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Fault-controlled, thorium-enriched carbonate veins of the inner Trondheimsfjord area have been
investigated mineralogically and palaeomagnetically in order to provide a time-frame for tectonic and
hydrothermal activity within the Møre-Trøndelag Fault Zone (MTFZ). As determined by optical
microscopy, SEM and XRD, the red veins and breccias have a mineralogy dominated by quartz, K
feldspars, iron-carbonates, calcite, ftuorite and barytes. The main thorium-containing phase is thoro
gummite (Th(Si04)1_x(OH).,. The hydrothermal ftuids which altered host-rocks adjacent to faults and
joints changed throughout time. The earliest hydrothermal phase was one of Na-metasomatism, later
followed by precipitation of iron-carbonates. Subsequent phases of hydrothermal alteration include a
dominant phase of K-metasomatism and a later quartz, calcite and ftuorite hydrothermal ftux. Locally,
veins and breccias are highly thorium-enriched, the average thorium content of analysed samples is
760 ppm, the Th/U-ratio being 28/1. The red veins disclose three remanence components, AI, All and
B , the first two being confined to highly radioactive, late-stage, thorium-enriched breccias. The B
component is found both in host-rocks and hydrothermally altered veins.The results indicate magmatic
and/or hydrothermal activity which we relate to tectonic events during Permian (B ), Late Jurassic/Early
Cretaceous (All) and/or Late Cretaceous/Early Tertiary (AI) time.
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Nearly 700 red-coloured veins, alteration zones breccia zones vary in width from l cm to more
and breccias around the inner basin of than lO m, and some zones can be followed for
Trondheimsfjord have been located during a several kilometres.
project dealing with the evolution of the Møre
In our view, the majority of veins and breccias
Trøndelag Fault Zone (MTFZ). Kjerulf (1875), follow joints and faults initiated during a late
working on the Ytterøy pyrite mi�e, was the first event of extensional faulting. However, some of
to describe these veins, or 'felsitganger', often the more important breccias follow earlier fault
trends apparently initiated during Late Devonian/
resembling burnt rock.
The red veins cut metasediments, metavol Early Carboniferous collisional docking and
canics and igneous rocks in the nappes of the strike-slip faulting within the MTFZ (Sturt et al.
Middle and Upper Allochtons (Wolff 1976, 1984), 1987; Torsvik et al. 1988a; Grønlie & Roberts
and they are readily detected in the field due to 1987; Grønlie & Roberts 1989). It has also been
their intense rusty- to brick-red coloration. The proposed that the MTFZ later on was affected by
veins are often brecciated and crushed, and are Late Jurassic/Neocomian transpression, forming
characterized by high thorium contents. Thorium strike-slip duplex structures along the Verran
mostly occurs in thorogummite(Th(Si04)1-x Fault System (Fig. 1), as well as reactivating
(OH)4x), though the grainsize of this mineral is earlier faults (Grønlie & Roberts 1987; Larsen
generally too small (5-20 �-tm) for detection in 1987).
Apart from a few igneous dykes and sills, no
hand specimen. In the field, various carbonates
such as ankerite-dolomite, calcite and siderite, post-Silurian rocks occur onshore in this part of
together with quartz, K-feldspar, barytes and Norway. The timing of faulting and hydrothermal
ftuorite are readily observed. The red veins and activity within the MTFZ thus cannot be estab-
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lished on a stratigraphic basis. A programme of
palaeomagnetic (Sturt et al. 1987; Torsvik et al.
1988a) and radiometric dating of fault rocks has
therefore been initiated. In the present account
geochemical data are supplemented with palaeo
magnetic data from fault rocks in order to provide
a time-frame for faulting activity.
In this account the term thorium-enriched car
bonate veins is employed as a common name
for all hydrothermally altered veins and breccias,
since iron-carbonates and thorium mineralization
are widespread.
Description of red thorium
enriched carbonate veins

Most veins have been observed along the shore
line of the inner Trondheimsfjord basin (Fig. l)
(Staw 1986; Grønlie & Staw 1987). The island of
Ytterøy (Fig. 2) is situated centrally in this zone
of alteration, and appears to contain the greatest
concentration of veins and breccias.
On the basis of field mapping, the following
classification of the hydrothermal alteration
phenomena can be made (Fig. 3):
(l) Single, thin red veins (Fig. 3a).

