the four suites studied gave a six-
point isockron of 1035 +94 Ma, (¥Sr/*Sr), =
== 7110, with the seventh point deleted. The other
thiee suites gave only very scattered points on
the Rb-Sr plots and no possible dates. It was
suggested that the main metamorphismn was of
Svecofennian age (c. 1800 Ma), and that a crenu-
lation cleavage of Sveconorwegian age (c. 1000
Ma) disturbed or reset all the samples, producing
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Fig. 8. Deformed psaramite flagstone (Sample 52). Photo-
micrograph is 8 mm long. Parallel-polarized light.

the 1035 Ma isochron. This cleavage, or a youn-
ger geological disturbance, was thought to have
procuced the scattered values of the other sam-
ples.

The present study was made to help deduce
the meaning of the scatter. A single fresh block
of very strongly foliated and lineated flagstone
was carefully broken into samples of similar size
and specific orientation (Fig. 9a). Samples were
broken perpendicular to the foliation (seven
samples of column A), and within the foliation
parallel te the lineation (seven sampies of row B
and five samples of row C). The samples from
column A plot in a very scattered colinear array
(black dots, Fig. 9a). The samples from rows C
and B plot in two distinct clusters with very little
scatter within each cluster (open circles, Fig.
9a). These results indicate that the isotopic val-
ues are not randomly scattered, and that the
position of points on the Rb-Sr plot are related to
the main fabric (foliation or lineation). Secon-
dary features at high angles tc the foliation, such
as joint surfaces or crenulation cleavages, cannot
be responsible for scatter of the puints, since
such features would tend to equilibrate samples
across the fabric rather than parallel to it, and
the columns of samples should therefore show
less scatter than the rows.

The flagstone is layered with respe:t to Rb-Sr
isotopic ratios, just as it is layered mineralogical-
ly. The Rb-Sr results suggest that the Rb and Sr
isotopes were largely mechanically transported
with the mineral grains during formation of the
present tectonic layering. Consequently the *Sr/
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%Sr values were never equilibrated to a single
value on tais whole-rock :cale.

At some very small scale. isotopic equilibra-
tion must have occurred during the Caledonian
orogeny, because whole-1ock/mineral systems in
this part of the Westernn Gneiss Region have
given Catedonian isochrous (Sotheim 1980; Kriil

the bottom thice rows of the block (Fig. 9b). As
in the larger system, the isctopic values are clase-
ly related within the newly defined rows; samples
130, 131, and 132 together make the same row
and have about the same average isotopic value
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as specimer 47 (Fig. 9b). Isotopic similarity
hclds als> within the rows defined by samples 54
ard 48.

Since the ¥Sr/*Sr values were not equilibrat-
ed, various positive slopes obtained from the sets
of samples are not accurate metamorphic or sec-
ondary ages; they reflect the mineralogical com-
position, and thus the provenance, of the psam-
mite. However, the various slopes do not accu-
rately indicate the ages of the provenance rocks.
The isotopic values were probably modified dur-
ing weathering, transportation. and deposition of
the sediments, before they were modifiec by any
partial equilibration during metamorphism of the
psammite. "The various slopes defined by points
from withir: single rows may be meaningful, but
further study would be necessary before they
could be interpreted.

The earlier isochron date of 1035 Ma (Solheim
1980) might be a meaningful pre-metamorphic
provcnance age, but it is not the date of meta-
morphism or secondary disturbance of the psam-
mite. indeed, it could be a ‘false date’ — a mixing
line between distinct end-member compositions
that we-e not equilibrated during the deforma-
tion. Such 3 mixing line could easily be obtained
by completely rcutine sampling of the layered
but unequilibrated flagstone. Fcr example, sam-
ples representing a mixture of rows 51 and 52
(Fig. 9a) would define a false date of about 500
Ma, and samples from rows 47 and 53 would
suggest a date of 1000 Ma.

Conclusions

The geologic and geochronologic data lead to the
conclusion that the do'erite dikes intruded unme-
tamorphosed psammites about 745 + 37 Ma ago.
The Sztra Nappe was then thrust emplaced and
metzmorphosed together with other rocks of this
part of the Western Gneiss Region during the
Caledonian orogeny. The metamorphism was
completed at least by 365 Ma, as indicated by the
voungest Fb-Sr mineral dates of the area /Krill
urpubl. dava).

