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Abstract—Our current understanding of marine-impact cratering processes is partly inferred from the
geological structure of the Lockne crater. We present results of a mapping campaign and structural
dataindicating that this crater isnot pristine. In the western part of the crater, pre-impact, impact, and
post-impact rocks are incorporated in Caledonian thrust slices and are subjected to folding and
faulting. A nappe outlier in the central crater depression isarelic of the Caledonian nappe cover that
reached athickness of morethan 5 km. The overthrusted crater is gently deformed. Strike of strataand
trend of fold axes deviate from standard Caledonian directions (northeast-southwest). Radially
oriented crater depressions, which were previously regarded as marine resurge gullies formed when
resurging seawater erosively cut through the crater brim, areinterpreted to be open synclinesin which
resurge deposits were better preserved.

The presence of theimpact structure influenced orogenesis due to morphol ogical and lithological
anomalies of thecrater: i) araised crater brim zone acted as an obstacle during nappe propagation, (ii)
the occurrence of a central crater depression caused downward sagging of nappes, and (iii) the lack
of an appropriate detachment horizon (alum shale) within the crater led to an enhanced mechanical
coupling and internal deformation of the nappe and the overthrusted foreland. Preliminary results of
3-D—analogue experiments suggest that a circular high-friction zone representing the crater locally
hinders nappe propagation and initiates a circumferentially striking ramp fault that delineates the
crater. Crustal shortening is also partitioned into the crater basement and decreases laterally outward.
Deformation of theforeland affected the geometry of the detachment and could be associated with the
activation of a deeper detachment horizon beneath the crater. Strain gradients both vertically and
horizontally result in non-plane strain deformation in the vicinity of the crater. The strain tensorsin
the hanging and foot walls may deviate up to 90° from each other and rotated by up to 45° with
respect to the standard regional orientation. The observed deflection of strataand fold axes within the
Lockne crater area asrevealed by field mapping isin agreement with the pattern of strain partitioning
shown in the analogue models.

INTRODUCTION

The number of meteorite impact craters discovered on
Earth so far is relatively small (175; Earth Impact Database
2007) compared to other planets or satellites like the Moon.
This can be attributed to a number of circumstances: i) two-
thirds of the Earth’s surface is covered by water, which
hinders the discovery of submarine craters (the latter should
be rare because of the young age of the oceanic crust and
shielding by the water column [Shuvalov et al. 2005]);
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ii) craters on land are better accessible, but they are often
subjected to either erosion or burial (Grieve 1991); and
(iii) subduction of crater-bearing oceanic crust or incorporation
of cratered continental crust into mountain-building processes
cause deformation of impact craters and may ultimately lead
to their complete destruction. If craters are affected by
orogeny, proof of an impact origin becomes complicated
because the initial crater geometry is usually destroyed.
Breccias and pseudotachylites can form during both
mountain-building and impact-crater formation. In such
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Fig. 1. @ Simplified tectonic map of the Caledonides of central
Sweden (after Gee and Kumpulainen [1980]). The Lockne crater is
situated at the eastern border of the Caledonian orogeny.
b) Simplified east-west cross section through the Caledonian
orogeny (after Gee and Kumpulainen [1980]).

cases, shock indicators like shatter cones, planar deformation
features (PDFs), diaplectic glasses, and high-pressure phases
(e.g., Langenhorst and Deutsch 1994; St6ffler and Langenhorst
1994; Kenkmann et a. 2005) are indispensable in proving the
existence of adeformed crater.

There are afew examples of terrestrial impact cratersthat
were affected but not destroyed by orogeny: Sudbury,
Canada, (e.g., Riller 2005), Charlevoix, Canada (e.g.,
Trepmann and Spray 2005), Gardnos, Norway (French et al.
1997), and Lockne, Sweden, (e.g., Lindstrom et al. 1996;
Sturkell 1998a; Lindstrdom et a. 2005a). Here, we focus on
the Lockne crater, which is situated at the eastern border of
the Caledonian orogen in central Sweden (Fig. 1). Except for
ageneradl tilt of the structure by less than 1° to the northwest,
thiscrater isregarded as virtually unaffected by orogeny (e.g.,
von Dawigk and Ormd 2001; Lindstrom et al. 2005a).
However, the present border of the Caledonides is the result
of later erosion. Theoriginal thrust front was probably located
more than 40 km further to the east, and the crater was buried
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by apile of thrusts at least 5 km thick (Sturkell et al. 1998). A
very efficient detachment horizon, the so-called Cambrian
alum shale was used as the mgjor thrust plane. It acted as a
lubricant during nappe propagation and was an ideal
mechanical decoupling horizon between the orogenic wedge
and autochthonous foreland.

This study investigates the role of the post-impact
Caledonian deformation onto the Lockne crater. Asthis crater
becomes increasingly important as a reference for marine-
cratering processes and is used as a standard for comparison
with other “wet target” craters on Earth and Mars, athorough
and quantitative understanding of the post-impact history of
this crater and a reconstruction of the crater's initia
morphology is necessary. For this purpose, a geologica
mapping campaign was conducted within the framework of
master’'s thesis work. The mapping concentrated on the
western part of the Lockne crater, (west of Lake Locknesjon)
with a particular focus on the analysis and quantification of
deformation overprint. The subtraction of Caledonian
deformation and restoration of the crater’s initial shape is a
future goal. To evaluate the control of theimpact on thrusting
and nappe movement, afurther objective wasto study impact-
induced effects, i.e., modification of basement morphology
and sedimentary cover sequence, on nappe propagation and
orogenic architecture.

Geology of the Lockne Crater

The Lockne crater in Centrad Sweden (14°40'E,
63°00'N) formed in mid-Ordovician times (455 Ma) at the
western continental shelf of the Baltic Shield (e.g., Lindstrém
et a. 1996; Sturkell 1998a). The structure was discovered by
Wickman (1988) who interpreted the origin of unusua
breccias of the Lockne region as the products of an impact
cratering process in a shallow sea. Lindstrom et al. (1991)
refined the crater location. The discovery of PDFs in quartz
grains from resurge deposits (Therriault and Lindstrém 1995)
and its Ir enrichment (Sturkell 1998b) proved the impact.

