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Abstract—The Cambro-Silurian sequence of the Oslo Region contains fold trains and closely spaced imbricate
thrust faults. The imbricates could be interpreted as having ramped off the sole detachment and generated fault-
propagation folds. Several imbricate thrusts, however, appear to die out both downwards and upwards into folds.
This suggests that the thrusts were generated within the Cambro-Silurian sequence and propagated down to the
sole thrust rather than propagating upwards from the sole thrust. The mechanical stratigraphy is apparently
responsible for this style where, during folding, relatively brittle limestone members faulted in the highly strained
fold forelimbs prior to through-going faulting developing in the shales. Understanding the origin of such
imbricates is important when choosing a method of section restoration.

INTRODUCTION

THE external zones of thrust belts can be viewed as
displaying two end-member geometries. The first is
dominated by semi-brittle deformation, where most of
the shortening occurs along thrust faults and folding
mechanisms are dominantly fault-bend and fault-
propagation folding (Rich 1932, Elliott 1976, Suppe &
Namson 1979, Suppe 1983, 1985). Both folding mech-
anisms are driven by faulting, the first by draping and
the second by strain accommodation at a propagating
fault-tip. The second end member geometry is that
seen in thrust belts dominated by a series of fold trains
that suggest buckling, note thrusting was the dominant
deformation style within the thrusts sheets (e.g.
Zagros, Jura Mountains). Whether part of a thrust belt
deformed dominantly by buckling or faulting is largely
a question of how the mechanical stratigraphy behaved
under different combinations of stresses, tempera-
tures, lithostatic pressures and pore-fluid pressures. In
this paper, imbricates at the base of the Osen-Rga
thrust sheet in Norway are examined to determine
whether imbrication occurred first and the accom-
panying folding occurred in response to thrusts ramp-
ing off the master detachment or whether folding pre-
ceded imbrication.

GEOLOGICAL SETTING

The Caledonian deformation style in the Cambro-
Silurian sequence of the Oslo Graben is dominated by
imbrication, back thrusting and folding above a detach-
ment horizon formed in the Cambrian Alum Shales
(Bragger 1882, 1890, Kiaer 1908, Holtedahl & Schetelig
1923, Strand 1960, Skjeseth 1963, Owen 1977, 1978,
Harper & Owen 1983, Bockelie & Nystuen 1984, Mor-
ley 1986a,b, 1987). The underlying Precambrian base-
ment is undeformed by Caledonian events. The Asker
area Cambro-Silurian stratigraphy is dominated by a

sequence of alternating shales and limestones; major
limestone units are thicker and occupy a greater percent-
age of the stratigraphic column upwards (Skjeseth 1963,
Owen 1978, Bockelie & Nystuen 1984, Morley 1986a,
1987). The sequence is capped by the thick (in places
over 1000 m thick) Ringerike sandstone. The effect on
deformation style of the variations in stratigraphy is to
produce closely spaced imbricate thrusts in the lower
part of the sequence (Cambro-Lower Ordovician) which
become more widely spaced higher in the sequence (Fig.
1) (Morley 1986a). Generally first-order folds become
more open and have greater wavelengths passing up
section (Morley 1986a).

This paper focuses on the deformation style within the
Cambro-Mid Ordovician section (Fig. 1). The Cambro-
Lower Ordovician sequence is composed predominantly
of black—dark grey shales and thin limestones. It is about
150 m thick, with one 7-10 m thick limestone (Huk
Formation; previously called the Orthoceras Lime-
stone) occurring about 90 m high in the section. Capping
the sequence investigated here is the 40 m thick Vollen
Formation (formerly Ampyx limestone), which marks
the beginning of a sequence of evenly-spaced alternating
limestone and shale units between 30 and 50 m thick that
compose the Middle Ordovician.

OBSERVATIONS ON DEFORMATION STYLE OF
CAMBRO-MID ORDOVICIAN SEQUENCE

In the Oslo area, good sections through the Cambro-
Mid Ordovician sequence are present on the Island of
Bygdoy and at Slemmestad (Figs. 2 and 3). Slemmestad
gives the best (partial) down-plunge view due to rising
topography to the west and a 10-15° westward plunge to
the area.

