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The basal thrust of the Kalak Nappe Complex outcrops on the mainland adjacent to the island of Sciland in 
Finnmark and dips north-westwards beneath the island. A deformation sequcnce associated with boudins 
in the Komagnes Group of eastern Seiland comprised an initial phase of compression across the layering 
followed by rotation of the stress field to produce rotation and in some cases folding of the boudin pods 
plus the development of folds spatially unconnected to the boudins. The deformation sequence is related 
to movements associated with the basal Kalak thrust during late-Finnmarkian (latest Cambrian-earliest 
Ordovician) D2 times. 
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Geological studies during the last two decadb 
have led to the recognition of an extensive al
lochthonous complex in Finnmark, North Nor
way (Fig. l) (e.g. Roberts 1968, Sturt et al. 1975, 
1978, Williams et al. 1976, Zwaan & Roberts 
1978). The nappes in this complex include sedi
ments of late Precambrian to Tremadocian age 
(Sturt et al. 1978) and were emplaced east- to 
south-eastwards over an autochthon consisting of 
sediments of late Riphean to Cambrian age. The 
nappe movements took place during a Cambro
Ordovician phase of the Caledonian orogeny 
known as the Finnmarkian (Ramsay & Sturt 
1976). 

The most extensive composite nappe unit in 
this allochthonous complex is the Kalak Nappe 
which can be traced from north Troms to Prosan
gerfjord (Fig. 1). Fossil evidence (Holland & 
Sturt 1970) indicates a mid-Cambrian age for 
part of the Kalak succession on Sørøy (Fig. 1). 
However, some of the Kalak metasediments are 
thought to be late Precambrian in age (Sturt et 
al. 1978). Radiometric dates give a Cambrian/ 
early Ordovician age for the tectono-metamor
phic development of the nappe complex (Sturt et 
al. 1978). However, gneissic elements of pre
Karelian age have also been recognised within 
the complex which show either thrust contact or 
unconformable relationships with the younger 
Kalak metasediments (Ramsay & Sturt 1976, 
Ramsay et al. 1979). Two major phases of defor
mation have been recognized, D1 and D2• The 
maximum grade of metamorphism was attained 
between these deformation phases. 

Two main phases of nappe emplacement dur
ing the Finnmarkian orogenesis have been recog
nised (Sturt et al. 1978, Zwaan & Roberts 1978). 
The first in early D2 times led to the incropora
tion of the Precambrian gneissic elements into 
the Kalak nappes. The second phase, which in
cluded the development of the basal Kalak thrust 
(Zwaan & Roberts 1978), took place in a declin
ing temperature field in late-D2 times (Sturt et 
al. 1978). Both episodes of thrusting were ac
companied by flattening which led to the forma
tion of well-developed boudinage. The purpose 
of this paper is to describe rotated boudins asso
ciated with the late-D2 thrusting on eastern Sei
land (Fig. 1). 

The geology of Seiland 

The central part of Seiland is dominated by the 
vast basic a11d ultrabasic complex of the Seiland 
Petrographic Province (Robins & Gardner 1975) 
(Fig. 2A). The geology of the metasedimentary 
envelope to the north-east of these plutons has 
been described by Worthing (1971) and Akselsen 
(1982). The rocks consist of an alternating se
quence of psammites and pelites which show evi
dence of intense extensional deformation. The 
original stratigraphic sequence is not known. Ak
selsen (1982) suggested that most of the Seiland 
metasediments are Precambrian, reworked dur
ing the Finnmarkian event. The two regionally 
developed deformations comprise Dh which is 
represented by intrafolial isoclines, and D2, 
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Fig. I. Location map; the box is the map Fig. 2A. 

which produced folds of variable geometry. A 
locally developed D3 deformation has also been 
recorded which gave rise to broad open warps 
now exposed in the eastern coastal area. 

The maximum grade of metamorphism, at
tained between D1 and D2, varied across the area 
with middle greenschist facies conditions prevail
ing in the north-east, rising to upper amphibolite 
facies conditions in the south-west. The meta
morphic grade waned to low greenschist facies 
conditions in late-D2 times (Worthing 1971). 