The sub-circular Lockne crater has a subdued
morphological expression due to the preferred erosion of
sedimentary stratain its center and the presence of acrystalline
brim up to 70 m high. The eastern half of the crater is covered
by Lake Locknesjon and tillsrelated to Quaternary glaciation.
The central crater depression is 7 km in diameter and was
excavated into crystalline basement. Gravity modeling as
well asdrill cores (Lindstrom et al. 1996) imply aweak uplift.
The crater is surrounded by an elevated crater brim with
brecciated and fractured crystalline rock that is interpreted as
an overturned gecta flap (Lindstrom et a. 20053). Bore holes
and exposures show that this brim is rootless and is underlain
by Cambrian alum shale (Lindstrom et a. 2005a). The
sediments surrounding this inner crater were locally stripped
from the sub-Cambrian peneplain by the expanding water
crater. The inner crater is partly covered by a nappe outlier of
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the Caledonides. Resurge deposits are preserved inside and
outside of the Lockne crater. Their presence suggests a water
depth that was at least sufficient to overcome the brim wall
(von Dalwigk and Ormd 2001).

Marine-target craters differ from craters formed on land
(Ormd and Lindstrom 2000; Gersonde et a. 2002). The
invedtigation of the Lockne structure has congiderably
contributed to our present knowledge of impact into wet
environments and is regarded as a reference crater for marine
impactsin which the projectile diameter hasasimilar sze asthe
water depth (Ormo6 et d. 2002; Shuvalov et al. 2005). However,
estimates of water depth at the time of impact range from 200
m (von Dalwigk and Ormd 2001) to 1000 m (Lindstrém et al.
1996). Recent numerical simulations of the impact (Shuvalov
et al. 2005; Lindstrom et a. 2005b) achieved a best match
between nature and modeling for water depths of 500-800 m.

The present relief of the crystalline basement shows
severa topographical lows aong the crystaline brim in
which resurge deposits are preserved. Lindstrém et al. (1996)
and von Dalwigk and Ormé (2001) identified four such lows
cutting through the brim in the southeast, southwest,
northwest, and northeast directions (Fig. 2). The southeastern
crystalline low in the Bergbdle region (“Bergbtle gully;”
Fig. 2) is estimated to be ~1000 m wide and 100 m deep; the
southwestern low in the Tandsbyn area (“Tandsbyn gully;”
Fig. 2) is believed to be 50 m deep, 500-1000 m wide, and at
least 2 km long. Recently, Lindstrom et a. (2005a) described
another low in the south-southwest sector of the crater brim
(“Langmyren gully”). Lindstrom et a. (1996) and von
Dawigk and Ormd (2001) interpreted these topographical
lows as primary impact-related features and designated them
as “resurge gullies.” According to these authors and to Ormé
and Miyamoto (2002) resurge gullies might have originated
during gjection, but were enlarged by resurging seawater. In
this study, it is suggested that the present topographic lows of
the crater brim are not primary features, but were caused by
gentle folding and down-faulting after the impact.

Lockne Crater and the Caledonides

The crater is situated at the present Caledonian thrust
front (Fig. 1). The eastern border of the Scandinavian
Caledonidesisaresult of erosion. The nappes by far exceeded
the thickness of the present remains within the center and
west of the crater asillite crystallinity and organic maturation
dataindicate (Lundgvist and Andréasson 1987). A lower limit
of overburden of the Lockne area has been estimated from
fluid inclusion studies. Sturkell et al. (1998) measured
average homogenization temperatures of fluid inclusions of
150 °C suggesting pressures of ~1.3 kbar that correspond to a
burial of ~5 km. The crystallinity index of the alum shale and
conodont alteration index as well as the presence of
laumontite give an upper pressure and temperature boundary
of 3 kbar and 300 °C, respectively, corresponding to a
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Fig. 2. Present relief of the crystalline surface of the Lockne crater as
constructed by von Dawigk and Ormé (2001). The crystalline brim
shows topographical lowsin its northwest, southwest, southeast, and
northeast sectors that were interpreted as resurge gullies. Image after
von Dalwigk and Orm¢ 2001.

Caledonian burial of about 10 km. A burial of 5-10 kmisin
accordance with petrophysical modeling of the Caledonian
foreland basin in the Jamtland area, which is modeled as a
basin 7 km deep and 150 km wide (Middleton et a. 1996;
Larson et al. 1999). Using average topographic slope and
décollement angles derived for the Scandinaviean Caledonides
(Warr et al. 1996), it is suggested that the frontal thrusts of the
Caledonides might have reached 40-80 km farther to the east
in the Lockne area. It isthe late exhumation of the crater that
caused the good preservation of the structure.

The Scandinavian Caledonides are dominated by a
variety of nappes, collectively grouped into Lower, Middle,
Upper, and Uppermost Allochthon (Roberts and Gee 1985;
Gee et d. 1985) (Fig. 1). During the Caedonian orogeny
(Silurian-Devonian), these units thrusted eastward over the
Bdtoscandian Patform, which consisted of Precambrian
crystalline basement with athin veneer of Early Paleozoic cover
sediments (Gee and Kumpulainen 1980). Throughout much of
the Caledonian front in Scandinavia, the Cambrian alum
shale provides an ideal detachment surface above the
Precambrian crystalline basement. Thus, the Precambrian
crystalline basement is passive and virtually undeformed
beneath the Caledonian front décollement, but isincreasingly
affected by Caledonian deformation further west (Roberts and
Gee 1985). The amount of crystalline basement involved in the
fronta nappesisvery smal and restricted to isolated dices. The
Lower Allochthon and Parautochthon are largely composed of
Early Paleozoic sediments (Jamtland supergroup) that detached,
folded, and trandated over the sole thrust at the alum shalelevel

(Fig. 1).
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Fig. 3. GPS/GI S based geological map of the western part of the Lockne impact structure, central Sweden. Coordinates refer to the Swedish
National grid. Mapping was conducted in 2005 in the framework of master’s thesiswork at Free University Berlin. See text for discussion.

In 1940, Thorslund had observed the lack of alum shale
and irregular basement topography in the area of Lockne,
although he was unaware of the presence of an impact crater.
He described a basement high that rises up to 70 m above the
floor of the surrounding peneplain and that is directly overlain
by Ordovician limestones (Thorslund 1940). While the
relationship to this “Lockne high” remained unclear, he
identified three subordinate thrust units as specialties of the
Lockne region. Sturkell and Lindstrém (2004), who
reconstructed the topography of the sub-Cambrian peneplain
and thereby the prominent alum shal e detachment, also noticed
irregularities in the Lockne area, without considering a causal
context with the crater.

The deformation of the sub-Cambrian peneplain
including the aum shale detachment, the presence of
nappe relics, and the occurrences of topographic lows in
the crater brim motivated us to examine the post-impact
deformation on the Lockne crater in more detail and to
assess the influence of the Lockne crater on nappe
propagation during Caledonian orogeny. For the

investigation we have chosen a combined approach of field
analysis (Pigowske et al. 2006; Kenkmann et al. 2006) and
analogue modeling.