The lowest part of the section comprises the black
Cambrian Alum Shales and dark grey-black Ordovician
Shales (Tgyen Formation). The main sole thrust (Osen~
Rga detachment) lies within the Alum Shales as a zone
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Fig. 1. Map of the Asker—Baerum Region, Oslo, simplified from unpublished maps by Morley.
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Fig. 2. Detailed map of the Cambro-Ordovician sequence in the Slemmestad area (detail of Fig. 1).

characterized by numerous slip planes which tend to
follow bed-parallel fissility. The shale mass is also
folded; fold wavelengths range from a few millimetres to
tens or hundreds of metres. The folds are disharmonic.
One example of intense deformation within the shales is
given in Fig. 4. Tight to isoclinal disharmonic folds are
present where the wavelength is smaller than the ampli-
tude. In one case (the southernmost fold, Fig. 4), all the
shale was squeezed out from the centre of a syncline in
the limestone. Apparently, folding could not accommo-
date all the shortening and at some late stage, high-angle
faults developed and accommodated the upward dis-
placement of the shales begun by the strong amplifi-
cation of the folds. To give an idea of the scale of these
folds the small box within Fig. 3 shows the folding at the
scale of Fig. 4. Intense minor folds are also displayed in
map view at Slemmestad (Ramberg & Bockelie 1981).
The intense short wavelength deformation is not seen in
the overlying Huk Formation, where most shortening

occurs on widely-spaced imbricate thrusts and folds with
wavelengths of 100 m or more.

In coastal exposures extending approximately 1.5 km
across strike near Slemmestad, the Huk Formation is
repeated by 13 imbricate thrusts with horizontal offsets
up to 150 m. Four of the thrusts pass down dip and
laterally into anticlines within the Alum Shales (Fig. 5).
The largest thrusts place Alum Shales over the Vollen
Formation. These imbricates do not die in diffuse struc-
tures within the shales but form narrow fault zones. The
lateral equivalence of folds and small displacement
faults suggests that at least four of the thrusts did not
propagate upward from the basal detachment but nu-
cleated within the thrust sheet and propagated upwards
and downwards. This observation suggests a ‘break
thrust’ or ‘strut thrust’ origin for some of the imbricates
(e.g. Bregger 1890, Willis 1893, Willis & Willis 1934,
Fischer & Woodward 1991, Fischer et al. 1992). Such
fauits would have grown by propagating down through



C. K. MoRLEY

622

(®)

Z

$TCse G L L AN ) 3 A v e T WO
% »Wv + - ,ﬁ:w.u SY. ¥ ot N Y

\\9( —




623

Fold-generated imbricates, Caledonides of Southern Norway

*(®) u1 pajensnjyt £80[093 Jo uoneyaidisiug (q) ‘pa1onnsSuod sem (q) ur
UOI1095-55010 Y3 Yo1ym w1y A30]093 o15Bq 31 SUIMOYS ISBOD 15aM 9) SUO[e UONIS () ‘Kop3Ag JO apis uxalsam Jo aInsodxa [eiseod Juofe UonIss-ssox) "¢ 31y

v - vV N \
\\_\ P VA 0\
- ~
N NN~ Ty T s
= ¥ id NI $0704 30 3218
~ N\
s la
)TN
\\\|I/
s, o0
ﬂ A ‘; :
‘s
7’ \\\\
o e
AR VST
" \\\\ n.
Iy O d
< ¢
e VISV 4
e
N o
NOLLIFS 30 3NN ®




624

the folds to meet the Osen-Rga detachment zone (Figs.
6 and 7). The largest thrust faults do not display easily
recognizable break thrust characteristics, although that
may have been their origin.

CROSS-SECTION CONSTRUCTION

The maximum vertical relief of exposures is limited to
a few tens of metres, but coastal sections are very
continuous. Thus in order to construct cross-sections, it
is necessary to use regional surface maps to predict the
structural style above and below the exposed section and
local surface maps to project structural information into
the line of section (e.g. Morley 1986a.,b, 1987). Figure
3(a) illustrates the actual data that were used (from a
long coastal exposure) to generate Fig. 3(b). A variety of
structural models exist which predict how folds and
thrusts such as those in Fig. 3(a) can be projected into
the subsurface. The Vollen Formation displays some
tight folds with angular hinges that suggest a kink band
fold geometry is appropriate. Thus application of fault-
bend or fault-propagation fold modelling techniques to
the section (e.g. Suppe 1985, Jamison 1987) would
appear to be appropriate. However, for these models to
be appropriate, the folds should be generated in re-
sponse to thrusting. The actual data show trains of folds,
suggestive of buckle folding, rather than thrust-
generated folds. Folding of some thrusts also indicates a
buckling component to the deformation and the two
back limb thrusts are uncharacteristic of fault-
progagation folds. Thus a significant part of the defor-
mation cannot apparently be modeled by simple fault-
propagation fold geometries.