(2) Swarms of sometimes interconnecting red
veins (Fig. 3b).
(3) Hy<;lrothermally altered benches of host-rock
(Fig. 3c).
(4) Major breccias, up to 10 m wide, generally
containing abundant iron-carbonate and K
feldspar fragments. The surface is often
covered by goethite (Fig. 3d).
(5) Highly
radioactive
quartz/K-feldspar/
haematite/thorium-mineral rich breccia
(referred to as thorium-enriched breccia or
TE-breccia) (Figs. 3b, c, d).
A large number of minerals have been ident
ified in the thorium veins (Table 1). Most of the
veins and breccias contain quartz, microcline or
adularia. Other common minerals are ankerite
dolomite, siderite, albite, calcite, apatite and
fluorite. Microprobe analyses indicate that tho
rogummite (Th(Si04)1_x(OH)4x) and cheralite
((Th,Ca,Ce)(P04,Si04)) are the most common
thorium minerals. They most!y occur as dusty,
irregular, minute inclusions in K-feldspar. Mon
azite is commonly associated with, and shows the
same mode of occurrence as, thorium minerals.
As shown by microprobe analyses the Th02 con
tent of thorogummite generally ranges from 48
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to 56%, while cheralite ranges from 25 to 27%
(Grønlie 1984). A detailed analysis of the com
plicated mineralogy of thorium is beyond the
scope of this paper and will be considered sep
arately (Grønlie in prep.).
Alteration zones may occur as single, thin
veins, and the alteration typically extends 1-10 cm
on either side of a central joint. Joints often
display a central fill of quartz, calcite or, more
rarely, fiuorite (Fig. 3a). The veins most com
monly occur as swarms, and ca. 10-20 subparallel
and sometimes interconnecting veins outcrop
together in 1-5 m-wide zones (Fig. 3b). The alter
ation zones associated with individual veins
may coalesce to leave the host-rock completely
altered.

Although most red veins and alteration zones
often appear homogeneous in the field, they are
recurrently sheared and brecciated. A typical red
alteration vein contains early quartz- and/or
albite brecciated fragments exhibiting highly
irregular, corroded outlines (Figs. 4a, b, c). Early
brecciated quartz or albite was subsequently per
vaded by fiuids rich in Fe, Mg and C02, leading
to precipitation of carbonates, mainly of the ank
erite-dolomite series, but also modest amounts of
siderite (Figs. 4a, c). Generally, this iron-car
bonate phase was followed by a hydrothermal fiux
rich in potassium (Fig. 4d). K-feldspar, microcline
or adularia (identified by XRD), is always dusted
with inclusions of thorium-minerals and hae
matite (Figs. Sa, c), thus microcline never shows
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3. (A) Single, red alteration veins. The red alteration zone in general consists of albite, ankerite-dolomite, siderite and K
feldspar witb abundant enclosed haematite. The central, often drusy, vein fill, commonly consists of quartz (left), calcite (right)
or, more rarely, ftuorite. HR host-rocks; RV red alteration vein. (B ) Swarm of subparallel and interconnecting red veins.
Vein swarms are sometimes cut obliquely by a later, subparallelTE-breccia containingquartz, K-feldspar, haematite and thorium
minerals. The thorium-minerals, mostly thorogummite, occur as inclusions in K-feldspar or as discrete blebs and veinlets (cf. Fig.
thorium-enriched breccia. (C) Major red altered vein with hydrothermally altered host-rock parallel to layering.
Sd) . TE
Alteration vein is later cut by TE-breccia. (D) Major breccia, generally containing abundant iron-carbonate, mostly ankerite
dolomite, as well as K-feldspar f ragments. This carbonate-rich breccia is often transected by later TE-breccias. The major breccias
iron-carbonate/K-feldspar fragment breccia.
are often intensely crushed and the surface covered by secondary goethite. ICB
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Table l.

5

Minerals identified in red thorium-enriched carbonate veins.
Gangue minerals

Quartz
Microcline
Adularia
Albite
Ankerite-dolomite
Siderite
Calcite
Barytes
Apatite
fluorite
Muscovite

Si02
(K,Na)A!Si308
(K,Na)AISi308
NaAISi308
CaMg1_,Fe.(C03),
FeC03
CaC03
Bas o.
Ca,(PO.,COJOH)J(F,Cl, OH, l/20)
CaF2
KAI2Si3AI010(0H),
lron-oxide minerals
FeH02
Fe203
Fe30•
FeTi03

Goethite
Haematite
Magnetite
Ilmenite
Thorium, Uranium and RE-minerals
Thorogummite
Cheralite
Monazite
Xenotime
Brannerite

Th(Si04)1_.(0H)<x
(Th,Ca,Ce)(P04, Si04)
CaP04
YP04
(U,Ca,Ce)(Ti,Fe),06
Other minerals

Rutile
Anatase
Zircon
Sphene
Pyrite
Chalcopyrite
Sphalerite
Svanbergite
Secondary clay minerals

cross-hatch twinning in thin-section. Late-stage
mineralization of quartz, calcite and, more rare!y,
fluorite occurs as veins. The complete sequence
of mineralizing events is not developed in all
veins, since some veins apparently were aborted
as fluid vents at some stage of the evolving hydro
thermal system. Other veins and breccias are
dominated by products of late-stage mineralizing
fluids. An example of complete potassium-meta
somatism occurs at Brustad, Ytterøy (site, l, Fig.
2). At this locality the original greenstone and
the earlier formed hydrothermal minerals were
altered and adularite was developed. The adul
arite contains a few irregular apatite fragments as
re Iies of the earliest hydrothermal phase (Fig. 5b,
Table 2). Analyses of rocks from this site are
almost identical with those of carbonatite related
feldspathic fenitization products (Le Bas 1981).