METHODS

Geological mapping has focused on the western part of
the Lockne crater (west of Lake L ocknesjon) and comprises a
tota area of ~70 km2 (Figs. 3-5). Standard geological
mapping techniques were applied, including the use of GPS.
The map was processed at a scale of 1:10,000 utilizing
ArcGIS 8.01 software. Geological information is allocated to
different layers, enabling the user to specify separate or
common visualization of geologic information (Figs. 3-5).
Structural analysis included the measurement of the dip of
bedding, fault and cleavage planes, fault-dlip vectors (striae
and grooves), and trend of fold axes. For construction of the
alum shale detachment surface, we applied the kriging grid
interpolation method of the Surfer 8 software (Golden
Software Ltd).
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Polished cuttings and thin sections were prepared from
various lithologies perpendicular to strata strike. For
evaluating tilting of post-impact strata, it was critical to
analyze sedimentary structures of post-impact sediments
(Dalby limestone): we used Orthoceratite conches that were
partly filled with marly sediment as geopetal markers.
Cavities capped by the conches were later filled with sparite
calcite cement. The transition from the sedimentary infill of
the conches to the sparite cement defines a sub-horizontal
plane at the time of deposition. The angles between bedding
planes and geopetal markers were determined from
photographs. The application of an image analysis package
(Q-Win by Leica) enabled us to quantify the preferred
orientation of sedimentary fabrics with respect to a bedding
plane.

In order to understand how the crater was deformed by
the Caledonian nappes, three-dimensiona anaogue “sandbox”
experiments scaled for density and cohesion were conducted at
the geodynamic laboratory of the GFZ-Potsdam. We investigated
the effect of a crater asacircular frictiona heterogeneity on the
kinematical evolution of afold-and-thrust belt. Such sandbox
experiments have been widely applied to study the behavior
of friction-controlled fold-and-thrust belts and accretionary
wedges of convergent margins, which are considered to be
analogous to wedges of sand or snow forming in front of a
moving bulldozer, a concept known as the “ critical wedge” or
“critical taper” theory (e.g., Daviset al. 1983; Mulugeta 1988;
Willett 1992; Liu and Ranalli 1992; Koyi 1997; Lohrmann
et al. 2003; Hampel et a. 2004). According to this theory, the
geometry, kinematics, and stress regime of an accretionary
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wedge is controlled by only three factors: cohesion, internal,
and basal shear strength. To adjust its geometry to the controlling
parameters, the wedge may deform interndly by diffuse
deformation and/or faulting. When the wedge approaches the
stable geometry, it is said to be in the critical stage, which
means that no further internal deformation isrequired and the
wedge may grow in a sdf-amilar manner by frontal accretion
equivdent to propagating fold-and-thrust belts in nature.
Accordingly, a strong wedge (i.e., high friction) will develop a
large taper and low aspect ratio of thrust sheets, whereas a
weak wedge (i.e., low friction) will evolve to a narrow taper
with high aspect-ratio thrust sheets. Moreover, any changein
the mechanical properties of the system during its tectonic
evolution should be directly reflected in the finite geometry
and structural inventory.

The experimental apparatus used is a squeezebox
100 cm in length and 30 cm in width where shortening is
achieved by pushing a piston from one side of the otherwise
confined box. The experiments feature a layered upper crust
with frictional plastic rheology, including strain hardening and
softening Similar to natural rocks undergoing brittle deformation
(Lohrmann et d. 2003). In particular, the model upper crust
consists of 5 ¢m of sieved sand (grain size <630 um, friction
coefficient p ~ 0.6-0.7; cohesion C ~ 10-100 Pa; density
p ~ 1.7 kg/md) overlain by 0.5 cm of glass beads (grain size

70-110 pm, friction coefficient p ~ 0.3-0.4; cohesion
C ~ 10-100 Pa; density p ~ 1.6 kg/m3) and 2 cm of sand on
top. Sand isawidely used analogue materia for awide range of
sedimentary rocks with “norma” shear drength (ie, a
frictional coefficient of about 0.6) (e.g., Lohrmann et al.
2003 and references therein), whereas the glass bead layer
represents a low friction detachment corresponding to the
Alum shale detachment in the study area. Therelatively large
thickness of the glass bead layer with respect to nature is an
experimental requirement to support strain localization
within the weak horizon. Since the alum shale detachment is
excavated in the Lockne crater, we model the crater as a
frictional heterogeneity by replacing glass beads with sand
within a half-circle 10 cm in diameter. To keep the mode as
simple as possible, morphologicd crater heterogeneities such as
an elevated crater brim or a centrd crater depression were not
conddered. To be comparable to natura settings, the
experiments must be scaed to nature with respect to length
units, density, and coheson (Schellat 2000). Scdling is
expressed in the relationship:

(ClpY)naured (ClpQ) exp K, D

where C is cohesion, p is density, g is Earth’s gravity, and K
is the scaling factor. Inserting cohesion and density values of
the analogue and natural materials at constant gravity, the
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applied scaling factor K is ~10°, which means that 1 km in
nature corresponds to 1 cm in the model. Hence, we simulate
shortening of acrust of initially ~8 km in thickness, 30 kmin
width, and 100 km in length, including a circular crater of
10 km in diameter. Because of the bilateral symmetry of the
problem, we simulated a haf-space only (i.e, the
southwestern half of the crater and adjacent areas), alowing
us to analyze the deformation both within and outside of the
crater area. Colored sand has been used as marker material to
allow monitoring of deformation with a digital camera at
constant time steps from beneath, above, and from the side.
For further details of sandbox experiments, granular analogue
material properties, and scaling principles, see Lohrmann
et a. (2003).

From a series of models conducted with the purpose to
simulate the deformation and strain partioning at and around
the crater heterogenity, we present two experiments. In
Model A (3D_18-06), which intended to simulate the
deformation in the hanging wall above the detachment, the
model upper crust includes an impact-induced, semi-circular
frictional heterogeneity. It has been subjected to 29% of
shortening at a constant rate of 1.5 cm/min. In Model B
(3D_18-09), which intended to simulate the foot wall
deformation beneath the detachment, we modified the setup
by introducing (i) a 20° inclined detachment ramp geometry

and (ii) athin (0.5 cm) basal film of aNewtonian viscousfluid
(silicone putty: viscosity n = 3-10* Pas under laboratory
conditions: T = 21 °C, shear rate ~10-1 s'1). The detachment
ramp geometry has been introduced to account for the dipping
of alum shale underneath the overriding plate, whereas the
viscous base allows a more realistic floating of the brittle
upper crust above a ductile lower crust and partitioning of
deformation in the foot wall of the shallow detachment.
Model B accumulated 48% of crustal shortening at a rate
of 1.5 cm/min.