The cross-section in Fig. 3(b) was constructed assum-
ing that the folds style is approximately parallel,
however minor flowage of the shale units and minor
accommodation faulting in both the shales and lime-
stones can locally modify this simple assumption. The
limestone units were line-length balanced. However,
the presence of locally occurring pressure solution cleav-
age, particularly in fold axes suggests that simple line-
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length balancing is not entirely appropriate. Probably
the error caused by the presence of cleavage is small
(about 5%). Where the Lower Ordovician occupies a
large, well exposed area (e.g. Slemmestad area Figs. 1
and 2). the Huk Formation is imbricated on average
every 140 m. Spacing of imbricates in the overlying
Vollen Formation is greater, indicating that some imbri-
cates die out within the intervening FElnes Formation
(Figs. 1 and 2). In the Bygdoy cross-section (Fig. 3) the
Vollen Formation crops out for large portions of the cliff
section (Fig. 3a), consequently, the presence of blind
imbricates in the underlying Huk Formation needs to be
predicted. Some very small displacement faults in the
Vollen Formation are assumed to increase in displace-
ment downwards, whilst other imbricates within the
Huk Formation are assumed to terminate as blind
thrusts in the Elnes Formation. These predicted thrusts
were inferred to preferentially form on the fore limbs of
folds, following the observed deformation style in the
Slemmestad area (Fig. 2). The presence of blind thrusts
is also required to help increase the line length of the
Huk Formation to equal that of the Vollen Formation.
Typically, when constructing cross-sections the in-
terpreter assumes that the imbricate thrusts connect
with the sole detachment. In the Bygdoy section, the
smaller imbricate faults (with less than 50 m displace-
ment) are illustrated as dying out downwards into folds
(such as those illustrated in Fig. 4) and having formed as
break thrusts. The reasons for this interpretation are
based on mapping in the Slemmestad area and are
discussed in detail in this paper.

CHARACTERISTICS FOR IDENTIFYING BREAK
THRUSTS

The one diagnostic characteristic that separates break
thrusts from upwards propagating thrusts is the pattern
of displacement on the fault plane. Ideally, a thrust
which developed by splaying off another thrust should
display a displacement maximum at the branch line
between the two thrusts and convex upwards and lat-
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Fig. 4. Sketch of outcrop illustrating the deformation of the Alum Shales-Tayen Formation in the Ringerike area. Section
constructed from roadside outcrop. A map illustrating this type of deformation in the Slemmestad area is illustrated in fig. 3
of Ramberg & Bockelie (1981).
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300m

Fig. 5. Detailed maps from the Slemmestad area illustrating thrusts passing down-section into folds (see Fig. 2 for
location).

erally away from the region of maximum displacement
(Fig. 6b). Conversely a break thrust should be an ellipti-
cal fault plane with a displacement maximum at the
centre, and the displacement contours should decrease
in value concentrically away from the centre (the idea-
lized somigliana dislocation geometry, Eshelby 1973,
Elliott 1976, Williams & Chapman 1983) (Fig. 6a). Such
a dislocation would propagate in all directions, although
physical modeling suggests that the initial lateral propa-
gation of faults (until they begin to coalesce) might be an

order of magnitude faster than the vertical propagation
(Mulugeta & Koyi 1987).

As a break thrust propagates downwards it might
reach a detachment horizon, at which point the break
thrust (if it does not propagate through the detachment
zone) might be captured by the detachment zone. Thus
two different displacement gradients will be super-
imposed on one fault (Fig. 6c).