Neither the psammite nor the metadolerite
show resetting of the whole-rock dates, despite
the generally strong Caledonian orogenesis of
the regior. These conclusions are consistent with
other gecchronologic resuits from the eastern
margin of the Western Gneiss Region; Caledo-
nian schists were not fully equilibrated by the
orogenests, and Precambrian gneisses were gen-
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erally not re-equilibrated. A comparison with
results from gneiss regions in other orogens
(Krill & Griffin 1981) shows that whole-rock Rb-
Sr dates are commonly preserved, rather than
reset. However, some cases of resetting have
been well documented (Field & Raheim 1979,
with references), and no general statements can
be made as to what degree of metamorphism and
deformiation may reset or must reset whole-rock
systems. Isochrons and errorchrons must be in-
terpreted, and sometimes re-interpreted, either
as primary, secondary, or even meaningless
dates, on the basis of all available isotopic and
geologic evidence.

Appendix
Analyiical techniques

The samples were crushed in a stecl-jaw crusher and fincly
ground in a steel-ring mill. Rb/Sr ratios of the psammite sam-
ples and dike sample 204 were determined directly by X-ray
fluorescence (Pankhurst & O’Nions 1973). Rb and Sr contesits
of the dolerite samples were determined by isotope dilution
using a mixed ¥Rb/*'Sr spike. Variable mass discrimination in
¥'Sr/*Sr was corrected by nermalizing ¥Sr/*Sr to 8.3752. Mass
spectrometry was performed on & Micromass MS3C. The *'Rb
decay constant used was 1.42 x 107" yr ~', and the data were
regressed by the method of York (1969). In assigning crrors.
the cocfficient of variation was taken as 1% for *"Rb/**Sr. The
crrors for the ¥’Sr/*Sr measurcmenis are listed in Table 3. Age
and intercept crrors arc quoted at the 2-sigmta confidence level.

Dike locations and petrographic descriptions

Dolerite dike ‘M’ was freshly exposed by new road blasting
between two flagstone quarries cast of highway E6 (Universal
Transverse Mercator Grid Zone Location 32VNQ29892637).
The dike is a very irregularly shaped siepped intrusion. It is
strongly foliated within a few centimeters of the margin. but is
generally weakly foliated. The samples were collected from a
small unfoliated part in the center of the dike wherc it is about
3 m wide. The metadolerite samples display relict finc-grained
subophitic texture. Plagioclise is albite twinned and contains
some needles of metamorphic zoisite. Cores of clinopyroxernic
grains arc largely uralitizec¢ to diffuse intergrowths of horn-
blende and epidote. wherezs clinopyroxene rims are replaced
by well crystallized blue-green hornblende. Opaques show
skeletal textures. No chlorite or biotite are obsersed.

Dike "D is located cast of Oppdal Skiterindustri flagstone-
storage yard, UTM location 32VNQ24622595. The dike is
strongly foliated at the margin. but all samples are from tic
massive central part, at least | m from the psammite. Th
dolerite displays relict subophitic texture. Plagioclase shows
albite twins and contains abundant zoisitc needics. Relict py-
roxene is generally replaced by fine-grained epidete and horn-
blende. Well crystallized blue-green hornblende is common
Opaques show skelctal textures. No chlorite or biotite arc
observed.

Dike "A’ is between two quarries south of Oppdal Skiferin
dustri. UTM location 32VNQ29692553. The dike is foliated 1t
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the mazgin, with the psammite strongly folded against it. Both
samples are from the massive central part, about 1 m from the
nearest psammite. Abundant rusty-weathering joint surfaces
were unavoidable in sampling. Plagioclase displays some faint
albite twins and contains abundant zoisite. Clinopyroxene is
generally compietely replaced by well crystallized blue-green
hornblende. Opaques show skeletal textures. Traces of ran-
domly oricnted, poorly crystallized biotitc and chlorite are
observed.
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