RESULTS
Geological Mapping Campaign

Our geological mapping campaign of the western part of
the Lockne crater (Figs. 3 and 4) substantiates previousy
published geologica maps (Lindstrém et a. 1996; Surkell 19983
Lindstrém et al. 2005a) in many respects, although a number of
discrepancies and local deviations occur. It provides new
structural data, e.g., of strata orientation (Fig. 4). The
exposure of rocks in the Lockne region is fairly good, but in
someareasglacial till or soil cover makes geological mapping
virtually impossible. Figure 5 displays the outcrop situation.
Asaprecautionary note, we would like to emphasize that only
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10-15% of the mapped area can be regarded as definitely
assured. Hence, al interpretations and models that rely on
geological maps of the Lockne area may also bear an
uncertainty. We used the same lithological unitsasreported in
Sturkell (1998a); for a petrographical description, we refer to
this paper and to Lindstrém et a. (1996). Thelithologiescan be
grouped into (i) pre-impact, (ii) impact, and (iii) post-impact
rocks.

Pre-impact target rocks comprise the Proterozoic
crystalline basement, which is mainly built up by Revsund
granite, Svekofennian gneisses, metavolcanics, as well as
younger sills of Asby dolerite (Lindstrom et a. 1996). The
pre-impact sedimentary succession amounts to ~81 m of
sediments (Sturkell 1998a) and rests on the sub-Cambrian
peneplain. Its base is formed by the 28 m thick black,
bituminous alum shale of Cambrian age, overlain by an
Ordovician succession. Near the base of the Ordovician
seguence Toyen shale (Lower Arenigian) occursoverlain by a
sequence that is collectively mapped as Orthoceratite
limestone (Lower Arenigian to Llandelian). This is a light
gray to reddish colored, thickly bedded, and tectonicaly
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competent rock with discontinuity surfaces and marly
interbeds.

Three types of impactites are distinguished at Lockne,
namely Tandsbyn breccia (Lindstrom and Sturkell 1992), Lockne
breccia (Lindstrém et d. 1983), and Loftarstone (Simon 1987).
Tandsbyn breccia is a monomictic crystalline breccia of the
inner crater and the brim zone (overturned flap). Transitions
to shattered and fractured basement are often gradational. The
first deposit that filled the crater cavity as a resurge sediment,
which reached athickness of at least 155 m in the central part
of the crater (Sturkell 1998a) (Fig. 6), is named Lockne
breccia, a polymictic lithic breccia predominantly composed
of partly rounded sedimentary components and few
crystalline fragments. It is a clast-supported brecciawith clast
sizes ranging from a few millimeters to decameter. If single
limestone blocks within the Lockne breccia have outcrop-
scale sizes, a distinction from Orthoceratite limestone
becomes difficult. With increasing distance from the impact
center the breccia was deposited at progressively higher
stratigraphic levels (Sturkell 1998a) because of the impact-
induced erosion. Lockne breccia displays multiple fining
upward sequences (Orm¢ et a. 2007, this issue) and
ultimately passes into Loftarstone, a graywacke-like,
polymict, arenitic resurge sediment that achieves a thickness
of at least 45 min the central crater (Sturkell 1998a), but only
a few meters outside the crater. Both Lockne breccia and
Loftarstone occur in the Lower Allochthon nappes west of the
crater (Figs. 3 and 6). We did not separately discriminate the
monomictic Y nntjarnen breccia (Lindstrom et al. 2005a) due
to gradational transitions to both nodular Orthoceratite
limestone and Lockne breccia. We are aware that the Lockne
breccia gets more and more monomictic in composition at its
base. Aslong asfew crystalline fragments or other lithologies
are visible within the breccia and a trandation between
fragments can be demonstrated we mapped the lithologies as
Lockne breccia. If the rock is purely monomictic and afitting
pattern between nodules is present, then we ascribed the
lithology as Orthoceratite limestone. The disaggregated
nodular limestone near the impact surface may have been
formed by weak spallation and subsequent gjecta and resurge
dragging (Kenkmann and Ivanov 2006).

The resurge deposits of Lockne breccia and Loftarstone
are overlain by marine deposits, suggesting that the marine
environment continued directly after the impact (Lindstrom
eta. 1996). The post-impact Daby limestone (Caradoc)
deposited within the crater displays an unusually great
lithological variability, both laterally and vertically (Frisk and
Ormod, thisissue).

Primary Oblique Deposition or Later Tilting?
Strike and dip of bedding planes were systematically

measured throughout the crater and are displayed in Figs. 4, 6,
and 7. Dip data of post-impact sediments (Dalby limestone)
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Fig. 8. @ and b) Dalby limestone with Orthoceratite conches at the
Kraterstigen circuit (Loc. I, Fig. 7) west of Tandsbyn. The exposed
bedding planes continuously dip with 30-40° northwest and contain
severa Orthoceratite conches that lie within the bedding plane.
Conches are partly filled with marly sediment (light gray). Open
cavities of the conches were later filled with coarse-grained sparitic
calcite cement (stippled). The plane given by the transition from the
spariteto the marly infill defines a sub-horizontal plane at the time of
deposition (geopetal marker plane). Photographs document that this
plane is parallel to the bedding plane indicating a sub-horizontal
deposition of bedding planes.

give the tilting of strata and can be attributed to a tectonic
overprint onto the crater if the bedding planes were deposited
horizontally. We used geopeta markers as well as the
preferred alignment of internal sedimentary fabrics to prove
this assumption.

Orthoceratite conches (Fig. 8) are often useful geopetal
markers and are therefore critical in assessing the primary
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Fig. 9. Histogram shows the angle measurements between geopetal
marker plane and bedding plane.

inclination of bedding planes at the time of deposition.
Orthoceratites are very frequent in outcrops of the post-
impact Dalby limestone in the Tandsbyn area (e.g., Loc. I;
Fig. 7). Their long axes are always oriented parallel to
bedding. Occasionaly, conches are aligned paralel to each
other on bedding planes suggesting deposition in a current
(Fig. 8a). Partia filling of the chambered conches with
marly sediment gives information on the orientation of a
horizontal. plane at the time of deposition. Anayzing
numerous conches (Fig. 9) we found that the angle
between the geopetal marker plane and the bedding plane
ranges between 0-25° with an average of 5°-10°. One
must take into consideration that the geopetal markers itself
may have an eror of ~10°. Local deviations from a
horizontal plane occur because the conch chambers get
filled through a tube that connects the chambers. Intruding
sediment sometimes forms a small sediment fan with an
apex near the tube. In such cases the marker plane often
has a concave shape.