Ti02
Ti02
ZrSi04
CaTiOSi04
FeS2
CuFeS,
(Zn,Fe)S
SrAI3(P04)(S04)(0H)6

Wide breccia zones, located to important faults
and shear zones, in general contain the same
minerals and paragenetic sequence as the thinner
red veins. Due to several events of fault reac
tivation, however, they are often more complex
and have a more heterogeneous fragment
mineralogy. The bulk of such shear zones are
often made up of a breccia consisting of O.l mm2 cm angular ankerite-dolomite or siderite frag
ments in a matrix of K-feldspar or quartz. Frag
ments aften comprise intergrowths of iron
carbonate and K-feldspar. More rarely, K-feld
spar and iron-carbonate occur in a matrix of
calcite. Quartz is the most common matrix
mineral.
The radioactive part of breccias tend to be
located in relatively narrow, 0.1-1 m wide, TE
breccias. Thorium-minerals and haematite occur
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4. (a) Early brecciated albite (l) veined by ankerite-dolomite (2) and siderite (3). Matrix mineral is partly clay-altered K
feldspar (4). Scale bar is 100 flm. B ackscatter electron image. (b) Early brecciated and irregular albite (l) being replaced by K
feldspar phase (2) containing abundant haematite (3). Scale bar is 100 1-'ffi· Site 9, Ytterøy. B ackscatter electron image.(c) Albite
(l) being replaced by K-feldspar (2) and siderite (3). Thin, red alteration vein at site 12, Selbu, B ørgin. Scale bar is 100 Jl.m.
B ackscatter electron image. (d) K-feldspar (1) replacing quartz (2) and ankerite-dolomite (3).Carbonate-rich breccia near Ekne.
Scale bar is 100 flm. B ackscatter electron image.
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together as discrete dark red veinlets or blebs
(Fig. Sd) and disseminated, mostly in K-feldspar
(Fig. Sa). The TE-breccias always formed later
than the iron-carbonate hydrothermal phase.
On the basis of field observations, optical and
electron microscopy a time sequence of the evolv
ing hydrothermal system has been established. In
general the following sequence of hydrothermal
mineralization is observed (Fig. 6):
l. An early hydrothermal fluid phase led to

replacement of the original host-rock by minerals
such as quartz, albite and apatite.
2. This phase was followed by an Fe-, Mg
and C02 rich hydrothermal phase. This phase
is characterized by replacement minerals with a
composition near the ankerite end-member of the
ankerite-dolomite series, as well as by siderite.
Ankerite-dolomite and siderite can be observed
either filling cracks in an early cataclastically
deformed albite (Fig. 4a), or forming matrix min-
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Table 2.

Analyses (XRF ) of red thorium-enriched carbonate veins.
Site l
Brustad
Feldsp.
fenite

Site 2c
Tangen
Carbonatebreccia

Site 10
Høsholmen
Carbonatebreccia

0.37
<0.01
0.7 3
<O.l
14.98
0.09
0.7 0
0.15
0.39
0.08

7 7 .06
2.94
0.44
0.49
0.04
0.7 4
1.23
<O.l
1.84
O.ot
0.02
0.05
0.03
2.12

30.54
9.29
1.15
3.82
0.43
6.06
19.14
0.5
7 .31
0.17
0.26
o.a.
n.a.
n.a.
19.01

Total

98.95

95.11

Nb
Zr
y
Sr
Rb
Ba
u
Th
Ce
La

418
34
17
7 82
345
54 9
<lO
186
80
29

<5
90
24
0.15%*
45
7.7 2%*
20
0.23%*
154
38

Si02
Al203
Fe203
FeO
Ti02
MgO
CaO
Na20
K20
MnO
P20,
H20H20+
co2
L.O.l.