While it is possible to describe such fault systems
theoretically, it is difficult to impossible to find good

N
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Fig. 6. Schematic diagrams of displacement contours on a fault plane illustrating: (a) displacement decreasing concentri-

cally away from a central nucleation point (i.e. break thrust situation); (b) displacement decreasing upwards and laterally;

downwards displacement is not possible (i.e. thrust splaying off a larger fault); and (c) superimposed displacement contours

on hybrid thrust where, for example, a later splaying thrust (b) has incorporated an earlier break thrust (a) into its
displacement field.
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Fig. 7. ldealized cvolution of a break thrust that develops in a relatively competent unit during folding.

enough exposures to demonstrate conclusively such dis-
placement patterns in the field particularly on larger
faults. 1t is, therefore, necessary to examine other
aspects of fold and thrust geometry for additional diag-
nostic characteristics. These characteristics are dis-
cussed below with specific reference to the Oslo Region.

Evidence for relative timing of structures

Break thrusts develop during folding, consequently. it
faulting occurred prior to folding a break thrust origin is
not possible. However, the synchronous or post-folding
timing of thrust development is a characteristic of both
tault-propagation folding and break thrusting. So,
although the correct timing of structures must be

demonstrated, this characteristic alone is insufficient to
definitely prove a break thrust origin.

The Osen—Rga thrust sheet in the Oslo Region dis-
plays a progression of deformation styles that occurred
within a single major thrusting episode. Some of the
earliest structural features are pressure solution cleav-
age and thrust wedges that were rotated during later
tfolding and thrusting (Morley 1986a,b, 1987). The re-
lationship between folding and thrusting is, in places,
complex. Some folding prior to thrusting can be demon-
strated where faults cut across both fold limbs or when
overturned beds display footwall cutoffs with an
unfolded fault. For example, Fig. 8 illustrates a thrust
which cuts laterally across the overturned forelimb of an
anticline, across a synclinal axis to lie on the backlimb of

o~ ELNES FM.

TTIT HUK FM.

I 7 TOYEN FM.

— BIGRKASHOLMEN FM.
&> & ALUM SHALES

50M

Fig. 8. Geological sketch map illustrating a relatively early fold axis cut by a relatively tate thrust, Ringerike (grid ref.
734 718). Sections projected from outcrops exposed in road cuts.
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PRESENT DAY

UNFOLDED THRUST PLANE
NOTE BEDDING STILL PARTIALLY FOLDED

Fig. 9. Profile through folded and thrusted lower Ordovician rocks Hamar (North Oslo Region, grid ref. 081 484), partially
unfolding the section shows that thrusting occurred during folding.

the next anticline to the south. Other outcrops show that
some folds have later continued to tighten and have
folded earlier thrusts (Figs. 9 and 10). Consequently, the
development of folding and thrusting appears to have a
complex and synchronous history.

Section balancing, forward modelling
One of the characteristics of both fault propagation

folds and break thrusting is the presence of a long
hangingwall flat-footwall ramp below the hangingwall

s e

/2

ramp which truncates the anticline forelimb (Fig. 11). In
the case of fault propagation fold, the hangingwall flat
lies within the master detachment horizon (Fig. 11b).
This is not necessarily the case for a break thrust (Fig.
11¢). Hence if the apparent detachment zone lies in a
mechanically unreasonable lithology, there would be
good grounds for suspecting a break thrust origin.

The hangingwall flat geometry can, however, be
generated without fault-propagation folds or break
thrusts by two different ways in computer-generated
forward models as follows. (1) Out-of-sequence imbri-

2~ YOUNGING DIRECTION

9 10M

Fig. 10. Sketch of Huk Formation outcrop, Hamar area (grid ref. 160 412).
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OBSERVED FOLD-FAULT

GEOMETRY

FAULT PROPAGATION FOLD

BREAK THRUST

Fig. 11. Two basic subsurface interpretations that can be made from the same surface geometry (a): (b) fault propagation
fold: and (¢) break thrust.

cation superimposed on in-sequence imbricates. This
deformation sequence requires the later imbricates to
propagate near the backlimb of the first generation fold
bend folds (Fig. 12). It produces a pattern of alternating
relatively high and low intersection angle between bed-
ding and the imbricate thrusts, corresponding to the in-
sequence and out-of-sequence thrusts, respectively. (2)
The imbricates initially had staircase trajectories (Fig.
13).