Theinternal fabric of sediments gives further cluesto the
deposition angle. If the bedding plane of a bed is oriented
parallel to elongated shells, detritus, and clasts of that bed the
deposition most likely occurred horizontally. In opposite, if
elongated and aligned particles of a bed form an angle to the
bedding plane of that bed the deposition occurred at a slope.
Our statistical fabric analysis (Fig. 10a) reveal sthat shellsand
elongated particles are aigned sub parallel to the bedding
plane making a deposition at a slope unlikely. Since the
bedding plane of Fig. 10a (Loc. II; Fig. 7) dips with 35°
northwest a later tectonically induced rotation in a fully
lithified state isindicated.

The two independent methods indicate that the bedding
planes of the post-impact Dalby limestone were formed
sub-horizontally or at gentle slopes not steeper than 5-10°.
The present inclination of these bedding planes is thus the
sum of primary bedding inclination (0-10°) and later
rotation in a lithified state, most likely during Caledonian
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thrusting. A contribution of differential compaction on
tilting of the sediments can be ignored because the
sedimentary sequences are too thin near the contact to the
crystalline basement to account for this effect. Dip valuesin
the Kraterstigen area (Loc. I, 11, VIII; Figs. 6¢ and 7) which
represents the southern part of the proposed “Tandsbyn
gully” (Fig. 2) are usualy 30—40° and occasionaly up to
60°. Such values indicate a strong tectonical rotation. We
therefore rule out that the Tandsbyn area was a primary low
in the crater brim as suggested by Lindstrém et al. (1996)
and von Dawigk and Ormd (2001). We suggest it became a
low due to later deformation. Our results are in contrast to
previous and recent work by Lindstrém, Ormd, and co-
workers (e.g., von Dalwigk and Ormé, 2001; Ormo et al.,
this issue; Frisk and Ormo, this issue) who interpreted
inclined bedding planes as primary depositiona features
that were not affected by later tectonic rotation.

T. Kenkmann et al.

bedding plane

Fig. 10. a) Orientation analysis (rose diagram) of shellsand elongated particles of Dalby limestone shows a shape-preferred orientation parallel
to the bedding plane and suggests a primarily sub-horizontal deposition. The sample is from the Kraterstigen trail at the southern Tandsbyn
syncline limb (Loc. I1; Fig. 7). Inclination of bedding is 35°. b) Meter-scale fold in Dalby limestone (Loc XIl1I; Fig. 7). The fold is exposed
near the entrance of the Kraterstigen circuit. c) Microstructural analysis of slates of (b) revealed that folding resulted from tectonic deformation
of solid rock, not from slumping in an unlithified state. Note the acute angle between bedding and dlaty cleavage, localized shearing and
strained cal cite-bearing tension gashes (c).

Post-Impact Caledonian Deformation

Since the Daby limestone was deposited after the
impact, it can record the post-impact deformation history
only. Deformation affected these rocks must have also
affected the crater itself if no detachment exists between
Dalby limestone and the underlying impactites. About 6 km
west of the crater center, still within the shallow outer crater,
Dalby limestone, Lockne breccia, Loftarstone, Orthoceratite
limestone, and Tandsbyn breccia are incorporated into the
frontal Caledonian nappes (e.g., Loc. IV; Figs. 3-5, 63, 7,
and 11). Folds in these rocks are formed as detachment folds
(Loc. IV; Figs. 5, 6, and 114), fault-bend folds, and fault-
propagation folds (Loc. V; Figs. 7, 11b). For thrust
terminology we refer to McClay (1992). Figure 11b shows
the vertical limb of an anticline that generated above a thrust
ramp tip. Several ramps branch into abasal detachment plane
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Fig. 11. Photographs of various outcropswest of the crater in the Tandsbyn area (a—c) and at Nordanbergsberget (d). a) Folding of Orthoceratite
limestone above the detachment (Loc. 1V). b) East-vergent fault-propagation fold above atip of athrust ramp west of Lake Y nntérnen. The
outcrop showsthe overturned eastern limb of the anticline (Loc. V). ¢) Asymmetrical meter-scale chevron-style folds above abedding-parallel
ramp within Dalby limestone (Loc. VI; Railway section). d) Tectonically induced ramp in alum shale at Skanska quarry, Nordanbergsberget

(Loc. XI11).

(Figs. 6a and 6b). The Cambrian alum shale is the major
detachment horizon outside the inner crater (Fig. 6). Along
an east-west section in the western part of the outer crater
(Loc. IV and VI; Figs. 5, 6, 11) the above mentioned
lithologies display multiple repetitions and folds with
overturned eastern fold limbs that indicate the movement
direction of thrust dices. Folding is accommodated by
flexural dip (Figs. 1la—c) and concentrates on marly
interbeds of the Orthoceratite limestone and Dalby
limestone.

Further east (Loc. VII, Figs. 5 and 7) and beneath the
alum shale detachment, the intensity of folding and faulting
decreases. Folds become open, and the spacing between
faults gets larger. In the Tandsbyn area (Fig. 7) (named
“Tandsbyn gully” by Lindstrém et al. 1996; von Dalwigk
and Ormo6 2001; Fig. 2) Dalby limestone dips with 30-40°
northwest (Fig. 7); locally a tilt of 60° northwest is
measured at Kraterstigen. This area is interpreted as the
southeastern limb of an east-northeast trending open
syncline (Fig. 6¢). The northwestern limb of this synform dips
more gently and is poorly exposed. Small-scale subsidiary

folds trend paralld to the syncline axis (Loc. VIII; Figs. 7, 10b,
and 10c). Folding of Dalby limestone (Fig. 10b) occurred in
a lithified state that led to their formation of slaty cleavage
and tension gashes filled with calcite (Fig. 10c). The latter
were sheared and strained after their formation (Fig. 10c).
We therefore suggest that this meso-scale folding is not
caused by unlithified slumping at a slope, as proposed by
Lindstrém (personal communication).

At Langmyren (Loc. IX; Figs. 5 and 6¢), 4 km south-
southwest from the crater center, we found deformed
limestone presumably of Early Ordovician age (Orthoceratite
limestone, Ceratopyge limestone) underlain by alum shale
(Figs. 3, 4). This sequence, it is interpreted as a relic of a
nappe overthrusting the crater brim (Fig. 6¢).