7

61.16
17 .93
2.37

Site 2b
Tangen TEbreccia

Site 19
SjøengetTEbreccia

Site 21
EkneFeldsp.
fenite

Brenne,
Ytterøy.
Greenstone

46.61
13.49
0.59
2.46
0.35
3.32
11.93
3.7
5.45
0.11
0.14
o.a.
n.a.
o.a.
9.66

87 .7 0
3.62
0.41
0.51
0.07
0.54
1.7 2
0.3
2.50
0.02
0.08
0.05
0.09
2.48

48.23
12.27
2.7 8
2.46
0.7 7
2.7 0
7 .03
0.8
9.93
0.10
0.41
0.13
0.25
11.62

4 5.53
19.05
11.9lt
n.a.
0.89
3.7 9
9.7 5
3.9
0.29
0.16
0.08
n.a.
o.a.
o.a.
3.7 5

97 .68

97 .81

100.27

99.69

98.60

<5
<5
31
643
157
565
<10
27 4
14
<10

18
20
43
617
131
262
10
157
<10
<10

7
35
19
137
62
519
<10
0.18%*
60
23

82
240
91
473
227
356
40
0.21%*
131
53

<5
40
20
511
7
28
<lO
<10
<10
<10

Recalculated as oxides and included in total.
Traces.
t Total iron as Fe203.

•

••

erals for partly replaced fragments of albite and
quartz (Fig. 4c). The iron-carbonates are often
intimately intergrown with K-feldspar, sometimes
leaving doubt as to which mineral crystallized
first (Fig. 4c). In cases where the crystallization
sequence can be established without doubt, the
iron-carbonates were the first precipitated min
erals (Fig. 4d).
3. K-rich fluids leading to extensive potassium
metasomatism of the earlier vein material as well
as the bordering host-rocks followed the cry
stallization of the iron-carbonate minerals. K
feldspars, either microcline or adularia, always
contain abundant inclusions of haematite and
thorium-minerals, mainly thorogummite (Fig.
Sa). K-feldspar occurs in all veins and breccias,
sometimes as the dominant mineral, and in
extreme cases both breccia minerals and bor-

dering host-rocks are pervasively affected by pot
assium-metasomatism.
4. Veins of quartz or calcite occur either filling
central parts of joints associated with red veins or
more irregularly. Quartz can be clear, milky white
or, more rarely, smoky grey and is sometimes
highly radioactive due to abundant inclusions
of thorium-minerals. Late quartz sometimes
replaces earlier formed K-feldspar dominated
veins and breccias.
5. Blue fluorite occurs as a late matrix or vein
material, often with thorium-mineral inclusions.

Chemical composition

A large number of red thorium-enriched car
bonate veins have been analysed for major and
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5. (a) K-feldspar (l) containing abundant irregular thorogumrnite (2) replaces quartz (3) . Site 25, Leksvik. Scale bar is 100 f.ltn.
B ackscatter electron image. (b) Adularia (l) replacing apatite (2). The original greenstone host-rock has been altered to a
feldspathic fenite consisting of nearly pure adularia (analysis, see Table 2). Site l, B rustad, Ytterøy. Scale bar is 100 f.lln. B ackscatter
electron image. (c) Ankerite-dolornite (l) containing thorogummite (2) being replaced by K-feldspar (3) containing abundant
haematite (4) . Leksvik. Scale bar is 100 f.lln· B ackscatter electron image. (d) Autoradiography of TE-breccia. Light blebs and
veinlets· correspond to thorium-mineral enrichment. (IIford FP-4, 125ASA, exposed 14 days, contact print here reduced to half
natura! size).

Fig.

trace elements (XRF). Representative analyses
of the various alteration types (carbonate-domi
nat�d, feldspathic fenites and TE-breccias) are
given in Table 2.
Major and trace elements were analysed on
rock powders using an automatic Philips 1450/20
XRF, at the Section for Analytical Chemistry,
NGU, Trondheim. Calibration curves were made
with international standards. For the deter-

mination of major elements the rock samples
were melted with lithium tetraborate 1/7. Trace
elements were determined on pressed rock
powder. Ferrous iron, H20+, H20- and C02
were determined by wet chemical methods.
The thorium content is erratically distributed
within single veins, and shows large variations
within each vein. Thorium in the sampled material
(N 84) averages 760 ppm, ranging from 10 ppm
=
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Palaeomagnetic experiments
QUARTZ