The rocks show evidence of at l east two phases 
of thrusting. Early-D2 blastomylonitic fabrics are 
strongly developed in the upper part of the suc
cession. Late-D2 thrusts occur locally in the low
est unit of the sequence, the Komagnes Group 
(Worthing 1971). 

On the mainland to the S and SE of Seiland 
there is an arcuate belt of tectonic windows 
bounded by the basal Kalak thrust (Fig. 1). 
These windows contain autochthonous Karelian 
rocks. The geology and general setting of the 
Komagjord Window (Fig. 2A) have been de-
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scribed by Reitan (1963), Roberts & Fareth 
(1974) and Pharaoh et al. (1982, 1983). 

In a zone extending 10 km inland from the 
coast, Reitan (1963) mapped a zone of thrusting 
in the Precambrian rocks including one zone of 
closely spaced thrusts adjacent to the coast (Figs. 
2A & B). He considered that these structures are 
directly associated with the main Caledonian 
thrusting. Similarly, Akselsen (1982) has inter
preted the south-eastern part of Seiland as a 
series of imbrication thrust slices within the Ko
magnes Group (Fig. 2C). The age of the thrusts 
is unclear, though they may be of D1 age (Aksel
sen 1982) reactivated by later movements. 

Zwaan & Roberts (1978) noted that movement 
on the basal Kalak thrust is of late-D2 age, 
though it may have been reactivated by later 
Silurian movements (Sturt et al. 1978). Reitan 
(1963) suggested that the sense of translation on 
this structure where it bounds the Komagfjord 
Window is towards the SE. A late normal fault in 
Vargsund (Zwaan & Roberts 1978) has down
faulted the thrust to the NW (Figs. 2A & B). The 
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Fig. 2A. Location map showing relationships between Seiland and the Komagfjord Window. The box is the map Fig. 2C. The 
ornament is omitted from the northern part of the Komagjord Window for clarity. 
Fig. 2B. Cross-section along the line X-Y in Fig. 2A. 
Fig. 2C. Geological map of the Komagnes area. Inland thrusts after Akselsen (1982). 
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Fig. 3. Rotated boudin. The pod is mafic schist in psammite. The pod on the teft is more blunt-ended. Probably boudinage was 
initiated along the quartz-filled gash and the shape of the pods was modified by ductile necking. Note the normal faulting along the 
gash. 

thrust must, however, di p towards the NW be
neath the Kalak rocks on Seiland (Fig. 2B). A 
possible outcrop beneath the sound separating 
Seiland from Kvaløy is suggested in Figure 2A. 

The rotated boudins 

These structures occur abundantly in the well
exposed coastal area at Komagnes (Fig. 2C). The 
rocks of the Komagnes Group here consist domi
nantly of flaggy psammites interbedded with thin 
semipelitic and rare mafic schists. The dip of the 
rocks is generally towards the west at variable 
angles (Fig. 2C) and is controlled by well-devel
oped plunging F2 folds trending at 330°. The 
boudins post-date and are strongly discordant to 
the F2 axes. 

There is evidence for late-D2 thrusting in the 
neck of the Komagnes peninsula (Fig. 2C). F2 
folds become progressively flattened and the 
rocks become increasingly flaggy as the zone is 
approached. Boudins are abundant in the thrust 

zone though not spatially confined to it. 
The boudins occur in trains within the layer

ing. Successive pods tend to be offset relative to 
each other such that the incompetent material in 
the nodal area forms an asymmetric fold (Fig. 3). 
Differences in lithology are reflected in a vari
ation in the form of the boudins. In rocks in 
which the mean ductility was high the boudins 
are lensoid, resembling pinch-and-swell structure 
(Fig. 4A). The nodal area may be marked by an 
equidimensional or irregular quartz segregation 
Some examples show evidence of ductile round
ing in the node of an otherwise rectangular bou
din pod (Fig. 4B). In other rock types where the 
ductility con trast was greater, barrel-shaped 
types develop (Fig. 4C also 4E). The quartz
filled gashes in this type tend to be more planar 
but show thickening in the centre of the node. 
The third type occurs in lithologies ha ving a large 
ductility contrast. Here the nodal quartz-filled 
gashes are planar and the boudins are more 
blunt-ended (Fig. 4D). 