About 4 km south of the crater center (Loc. X; Fig. 5,
Bergbole area, named “Berghdle gully” by Lindstrém et al.
1996 and von Dawigk and Ormd 2001, Fig. 2) Daby
limestone, Loftarstone, and L ockne breccia are exposed. All
lithological units show inclined bedding planes from which a
northwest-southeast-trending monocline and  subdued
syncline (Fig. 4) with an axis plunging towards the crater
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Fig. 12. Stereographic projection (Schmidt projection, lower
hemisphere) of fault-slip data measured at Nordanbergsberget
(Loc. XI11). Displayed are poles of fault planes (circles; N = 46) and
lineations on these faults (L; N = 20).Density contours of fault plane
poles are unshaded (4.4, 8.8%), density contours of linears are gray-
shaded (5, 10, 15, 20%). North-south-trending lineations on steep
normal faults can be correlated to the impact of the overturned flap
on the surface. northwest-dipping slip vectors on northwest dipping
reverse faults (great circles) are correlated with Caledonian thrusting
(see Fig. 11d).

center can be constructed. Dip angles of strataare in the order
of 15-20°. West of this area the top of the Precambrian
crystalline bedrock is exposed at 435 m (Loc. XI; Fig. 5), 1
km farther east at 340 m (Loc. XII; Fig. 5). The eastern part of
this structure is not exposed. In analogy to modeling, we
interpreted this area as being affected by a basement ramp
fault that causes the large throws of the basement (see next
section).

Our field studies suggest that the Baltoscandian foreland
and with it the impact crater itself was indeed affected by the
Caledonian orogeny in the Lockne area (Fig 6). However, the
strikes of strata and the trend of fold axes in the foreland
deviate remarkably from the standard Caledonian directions
(northeast-southwest) showing radia and concentrical
orientations with respect to the proposed impact center at the
western shore of Lake Locknesjon.

We analyzed fault kinematics at the quarry of
Nordanbergsberget (Loc XI1I; Fig. 5, 4 km north of the crater
center), the prime locality where the overturned crystalline
gectaflapisresting on athin veneer of alum shale. Fault-dlip
analysis (Fig. 12) revealed a two-fold trgjectory pattern: i)
One set shows preferred north-south—trending lineation on
steeply dipping normal faults. This set can be correlated with
the gection process and emplacement of the flap. The normal
faults may have been activated when the overturned flap hit
the surface: the crater near parts of the overturned flap impact
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the surface earlier than the dista parts and cause
displacements within a coherent gjecta flap. In other words,
an inner part of the flap has aready encountered the surface
and come to rest while the outer continuation is still in flight.
ii) A second set of faults display northeast strikes and
northwest-southeast dlip vectors that indicate a Caledonian
overprint (Figs. 11d and 12). As the elevated brim zone
represented an obstacle for nappe propagation, southeast
shearing of the overturned brim on the alum shale veneer was
common. Locally alum shale is squeezed out to higher levels
and covers fault planes.

Shallow Thrusting and the Geometry of the Caledonian
Alum Shale Detachment

Over large parts of the eastern Caledonian thrust front in
Scandinaviathe alum shale detachment effectively decoupled
the autochthonous Baltoscandic foreland from the deformed
Parautochthon to basal Lower Allochthon nappes. In the
vicinity of the Lockne crater, erosion has exposed parts of the
sub-Cambrian peneplain and overlying alum shale (Sturkell
and Lindstrém 2004). A regiona drilling program made it
possible to reconstruct the westward continuation of the
peneplain beneath the cover of the Caledonian thrusts
(Andersson et al. 1985). Due to flexural loading by the
orogenical belt the sub-Cambrian peneplain dips evenly with
0.7~0.85° toward the northwest (Andersson et al. 1985;
Sturkell and Lindstrom 2004). In the area surrounding the
Lockne crater, however, the surface and elevation level of the
sub-Cambrian peneplain and alum shale substantially deviate
from what can be expected from its general trend. Sturkell
and Lindstrom (2004) calculated deviations from a
mathematically defined peneplain and found, e.g., a negative
deviation of =119 m southeast of the crater at the shoreline of
Lake Locknesion. This was interpreted as down faulting
along steep northwest-striking faults (Sturkell and Lindstrom
2004; Lindstrom et al. 20058) which may or may not be
related to the Caledonian orogeny. Based on the same data
(Andersson et al. 1985; Sturkell and Lindstrom 2004,
Lindstrom et a. 2005a), we compiled the sub-Cambrian
peneplain and hence the alum shale detachment surface,
making use of the kriging grid interpolation method. As can
be seen in Fig. 13, perturbation of the otherwise smoothly
dipping plane occursin the surrounding of the Lockne crater.
The detachment is deflected to alower level northwest of the
crater. The northeastern and southern crater is flanked by
local highs. Southeast of the crater the detachment occurs at
an unusualy low level. The perturbation of the surface around
the impact crater displays some bilatera symmetry. The
symmetry axis (northwest-southeast) coincides with the
principa axis of shortening in the Caledonides (Fig. 13). The
systematic change in surface morphology including its
bilateral symmetry around the crater suggests a causa
relationship.
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Fig. 13. Topography of the sub-Cambrian peneplain and overlying alum shalein the surrounding of the L ockne area based on data provided
by Andersson et al.(1985), Sturkell and Lindstrém (2004), and Lindstrom et al (2005a). Note the perturbation of the surface in the vicinity of

the crater. See text for discussion.

The innermost exposure of aum shale in the crater
occurs in the hinge zone of the overturned flap of the gecta
brim at Nordansbergberget (Loc. XIII; Fig. 5) but is aso
expected at other localities of the brim zone beneath the
crystalline gjecta (Figs. 6a and 6b). However, occurrences of
alum shale a so exist on top of the crystalline gjectabrim, e.g.,
inthe south (Loc. IX; Figs. 5 and 6¢). Thisindicatesthat alum
shale locally got stuck at the base of a thrust sheet and
thrusted onto the brim of the crater. Within the inner part of
the Lockne crater, the Cambrian alum shaleislacking because
it was excavated during theimpact that occurred about 30 Ma
before the region was involved in orogeny. However, an
outlier of the Caledonian nappes is situated within the central
crater depression (Figs. 3 and 4). The base of this nappe that
was drilled in two boreholes (Lindstrom et al. 1996) is at
about 300 m, hence 100-120 m beneath the average
detachment base outside the inner crater along northeast-
southwest striking (Fig. 6b). This indicates a sagging of
nappes when they approached the crater depression. The
exposed detachment of this nappe outlier is Lower
Ordovician Téyen shale (Loc. XIV; Fig. 5). Toyen shde is
separated from alum shale by a few meter thick limestone
sequence. We conducted a strain analysis that revealed
dominant shortening in a northeast-southwest and east-west
direction which is inconsistent with the standard principal
axis of shortening of the frontal Caledonian nappes
(northwest-southeast).