Eight sites (152 samples) were selected for palaeo
magnetic purposes, and six sites embrace red
thorium-enriched carbonate veins in the Ytterøy
AL BITE
region. Additionally, two sites were sampled from
breccias associated with the Hitra and Verran
ANKERITE
Fault Zones (Fig. 1).
DOLOMITE
The natura! remanent magnetization (NRM)
SIOERITE
was measured on a two-axis cryogenic mag
netometer, and progressive thermal demagne
K-FELDSPAR
tization was applied for NRM stability testing.
CALC l TE
Characteristic remanence directions were cal
culated from !east square analysis.
FLUORITE
Hydrothermal breccias and altered host-rocks
contain a variety of opaque minerals including
haematite, magnetite, geothite and accessory
LATE
EARLY
pyrite, ilmenite and rutile (Table 1). Goethite
is
observed together with iron-carbonates (e.g.
Fig. 6. Paragenetic sequence of minerals in the Trondheimsfjord
siderite) and K-feldspar, and is notably abundant
red thorium-enriched carbonate vein system.
where repeated brecciation and metasomatism
has taken place. This may indicate that goethite
was formed to a large extent by later alteration
of iron-carbonates, but also through weathering
to 1.3%. The average Th/U ratio is 28/1. Iron of magnetite.
carbonate dominated samples usually contain tho
Host-rock samples are considerably more ther
rium in the 100-500 ppm range, while feldspathic mochemically stable than brecciated and hydro
fenites and TE-breccias generally contain thermally altered samples, and isothermal
between O.l% and 0.2% Th, although some remanent magnetization curves are normally
dominated by variable proportions of a low-coer
samples contain more than l% Th.
In this account only the rare-earth elements Ce civity phase and a high-coercivity phase. These
and La plus Y have been analysed (XRF). No were identified, as magnetite and haematite
samples contain more Ce + La than Th, and the respectively, by means of thermomagnetic analy
average Th/Ce + La + Y ratio is 5/1. Microprobe sis and inspection of the thermal blocking tem
analysis of Th and RE minerals (Grønlie 1984) perature spectra. Breccias often display large
indicates that Nd occur in greater amounts than magnetomineralogical changes during heating,
La in thorogummite, and equal amounts in and remanence stability recurrently ceased at
intermediate temperatures (350-450°C). This
monazite.
Spidergrams of chondrite-normalized incom remanence instability, occasionally associated
patible elements of selected vein samples show with increase in the NRM, presumably relates to
that the common denominator for all samples one or a combination of the following processes:
is the high thorium-enrichment (Fig. 7), and a
l. Dehydration of goethite to form haematite.
depletion in Ti, particularly in the TE-breccias. It
2. Alteration of iron-bearing minerals to form
must be borne in mind that the samples represent
magnetite.
different types of veins and breccias, e.g. samples
3. Pyrite inverting to magnetite and/or pyrrhotitc.
l and 21 are compositionally similar to feldspathic
Goethite and pyrite are common minerals in
fenites (Le Bas 1981), while samples from sites
2c and lO are carbonate-fluorite dominated veins. all the tested breccias, and goethite occurs as a
Site 2b and 19 are TE-breccias. Consequently, late-stage weathering product of magnetite, pyrite
the spread of values for elements such as Nb is and iron-carbonates (mainly siderite), but could
large. The feldspathic fenites of site l and 21 show also have formed by direct precipitation from the
the highest Nb and K enrichments whilst TE early iron-carbonate enriched fluids, and partly
breccias (site 2a and 19) show the lowest values. dehydrated to haematite at a later stage. Goethite
APATI TE
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Chondrite-normalized
spidergram of incompatible
elements for red carbonate
thorium veins. Normalizing
values in ppm (Thompson et
al. 1984): Rb- 0.35, Ba- 6.9,
Th- 0.042, K- 120, Nb0.35, La- 0.328, Ce- 0.865,
Sr- 11.8, P- 46, Zr- 6.84,
Ti- 620, Y - 2.0.
Fig. 7.
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possess a weak 'ferro-magnetism' with Neel-tem
peratures in the 60-120°C range, thus low-block
ing components could be attributed to chemical
remanent magnetization (CRM) in goethite.
Associated with the later potassic fenites and TE-

Y

O.l

breccias, haematite and magnetite are common,
haematite commonly occurring as minute
inclusions in K-feldspar. We consider that the
origin of NRM in almost all tested samples,
including host-rock samples, is due to thermo-
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Fig.

chemical processes determined by the com
position and temperature of the hydrothermal
fiuid(s).
Site 10 embraces a 5 m wide red alteration
zone and associated carbonate-fiuorite breccia
(Table 2). Two remanence components, A and B,
are identified. A describes northerly declinations

and steeply downward dipping inclinations
(normal polarity), whereas B (Fig. 8) shows
southerly declinations with upward-pointing
inclinations (reverse polarity). At site 10, A is
exclusively identified in samples from the red
breccia, whereas B is found in host-rock samples.
There are no blocking temperature contrasts
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Table