The orientation of the planar gashes in relation 
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Fig. 4. A. Pinch-and-swell. Note the asymmetric fold in the nodal area. B. Rectangular boudin, the corners of the pods have 
undergone some ductile rounding. C. Symmetrical barrel-shaped boudin with equidimensional quartz-filled gash in the node. D. 
Rectangular boudin showing evidence of extension by a combination of necking and normal faulting; note the asymmetric nodal . 
fold. E and F. Explanation in the text. Fis the circled area in E. The boudin internal foliation is represented here as solid lines for 
clarity. G. Fold not spatially associated with boudin. H. Folded boudin pod. 

to the layering seems to have exerted some con
tro! on subsequent separation. Where the gash is 
normal to layering, separation occurred symmet
rically. Where the gash is oblique to layering, 
extension was accomplished either by necking or 

by a combination of normal faulting and necking 
(Figs. 3 & 4D). 

There is some evidence that the nodal asym
metric folds may at !east partially post-date bou
din formation. Figure 4E shows an incipient bar-
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Fig. 5. Folded boudin pod. Note the asymmetry of the fold. 

rel-shaped boudin associated with a planar gash. 
The gash is considerably thickened in the nodal 
area where necking has been most intense. A 
second tension gash has developed at the top left 
of the structure where failure has occurred in 
response to necking of the main boudin. The 
boudin is associated with a gentle asymmetric 
fold. Figure 4F shows a tiny layer-parallel vein
offshoot from the large tension gash. This vein is 
folded into a monoclinal flexure having a similar 
sense of asymmetry to the larger fold. This sug
gests that the folding at least partially post-dates 
the tension gash and boudin development. 

In addition to the asymmetric folds in the bou
din nodal areas, a number of other folds have 
been recorded which are spatially unrelated to 
boudins (Fig. 4G). These structures have the 
same orientation and sense of asymmetry as the 
folds in the boudin nodes. In some outcrops 
these folds deform the boudin pods (Fig. 4H & 
5). The latter relationship provides evidence for 
a phase of shortening following the event which 
caused the boudinage. 

The orientation of the boudin axes, folds and 
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folded boudins is given in Figure 6A. The axes 
show a spread in the western quadrant of the 
stereogram. This spread can be partly attributed 
to two factors. Firstly, the boudins were imposed 
on a foliation with a variable southwesterly dip 
controlled by F2 fold limbs. Secondly, post-bou
dinage D3 warping coaxial with F2 has locally 
disturbed the boudins from their original orienta
tion. The boudin axes with an east-northeasterly 
orientation in Figure 6A are spatially associated 
with such a D3 warp which has locally produced 
an anomalous easterly dip in the foliation. 

The spread of axial orientation in the western 
quadrant has also undoubtedly been increased by 
these warps. 

The orientation of all planar quartz-filled 
gashes is given in Figure 6B. The poles define a 
great circle, whose normal Iies in the centre of 
boudin axial concentration. The concentration of 
poles in the south-east quadrant, however, indi
cates a predominant dip to the north-west. 

The axial surfaces of the nodal asymmetric 
folds and folded boudins dip towards the north
west (Fig. 6C), indicating a consistent sense of 
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Fig. 6. Wulff stereographic plots. A. Dots- boudin axes; circles- independent folds; triangles- folded boudins. B. Poles to quartz
filled gashes. C. Poles to axial surfaces of boudins, folds spatially unconnected with boudins and folded boudins; ornaments as 
in A. 

overtuming towards the SE. 
The following deformation sequence is sug

gested by these observations: 
l) Compressive stress acting across the layering 

initiated boudinage with axes plunging ap
proximately westwards. 

2) Extension of boudins, different profiles result
ing from variations in the ductility of the bou
dinaged layers. Nodal asymmetric folds devel
oped during extension with a sense of asym
metry towards the SE. 