Analogue M odeling

Scadled analogue experiments yield a first-order
approach to understanding the internal structural evolution
and related particle displacement field of fold-and-thrust
belts. Here we have focused on the effect of a circular high-
friction heterogeneity representing the Lockne crater
embedded in a low-friction detachment plane (alum shale
detachment) on thrust propagation during wedge formation
in a compressive regime (the Caledonian orogenesis). More
specifically, we studied the deformation field around the
crater areain the hanging wall (Model A) and in the foot wall
(Model B) in order to infer the pattern and mechanisms of
strain  partitioning associated with this mechanical
heterogeneity.

Crustal shortening during the experimentsis consistently
accommodated in two steps: i) Thick-skinned basement
thrusting during early stages of the evolution, followed by ii)
activation of the shallow detachment (alum shal e detachment)
and the change to thin-skinned folding and thrusting. In the
context of the critica taper theory, early thick-skinned
basement thrusting allows the wedge to reach its critical taper
controlled by cohesion and internal and basal friction. Once
the geometry of the dominantly upward growing wedge has
adjusted to the controlling parameters (i.e., is critical), the
deformation front propagates outward resulting in self-similar
growth of thewedge. In the presence of a shallow detachment,
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Fig. 14. Structural evolution of Model A (3D_18-06): The model simulates abrittle upper crust (sand layers) with a shallow detachment (thin
glass beads layer) in which a frictional heterogeneity occurs (crater). a) Thrusting starts with the activation of a basement thrust 1 (T1).
b) Initiation of a second basement thrust 2 (T2) and simultaneous deactivation of T1 after 10 cm of convergence. ¢) A third basement thrust
(T3) forms after 12 cm of convergence and accommodates about 8 cm of convergence until (d) the glass bead horizon is activated as ashallow
detachment (T4). e) Final stage of experiment after 26 cm of shortening. f) Oblique top view of the sand box after 26 cm of shortening.
) Inferred qualitative kinematic model and strain partitioning (indicated by ellipses) in the hanging wall of the detachment horizon.

which changes the frictional parameters at the base of the
growing wedge, the wedge has to adjust accordingly by
decreasing itstaper. Thisadjustment is reached by the onset of
thin-skinned folding and thrusting. The presence of any
frictional heterogeneity within the shallow detachment will
result in a renewed adjustment of the wedge by fault
activation or changesin tectonic style aswill be shown below.

Model A (3D_18-06) (Fig. 14): Shortening of a Brittle Crust
Including a Horizontal Detachment

Shortening started with the activation of a basement
thrust 1 (T1) near the piston (Fig. 14a). After 10 cm of
convergence (11% of shortening), initiation of a second
basement thrust 2 (T2) and simultaneous deactivation of T1
occurs when a critical slope angle is reached (Fig. 14b). A
third basement thrust (T3) forms after 12 cm of convergence
(13% of shortening) and accommodates about 8 cm of
convergence until the glass bead horizon is activated after
22% of shortening as a shallow detachment (simulating the
alum shale detachment). This change from thick-skinned to
thin-skinned tectonics causes “fast” propagation of

deformation into the foreland (Fig. 14c). Sliding on the
detachment, however, is aggravated where the crater
heterogeneity is located (front side of the model) resulting in
thelocalization of shortening at the crater brim represented by
the formation of thrust T4 (Fig. 14d). The oblique top view of
the sand box (Fig. 14f) after 26 cm of convergence (29% of
shortening) shows that the ramp fault T4 follows the
curvature of the high-friction heterogeneity. It extends as a
lateral ramp and is connected with the active shallow
detachment that has approached the eastern end of the model
box. This lateral ramp is a zone of left-lateral shearing
between the nappe (outside of the crater area) and the locked
part above the crater heterogeneity. A qualitative kinematical
model inferred from this structural evolution and the
associated strain field within the hanging wall of the
detachment horizon is shown in Fig. 14g. Due to left-lateral
shear the principal axis of shortening in the vicinity of the
crater is oriented at 45° to the strike of the lateral ramp. In
contrast, the orientation of the principal axis of shortening in
the far field outside the heterogeneity is perpendicular to the
deformation front. The strain tensor south of the crater has
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Fig. 15. Structural evolution of Model B (3D_18-09). The model simulates a brittle upper crust (sand layers) above a ductile middle-to-lower
crust (silicone putty). The shallow detachment (thin glass beads layer) has a northwest-dipping part and a flat part in which a frictional
heterogeneity occurs (crater). a) Thrusting starts with the activation of a basement thrust 1 (T1). b) Initiation of a second basement thrust 2
(T2) and simultaneous deactivation of T1 after 8 cm of convergence. c) Activation of the glass bead horizon (T3) and partial deactivationof
T2 after 20 cm of convergence. d) Activation of T4 after 42 cm of convergence. €) Final stage of experiment after 48 cm of convergence.
f) Obliquetop view of the silicone layer after 48 cm of convergence. (g) Inferred qualitative kinematic model and strain partitioning (indicated

by ellipses) in the foot wall of the detachment horizon.

consequently rotated anticlockwise by about 45° in response
to the heterogeneity (Fig. 149).

Model B (3D_18-09) (Fig.15): Shortening of a Brittle Crust
Including an Inclined Detachment Above a Ductile Substratum
The principle evolution of the wedge in Model B is
similar to Model A with a change from thick-skinned
basement thrusting to thin-skinned folding and thrusting after
22% of shortening (Figs. 15a—). However, the detailed
evolution of the wedge differs due to the modifications of
model parameters. First, the ramp geometry of the glass beads
detachment reduced friction at the base of the thick-skinned
wedge and caused the formation of two thrusts (T1 and T2)
instead of three enclosing thrust sheets with higher aspect
ratios. Second, the presence of a silicone putty film on the
floor of the box (mid-crustal ductile layer) allowed shortening
to be accommodated aong a basal plane and hence
deformation to be partitioned into the “floating” crustal block
beneath the crater area, i.e., the foot wall with respect to the
detachment horizon, that has not been subjected to

deformation in Model A. Likein Model A, the high-friction
heterogeneity area of the crater hinders movement along the
shallow detachment. Instead of accommodating shortening in
the crater area within the nappe itself (i.e., the hanging wall)
as has been observed in Moddl A, in Model B, shortening is
accommodated in the foot wall first by diffuse deformation
below the shallow detachment in the crater area and later by
decoupling of the upper crust from the ductile substratum.
After 42 cm of convergence (47% of shortening), deformation
below the crater areais localized along a basement thrust T4
(Figs. 15d and 15€), indicating a change from thin-skinned
deformation back to thick-skinned deformation in the crater
area

Removal of the deformed sand layers at the end of the
experiment revealed (Fig. 15f) that thrust T4 passes laterally
(southwestward) over into a curved anticline. Figure 15g
shows a qualitative kinematical model inferred from the
observed structural evolution and the associated strain field
within the foot wall of the detachment horizon. Accordingly,
alateral gradient in shortening may cause aright-lateral shear
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component at the southern side of the heterogeneity. Thisis
consistent with an up to 45° clockwise rotation of the strain
tensor in the vicinity of the crater with respect to the regional
orientation (long axis parallel to deformation front).