3. Palaeomagnetic results.
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Class

oo

a95

N

No

Eo

dp/dm

All
B

352 +60 35.6
229 -36 22.8

3
4

68
36

207
131

41/54
15/26

lO

AI
B

358 +71 12
171 -38 16

7
3

82 199
47 204

18/21
11/19

17

All
B

003 +61 9.3 9
181 -32 11.5 lO

68 185
44 190

11/14
7/13

19

Al
All
B

024 +71
039 +57
211 -38

26A

All
B

009
201

+51 11
-33 14

3
2

58 177
42 164

16/23
9/16

Site

lo

4.3 12
14
6
7.2 9

76
55
43

124
130
150

7/7
6/9
5/9

27

All

357 +55 17

5

62

196

17/24

Verran
Fault

AI
B

025 +71 10.7 lO
196 -25 22.4 5

75
38

123
171

16/19
13/24

Hitra
Fault

Ali

021

+54 22.2

8

58

157

22/31

Final statistics:
COMP.A(AI
+ All)
COMP.AI
COMP.AII
COMP.B

012
016
010
198

+62 7.0
+71 7.5
+57 8.4
-35 14.8

9*
3*
6*
6*

69 167
79 139
63 173
44 167

8/11
11/13
9/12
10/17

0° = mean declination in degrees; lo = mean inclination in
degrees; a95= 95% confidence circle; N = number of samples/
siles*; Pole: No= North latitude in degrees; Eo =East longitude
in degrees; dp/dm = semi-axis of confidence around the mean
pole. Mean sampling co-ordinates: N 63.6, E 11.1 (Ytterøy).

between these two components, and from this
site both components are associated with discrete
unblocking below 350-450°C.
The remanence pattern as exemplified above is
seen at most sites (Table 3, Fig. lOa), yet there
are indications that A can be subdivided (AI
& All). Site 19 embraces a 30 m wide zone of
hydrothermally altered and brecciated rocks, the
latter located to three discrete TE-breccias (Fig.
9). When A and B are identified at sample leve!
(Fig. 8), A always conforms to the low unblocking
temperature region ( <250-300°C). In the TE
breccias (A, C, D; Fig. 9), however, A pre
dominates and is associated with blocking tem
peratures up to 600°C. In the latter case, A is
composite, AI and All (Figs. 8, lOb), and AI is
typically erased below 200°C and is more steeply
inclined than All. These TE-breccias show high
gamma-radiation, and peaks in gamma-radiation
clearly correlate with the frequency of identified

A components (Fig. 9). AI is exclusively located
in late-stage TE-breccias.
The foregoing examples (sites 10, 19) show a
bipolarity of magnetizations where A is related
to red breccias and late-stage hydrothermal alter
ation, whilst B is often a characteristic feature of
the host rock. The remaining sites do not reveal
this clearcut pattern, and B is recurrently ident
ified as a high-blocking component in red breccias
(Fig. 8, site 17). Bis resident in metasomatically
formed haematite which occurs together with tho
rium minerals. The observed multi-component
interplay of A and Bis similar to that encountered
in the Ytterøy lamprophyre dyke (Torsvik et al.
1988b). Samples from the Verran Fault Zone also
show this pattern, whereas B is either absent or
at !east not adequately identified in the tested
breccia along the Hitra-Snåsa Fault.
In order to furnish tempora! constraints, a
spherical cubic spline or apparent polar wander
path (APWP) detailed in Torsvik et al. (1988a) is
used as a 'reference'. The APWP, in the 290255 Ma range, is constrained from Late Car
boniferous and Permian poles (all reverse polarity
data) with satisfactory age control. A (normal
polarity) is always associated with TE-breccias
and late stage hydrothermal alteration, whereas
B (reverse polarity) often characterizes the host
rocks, though other red breccias also show the B
component. B is most likely Permian in origin,
and this oldest phase of brecciation/metasoma
tism appears coeval with the intrusion of the
Ytterøy lamprophyre dyke (Fig. 11) (Torsvik et
al. 1988b). The palaeomagnetically obtained age
from this dyke corresponds well with a Rb/Sr
biotite age of 256 Ma (Priem et al. 1968). A is of
Mesozoic origin, but as pointed out earlier it is
evident that A can have a multiple origin (AI and
All). Apart from site 19, a subdivision of the A
components is not statistically straightforward.
Hence, our subdivision is tentative and based on
subjective pattern-recognition at site leve! (Fig.
lOa). As for the B component, A is most likely
metasomatic (thermochemical) in origin, and
apart from site 19 no differences in the blocking
temperature spectra can be envisaged for AI and
All. Seen in conjunction with the APWP as out
lined in Fig. 11, a Late Jurassic/Cretaceous age
is indicated for All, whereas AI gives a Tertiary
age (Fig. 11). Thus, the palaeomagnetic data
indicate a protracted fault-history with repeated
brecciation, metasomatism and weathering, span
ning from Permian to Tertiary times. A pro-
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gramme of Th-Pb and fission-track dating on fault
rocks will be carried out in co-operation with the
U.S.G.S. and K-Ar dating with Dr. J. Mitchell
(Univ. of Newcastle) and it is hoped that a more
definitive timing of events will be achieved.