3) Coaxial folding of boudin pods accompanied 
by development of folds not associated with 
boudins. 

Discussion 

A number of authors have described boudins 
with asymmetric nodal folds. Most attribute the 
asymmetry to rotational movements caused by 
layer-parallel shear (e.g. Cloos 1947, Ramberg 
1955, De Sitter 1958). Ramberg (1955) uses the 
term 'rotated boudin' to describe these struc
tures. He made the point, however, that the 
shearing causing rotation is not responsible for 
the initial fracturing or separation of the bou
dins. Ramsay (1967) suggested that rotated bou
dins may be formed from layers initially orientat
ed obliquely to the strain axes. In such a strain 
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regime the more competent boudins rotate less 
than the ductile matrix, imparting the character
istic asymmetry to the nodal area. Stromgård 
(1973) believed that the initial shape in cross
section of the boudin pods is controlled by the 
orientation of the tension fractures. He used the 
term rectangular to describe boudins in which 
the tension cracks are normal to layering and 
rhomboidal for types in which the cracks are 
oblique to layering. Lloyd & Ferguson (1981) 
have linked post-fracture modification of boudin 
shape to boudin hardness and the amount of 
deformation. Hard boudins will remain rectangu
lar during extension, soft boudins tend towards a 
barre! shape. Thus a variety of forms may devel
op during initial formation and extension. 

An attempt will now be made to reconstruct 
the evolution of the Seiland boudins. Field ob
servation suggests that the planar gashes were 
initiated at a high angle ( =70-90°) to the folia
tion (e.g. Fig. 3, 4B, D & E). Variation in the 
initial angle between the gashes and the foliation 
may be attributed to two factors: (l) differences 
in the attitude of the foliation in relation to the 
applied stresses, these differences being due to 
the presence of F2 fold limbs; (2) refraction of 
the axis of maximum compressive stress across 
the boundary between layers of different compe
tence. This latter factor has been discussed by 
Stromgård (1973). The amount of refraction is 
determined by a number of variables including 
viscosity contrast, the ratio of layer thicknesses 
and the ratio of minimum to maximum applied 
principle stress. Stromgård showed that variation 
in these parameters can result in differences in 
the attitude of the axis of compressive stress in 
different layers and hence the attitude of the 
initial tension gashes. These two factors may be 
invoked to explain variations in the angle be
tween planar tension cracks and foliation (e.g. 
Fig. 7A & Bl). Once the initial tension crack is 
formed, rectangular boudins will tend to separate 
symmetrically (Fig. 7A, l, 2). Rhomboidal bou
dins, however, because of their asymmetric posi
tion relative to the stress, may tend to rotate in 
the manner described by Ramsay (1967), devel
oping a nodal fold (Fig. 7B, l, 2). 

The folded boudins and the folds forming in
dependently of boudins provide evidence of a 
shortening deformation post-dating the boudin
age. These folds have the same orientation and 
sense of asymmetry as the boudin nodes, sug
gesting that they are closely related. The sense of 
asymmetry of these structures is uniform! y to the 
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SE (Fig. 6C) and is consistent with a shear couple 
operating in a NW to SE direction. The sense of 
translation on the thrust that separates the Kalak 
Complex from the underlying Karelian rocks on 
the adjacent mainland is also towards the SE 
(Reitan 1963). It is suggested, therefore, that the 
folds, folding of boudins and some of the asym
metry of the nodal folds is related to a simple 
shear couple generated during thrusting. 

A number of authors have studied the rotation 
of planar inclusions such as boudins under defor
mation involving simple shear (e.g. Ghosh & 
Ramberg 1976, Ramberg & Ghosh 1977, Skjer
naa 1983). In a study involving a combination of 
simple shear and irrotational three-dimensional 
strain, Ramberg & Ghosh (1977) suggested that 
the nodal crack of an originally rectangular bou
din (e.g. Fig. 7A2) may rotate towards the long 
axis of the strain ellipsoid, imparting a rhomboi
dal appearance to the boudin (e.g. Fig. 7A4). 
The nodal cracks of originally rhomboidal bou
dins (e.g. Fig. 7B2) may undergo a similar rota
tion, further accentuating their rhomboidal ap
pearance (Fig. 7B4). The amount of rotation 
depends on the relative competence between 
boudin and matrix. 