The main detachment zone for the Oslo Region lies
within the Alum Shales, up to 100 m below the Huk
Formation. If the imbricates were modelled as simple
fault-propagation folds, they would commonly flatten
into a primary detachment zone above the Alum Shales
or at the top of the Alum Shales (Fig. 11b). Such
geometry would require another ramp to reach the
master detachment (Fig. 11c). This geometry is atypical

RELATIVELY HIGH ANGLE BETWEEN

BEDDING AND INITAL IMBRICATE

tfor simple imbricate systems (where a listric or planar
thrust propagates upwards from basal detachment). It
could, however, be argued that the imbricates originally
had a staircase trajectory (Fig. 13) and that the fold
geometry is a result of a combined fault-propagation
fold and ramp flat imbricate geometry.

Fault-bedding geometry is not a very helpful discrimi-
nation technique. A number of the possible solutions are
not appealing or require considerable fortuitous coinci-
dences (e.g. the out-of-sequence imbricate solution),
but that does not enable them to be ruled out com-
pletely.

Fold geometry

In natural and graphic models of fault-propagation
folds, the footwall syncline area tends to be horizontal to

LOW ANGLE BETWEEN BEDDING AND
OUT-OF-SEQUENCE THRUST

Fig. 12. Forward model of imbricates with a later sct of fauits superimposed on a set of carlier imbricates (software used:
Midiand Valley. flexural-slip algorithm).
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Fig. 13. Forward model of staircase imbricates trajectories (software used: Midland Valley, flexural-slip algorithm).

sub-horizontal and displays much less shortening by
folding than the hangingwall (e.g. Chester & Chester
1990, Mitra 1990) (Fig. 10b). The Ordovician rocks of
the Oslo Region display trains of folds rather than
isolated folds localized near the thrust plane. The syn-
clines and anticlines are commonly of equal amplitude
and wavelength (more akin to Fig. 10c) and in places a
series of anticlines and synclines largely unbroken by
significant thrusts can be found. Fischer et al. (1992)
noted that fault propagation and detachment fold theory
predicts a large range of fold wavelengths that depend
upon how far the fold has evolved. Buckle folding
predicts a relationship between fold wavelength and the
thickness of competent layering. This relationship be-
tween fold wavelength and thickness of the competent
layer is well displayed in the southern Asker area (Fig.
1), where the thin competent Huk Formation is folded
on wavelengths of 20200 m, while the relatively com-
petent Middle Ordovician sequence (Vollen, Arnestad,
Frognerkilen, Nakkholmen and Slovang Formations)
displays wavelengths of 200-500 m. The relationships
discussed above suggest that buckle folding is an import-
ant deformation style in the Oslo Region.

One other piece of evidence in favour of fold-
generated faults comes from a small transfer zone at
Grundvik (Fig. 14). The northern part of the peninsula
contains an anticline in the Huk Formation. The western
side of the anticline verges to the south and the southern
limb is cut by a (fore) thrust. Passing eastwards, the
northern limb becomes strongly vergent towards the
north and is displaced by a backthrust. The thrusts die
out laterally where the fold limb becomes more gently
dipping. If this were a fault propagation fold it would be
difficult to understand the lateral change in vergence and
how two faults which converged at depth could operate
simultaneously without one fault cutting and deactivat-
ing the other. It is easier to understand the geometry in
terms of buckle folding, where the two faults nucleated
within the Huk Formation in response to buckling.

The buckle fold style becomes more apparent passing

up section. Figure 1 shows that many of the thrusts in the
Lower Ordovician-Cambrian sequence did not pene-
trate the Vollen Formation (west of Slemmestad).
Within the middle and upper Ordovician sequence
thrusts are much less frequent than in the lower Ordovi-
cian (Fig. 3). The section along Bygdoy illustrates the
mixture of concentric fold and kink band—chevron style
of folding in the middle and upper Ordovician units. In
places dips change abruptly along tight angular hinges
and hinge collapse structures occur. The section was
constructed with the assumption that many of the
smaller thrusts pass downwards into folds within the
Alum Shales, the larger thrusts are shown to have
reached the Osen-Rga detachment. These relationships
cannot be demonstrated on Bygdoy, but are consistent
with the observations made in the Slemmestad area
(Fig. 2).