Discussion
Following Le Bas (1977) we use the term fen
itization referring to alkali-metasomatism in
general. Le Bas argues for two principal styles
of fenitization, one involving the formation of
mainly sodic, together with some potassic,
minerals. The other producing mainly potassic
minerals. The former process is termed sodic
fenitization, or just fenitization, the latter potassic
fenitization or feldspathic fenitization.
In the Trondheimsfjord the only possible evi
dence of rift-related magmatism is the Ytterøy
lamprophyre dyke (Carstens 1961), though in the
western part of the MTFZ two alkali-syenite sills
of Late Carboniferous age have been described
(Råheim 1974; Sturt & Torsvik 1987). However,
the linking of the Trondheimsfjord thorium
enriched carbonate veins with a possible alkaline
and/or carbonatite intrusion must be somewhat
speculative. In our view, the following arguments
tend to support the hypothesis of a subcropping
alkaline/carbonatite complex situated below the
inner Trondheimsfjord basin.
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systematic zonation of these elements is detect
able in the present data base.
In the Powderhorn district, thorium-enriched
veins occur up to 25 km away from the Iron Hill
carbonatite. In other instances such veins occur in
districts without exposed carbonatites or alkaline
rocks, but one or both are found in 8 out of 13
vein areas (Staatz 1974). Also, Heinrich & Moore
(1970), in describing feldspathic fenites in the
USA and East Africa, noted that they may occur
as fracture-controlled replacement veins in dis
tricts devoid of any other manifestations of alka
line igneous activity.

(l) The Trondheimsfjord thorium-enriched car

(2) Although alkaline magmatism is generally
associated with continental rifting, the association
of carbonatites, albitites, breccias and fenites
with important strike-slip faults is also well
documented, e. g. lamprophyre and carbonatite
dike swarms along the Alpine Fault, New Zealand
(Cooper 1971) and albitites and carbonatitic veins
with fenitized borders near the Great Glen Fault
(GGF ) (Fig. 12) (Garson et al. 1984). In the latter
case, the alteration products are similar to those
of classical fenites around igneous carbonatite
complexes. Occurrences of red-to-orange albitite
breccias, e. g. at Moniack Burn, which are stained
with iron-oxides and are strongly radioactive,
appear to be similar to products of early
fenitization from the Trondheimsfjord area.
Along the GGF there is, at present, no evidence
of later-stage hydrothermal activity such as
potassium-metasomatism or formation of TE
breccias. The GGF-fenites are believed to have

bonate veins resemble some of the thorium veins

formed during the emplacement of at !east one

described from the USA, where the association
with carbonatites and/or alkaline igneous rocks
is well documented (see review by Staatz 1974). In
particular vein-systems of the Lemhi Pass (Staatz
1972b), Wet Mountains (Christman et al. 1959;
Armbrustmacher 1979, 1984) and Powderhorn
district (Olson & Wallace 1956; Olson & Hedlund
1981) appear to show a similar mineralogy and
mode of occurrence to those in the Trond
heimsfjord. These veins, however, appear to have
a higher REE/Th-ratio than the Trondheimsfjord
veins which are rather low in REE. In this respect
the Trondheimsfjord veins more elosely resemble
veins in the Hall Mountain area which have a
low REE/Th-ratio (Staatz 1972a, 1974) whilst
showing a higher Th-grade. In the Trond
heimsfjord system all analysed samples are
uniformly richer in Th than Ce + La + Y, and no

carbonatite mass into the fault zone, possibly
during a period of Early Devonian extensional
faulting.
(3) Intense alkali-metasomatism is a characteristic
feature associated with carbonatites (Le Bas
1981). In the Trondheimsfjord area both sodic
and potassic metasomatism of the host-rocks is
apparent, the latter being dominant. Early meta
somatism led to replacement of the host-rock by
such minerals as albite, quartz and apatite. It is,
however, doubtful that the early metasomatism
can be referred to as fenitization since peralkaline
minerals like aegirine and arfvedsonite have not
been identified.
The most important stage of alkali-meta
somatism corresponds to the K-feldspar/Th
hydrothermal phase, locally leading to the alter-
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300 Km