Another study by Ghosh & Ramberg (1977) 
using a combination of pure and simple shear 
showed that the amount of rotation of a boudin 
pod depends on a number of factors. These in
clude the ratio (R) of the long axis (a) to the 
short axis (b) (Fig. 7 A3), the initial angle be
tween the long axis of the boudin and a normal 
to the plane of shear (00) (Fig. 7A & B3), and 
the ratio between the pure and simple shear 
components of strain. The 00 values of the Sei
land boudins probably varied in the range 70-
900, while R values were > 3. Application of 
Ghosh & Ramberg's (1977) results suggest that 
boudins with 00 values of< 90° (e.g. 7B2) will 
have tended to rotate into the plane of simple 
shear even under quite small shear strains. If 
such boudins had an asymmetric nodal fold (e.g. 
7B2) the asymmetry will have been reduced by 
the rotation. Boudins having a 00 value of 90° 
(e.g. 7A2) will not have been rotated, nor will 
their nodal folds have been modified. Quartz
filled gashes, however, with their small Ø value 
will have rotated rapidly in the direction of sim
ple shear (e.g. Fig. 7A, & B4), imparting the 
dominant north-westerly dip seen in Figure 6B. 
They may even have rotated in the opposite 
direction. Such backward rotation may account 
for the position of some of the nodal tension 
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Fig. 7. Evolution of boudins, explanation in text. The parameters in A3 and B3 after Ghosh & Ramberg (1976). 

gashes that dip at variable angles towards the SW 
(Fig. 6B). 

Sengupta (1983) has studied the folding of 
boudins by simple shear. He noted the tendency 
for boudins to fold when R is large and there is a 
moderately high competence contrast between 
boudin and matrix. He shows diagrams of experi
mentally generated folded boudins similar to the 
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structures observed on Seiland. 
One limitation of the experimental and theo

retical work conducted by the above authors 
(Ghosh & Ramberg, 1976, Ramberg & Ghosh 
1977, Sengupta 1983) is that they assume the 
presence of a homogeneous ductile mattix en
closing the deforming boudin. It is tlear, howev
er, from the Seiland boudins that the foliation 



284 M. A. Worthing 

constituted a well-developed planar anisotropy 
which must have influenced the path of deforma
tion. The boudin nodes and gashes must have 
represented local disruptions of the planar folia
tion and thus tended to inhibit interlayer slip. 
This inhibition may have localised shear strains 
in the region of the boudin nodes and gashes 
contributing to the rotation and folding described 
above (Figs. 7A & B5). 

The similarity of geometry and orientation of 
the boudin nodal folds, independent folds and 
folded boudin pods suggests that the deformation 
sequence outlined above was progressive. This 
implies either that the position of the foliation 
rotated within the stress field to produce the 
sequence described above or that the principal 
axis rotated from a position at a high angle to the 
foliation during boudinage to occupy a NW to SE 
trend at a low angle to the layering during subse
quent thrusting. The lateral stresses required for 
thrusting suggest that the latter is the most plau
sible explanation. 

Thrusting on the adjacent mainland is said to 
be late-D2 with the possibility of reactivation in 
the late Silurian (Sturt et al. 1978, Zwaan & 
Roberts 1978). The thrusting at Komagnes is also 
of late-D2 age (Worthing 1971). The thrusts on 
the mainland show cataclasis along their contacts 
whereas the boudins appear to have developed 
under relatively ductile conditions. This could be 
because they formed in the still hot interior part 
of the orogen. The translational movements re
sponsible for the subsequent folding and rotation 
of the boudins could have been transmitted 
through the rock by a series of small thrusts 
ab<>Ve and parallel to the main basal thrust, simi
lar to these mapped by Reitan (1963) in the 
adjacent Komagfjord Window and by Worthing 
(1971) and Akselsen (1982) on Seiland. 
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