Both fault-propagation folds and fold-generated
faults tend to cut through the forelimbs of anticlines and
are superficially geometrically rather similar. In Asker,
exposure is generally not good enough to accurately
determine whether changes in displacement occur up-
wards from the base of the master thrust, as would be
predicted for a fault-propagation fold, or upwards and
downwards from a point part way along an imbricate
thrust, as predicted for a fold-generated fault (Fig. 6).
Consequently, it is not possible to demonstrate conclusi-
vely that all the imbricate thrusts in Figs. 2 and 5 have the
same origins. Indeed a mixture of imbricate types is
likely.

There is some experimentally evidence which suggests
that break thrusts should occur in nature. Previous work
on nucleation of thrusts suggests that they may be
initiated within the most competent layers (e.g. Cham-
berlain & Miller 1918, Balicki & Spang 1975; see pre-
vious work section in Eisenstadt & De Paor 1987). More
recent studies on the evolution of thrust structures in
multi-layered physical models suggests that thrusts nu-
cleate from stiff layers initially deformed into buckle
folds (Dixon & Tirrul 1991, Liu & Dixon 1990, 1991).
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Fig. 14. Geological map and cross-sections of the Peninsula of Grundvik. sce Fig. | for tocation.

Consequently, the nucleation of thrusts within the Huk
Formation seems mechanically reasonable because itis a
relatively brittle limestone encased in relatively ductile
shales. The folds in the Oslo Region commonly verge
strongly (to the southeast), hence the strains are highest
in the forelimbs of anticlines. It is, therefore, likely that
during fold development as the forelimbs became more
highly strained, the Huk Formation tended to fault while
the shales continued to deform by folding (as illustrated
schematically in Fig. 7).

CONCLUSIONS

In earlier papers, Morley (1986a, 1987) assumed that
imbrication in the Cambro-Lower Ordovician sequence
of the Oslo Region was a product of thrusts ramping and
splaying off the main sole thrust (Osen-Rga detach-
ment). This is a common assumption made in many
thrust belts. In some examples, however, the imbricate
thrusts located within the Lower Ordovician sequence
die out rapidly laterally and possibly downwards into
folded strata within the Alum Shales. These imbricate
thrusts generally cut the forelimbs of folds in limestones
of the Huk Formation. It can, therefore, be proposed

that certain imbricates were initiated during folding
within the more competent Huk Formation, while fold-
ing continued in the surrounding shales (Brggger 1890).
As the shortening increased, the thrusts propagated
both upwards and downwards (towards the master de-
tachment). Itis likely that faulting could have initiated in
other relatively brittle members of the Cambro-Lower
Ordovician sequence and that the larger imbricates are
the products of the linkage of several faults as proposed
by Eisenstadt & De Paor (1987). After the faults propa-
gated down to the detachment a new displacement
pattern could have been superimposed on the original
one.

If fold-generated faulting imitiated imbrication then
the assumption of geometric fault-propagation—folding
construction that thrust displacements only decrease
upwards and laterally (Suppe 1985, Suppe & Medwedeft
1990) is invalid. However, in many areas it is very
difficult to demonstrate how the displacements on faults
change, and. thus, be able to distinguish between the
two mechanisms. The main geometric features that
suggest break thrusts are present are as follows: (1)
appropriate deformation style is present (i.e. buckle
folds, fold trains; Fischer er al. 1992); (2) faulting was
synchronous with thrusting; (3) fault displacements de-



Fold-generated imbricates, Caledonides of Southern Norway

crease downwards (as well as laterally and upwards); (4)
restored cross-sections show minor faults with a ramp-—
flat geometry above the master detachment; (5) some
transfer zone geometries may be incompatible with
upward propagating imbricates. Enlarging on point (1)
above, probably the most common feature in the field
that strongly suggests a buckle fold origin is the nature of
the footwall deformation. In particular, the footwall
syncline geometry is very important (Fig. 11). A rela-
tively short wavelength, low amplitude syncline, with a
sub-horizontal footwall (assuming no later back-
rotation) suggests a fault propagation fold origin, a
footwall syncline with a similar amplitude and wave-
length to the hangingwall wall fold and with a strongly
inclined forelimb suggests a buckle fold origin and hence
a possible break origin for the thrust.

Acknowledgements—] would like to thank Dave Ferrill and Nick
Woodward for very helpful criticism of the original manuscript.
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