GREEN LAND

Fig. 12. Map showing some of the major tectonic structural features of the northern North Sea and Norwegian Sea, and principal
onland faults in Scotland and Norway. (1) Location of red thorium-enriched carbonate veins along the Møre-Trøndelag Fault
Zone. (2) Position of the Palaeocene/Eocene Vestbrona olivine-nephelinite volcanic rocks (Bugge et al. 1980). (3) The Palaeocene/
Eocene Færøy-Shetland intrusive belt (Hitchen & Ritchie 1987). ( 4) The Tertiary East Green!and alkaline rock province. For
details, see Nielsen (1987). (5) Area affected by fenitization along the Great GJen Fault (Garson et al. 1984). Map modified from
Færseth (1984).
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ation of the original host-rocks to a feldspathic
fenite (Sutherland 1965; Heinrich & Moore 1970;
Le Bas 1981) mainly composed of microcline or
adularia. As described by Heinrich & Moore
1970) this potassic metasomatism is typical of
many alkaline/carbonatitic complexes occurring
in the USA and Africa and clearly postdates the
Na-metasomatism.
According to Rubie & Gunter (1983), the fac
tors that determine partitioning of Na-K between
feldspar and fluid, and which determine the fenite
type, include temperature, pressure, and the co2
content of the fluid. Thus, spatia! and tempora!
variations in fenitization products must be
expected around carbonatites. The development
of sodic fenite at deep crustal levels and potassic
fenite at shallower leveis near an intrusion can be
related to temperature gradients in the thermal
aureole (cf. Le Bas 1981). This implies that the
exposed Trondheimsfjord veins may belong to
the outer zone of carbonatite activity.
Apart from showing a dominant potassic fen
itization and late-stage residual mineralization,
the Trondheimsfjord vein system also shows a
high Th/U-ratio (28/1), which is another charac
teristic of carbonatites (Le Bas 1977).
(4) Concerning the timing of the main rifting
stages in the Trondheimsfjord system, the pala
eomagnetic data indicate three main stages of
rifting, magmatic and/or hydrothermal activity.
The first phase occurred during Permian times
with intrusion of the Ytterøy lamprophyre dyke
and the onset of early hydrothermal activity repre
sented by Na-metasomatism and later replace
ment by iron-carbonate minerals and K-feldspar.

Permian alkaline activity is well documented from
Western Norway (Færseth et al. 1976) and from
the Oslo Graben (Ramberg & Larsen 1978).
Alkaline dyke swarms occurring in the Northern
parts of the British Isles have been assigned a
Late Carboniferous/Early Permian age associ
ated with the developing Variscan orogeny to the
south (Russen & Smythe 1983).
A later phase of rifting, corresponding with the
formation of TE-breccias, probably occurred in
Late Jurassic/Early Cretaceous times. The main
faulting activity in on-land MTFZ was then appar
ently confined to the Verran Fault (Fig. l) (Grøn
lie & Roberts 1987, and in prep.), forming a
dextral strike-slip duplex system. Locally, in the
Trondheimsfjord area, dextral movement on the
Mosvik splay fault (Fig. l) led to an extensional
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regime favouring hydrothermal activity along
faults and joints.
The latest hydrothermal activity in the
Trondheimsfjord system occurred even later as
quartz, calcite and fluorite were deposited in open
joints. Fission-track dating of fluorite (blocking
temp. approx. 108°C) provides an upper limit for
the timing of the latest hydrothermal activity i.e.
Late Cretaceous/Early Tertiary times (V. Harder
pers. comm.). This latest hydrothermal event was
presumably related to the tectonic events which
led to the Eocene opening of the Norwegian
Greenland Sea (Talwani & Eldholm 1977). At
this time alkaline volcanism flanking the initial
North Atlantic rift occurred both in East Green
land (Nielsen 1987) and in Norway, at Vestbrona,
within the MTFZ (Bugge et al. 1980) (Fig. 12).
In the Færøy-Shetland Basin a major phase of
Palaeocene-Early Eocene igneous activity related
to the opening of the North Atlantic occurred
(Hitchen & Ritchie 1987).

Conclusions
It is proposed that the red thorium-enriched car
bonate veins, occurring around the inner
Trondheimsfjord basin, may be products of fen
itization related to a subcropping carbonatite
intrusion. The mineral parageneses and meta
somatic products along fault-related alteration
zones in the Trondheimsfjord basin bear many
similarities to those that can be related to hydro
thermal activity associated with carbonatite
intrusions.
Host-rocks were altered by an early phase of
sodic metasomatism, followed by invading Fe,
Mg and C02-rich fluids. The main stage of alkali
metasomatism was a later pervasive potassic alter
ation rich in Th and Fe. Later stage hydrothermal
activity is evidenced by fluorite, quartz and calcite
veins.
The investigated area is situated centrally
within the long-lived Møre-Trøndelag Fault Zone
(MTFZ). This fault zone was probably initiated
in mid-Palaeozoic time, and important phases
of movement have been postulated during Late
Devonian, Permian and Late Jurassic/Early Cre
taceous time. The red iron-carbonate veins cor
respond to a Permian phase of tectonic activity
attendant on the formation of breccias and hydro
thermal alteration. These are cut by TE-breccias,
which we relate to a local extensional regime
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developed in association with Late Jurassic/Early
Cretaceous dextral strike-slip movement on the
Verran Fault. The palaeomagnetic data and fiss
ion-track dating of fluorite indicates that the latest
hydrothermal event within the Trondheimsfjord
fault system was at latest of Late Cretaceous/
Early Tertiary age, i.e. just prior to the opening
of the Norwegian-Greenland Sea.
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