To summarize both experiments, we can adhere to the
following: accommodation of convergence-induced shortening
by thrusting above a shallow detachment is hindered where
the high-friction crater heterogeneity is situated, causing
strain partitioning, internal deformation both in the hanging
wall and foot wall, and non-plane strain deformation.
Hanging wall (nappe internal) deformation may include the
initiation of a circumferentially striking ramp fault at the
crater brim delineating the high-friction heterogeneity at the
nappe base (Model A) (Figs. 14f and 14g). Crustal shortening
in the crater area may aso be accommodated localy by the
activation of a mid-crustal detachment or lower crustal flow,
resulting in the activation of basement thrusts and diffuse
shortening in the foot wall crater area, which decreases
laterally outward (Model B) (Figs. 15e-g). Strain gradients
both vertically and horizontally result in non-plane strain
deformation in the vicinity of the crater characterized by a
deviation of the local finite strain tensor orientation with
respect to the regional orientation (long axis paralel to the
deformation front) by up to 45° and by up to 90° to each other
in the hanging and foot walls. In particular, strain tensors to
the south of the crater center may rotate clockwise in the foot
wall and anticlockwise in the hanging wall of the shallow
detachment and in opposing senses to the north of the crater
center.

DISCUSSION AND CONCLUSION
Correlation of Nature and Modeling

The formation of the Lockne crater 455 Maago created a
particular geological configuration that was unique in the
Baltoscandian foreland and caused specific adjustments when
the fold and thrust belt of the Caledonides reached and
overthrusted the crater ~30 Malater. Special characteristics of
the Lockne area at the Scandian period of the Caledonidian
orogeny were (i) the presence of a crater depression due to an
incomplete filling of the crater with post-impact sediments,
(ii) an elevated brim zone of ejected crystaline rocks
surrounding this depression, and (iii) the lack of alum shale
and Toyen shale that could be used as an appropriate
detachment plane throughout the eastern Caledonian thrust
front. While the effect of (iii) on the deformation behavior in
afold-and-thrust belt was analyzed with the help of analogue
modeling (see above), (i) and (ii) are assessed on the basis of
field data and theoretical considerations.

The presence of a depressed inner crater basin that is
formed beneath the level of the main alum shale detachment
could lead to a sudden downward depression of a propagating
thrust sheet. Onceit hasfilled and leveled the depression it may
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activate an out-of-sequence thrust at its rear to form a roof
thrust on top of the first one (Figs. 6aand 6b). Its lateral extent
is limited by the dimension of the circular basin. Hence, the
frontal thrust ramp would laterally passinto an oblique ramp, a
sidewal ramp and/or a tear fault. This scenario is in
agreement with the observed nappe outlier situated in the crater
depression with a base more than 100 m below the standard
nappe base.

The elevated brim of the crater, composed of monomictic
crystalline breccia (Tandsbyn Breccia), has acted as an
obstacle (Lindstrém et a. 2005a). Southwest of the brim,
Lindstrém et al. (2005a) mapped five northwest-southeast—
trending anticlines with wavelengths of 0.5-1 km and
amplitudes not over 50 m, indicating a northwest-southeast
shortening of not more than 200 m. A similar magnitude of
shortening was derived for the northwest sector. In al cases,
the antiforms strike tangentially to the crater, indicating that
the crystalline brim zone in fact acted as an obstacle.
Figures 4, 6a, and 6b show that these folds are associated with
ramp faults. The allochthonous rocks west of the crater brim
form imbricate thruststhat link afloor thrust at the level of the
alum shale to a roof thrust at the level of the crater brim top
(Figs. 6aand 6b) and form duplex structures.

Alum shale as the ideal low-friction detachment is
lacking in the inner Lockne crater. The effect of a circular
high-friction heterogeneity in the glide plane on the
overthrusting kinematics was analyzed by anaogue
experiments. We have documented that nappe internal
deformation may include the initiation of a circumferential
striking ramp fault at the crater brim delineating the crater
(Figs. 6aand 6b). Relics of nappes occur in the crater center,
on top of the crater brim, and surrounding the crater brim.
Strain analysis in the Tdyen shale at the southern edge of the
central crater nappe outlier (Loc. XIV; Fig. 5) revealed
northeast-southwest shortening consistent with the findings
of Model A (Fig. 14g). The tangential trend of fold axes and
ramps in the southwest, west, and northwest sectors of the
outer crater (Lindstoém et al. 2005a) is also in accordance with
the model. The presence of severa thrust ramps in the
southwest (Fig. 6b), west (Fig. 6a), and northwest sectors of
the Lockne crater correlates with ramp formation west of the
crater as aresult of thrust propagation hold-up.

Although our analogue models are not designed to
precisely match nature, they provide useful insights for
understanding the deformation behavior of hanging wall
nappes and the foot wall crater. Modeling showed that the
detachment anomaly changes the strain partitioning between
hanging wall thrusts and the foot wall foreland and causes
vertical and horizonta strain gradients. Deformation of the
foot wall crater area gets important if a deeper detachment is
activated, most likely near the brittle-to-ductile transition at
mid-crustal levels. The occurrence of a ramp fault at the
southeastern margin beneath the modeled crater (Model B;
Figs. 15 e—g) finds a striking correlation at the Lockne crater.



Coupled effects of impact and orogeny

The mapped surface of the sub-Cambrian peneplain and
associated alum shale detachment (Fig. 13) (Loc. XI and XII;
Fig. 5) provides a good marker for foot wall deformation
around the crater. Sudden level changes of about 80 m at the
southeastern border of the crater strongly suggest the
existence of aramp fault like in the analogue model.

Differences in the amount of lateral shortening cause a
rotation of the strain tensor. Applying the results of analogue
modeling (Model B); Fig. 159) to the Lockne crater (Figs. 3,
4) means that the principal axis of shortening in the foot wall
to the west of the crater center is about east-west, which is
consistent with the trend of the Tandsbyn syncline and
related strike of strata in the Tandsbyn area. The orientation
of the subdued structure at Bergbdle (Loc. X—XII; Fig. 5)
seems not to fit to the predictions from the model. However,
this region seemsto be influenced by the foot wall ramp fault
a the southeast margin of the crater. This ramp could be
responsible for the vertical offset of the alum shale
detachment.

“Resurge Gullies’ versus“ Deflected Tectonics”

The formation of radially oriented resurge gullies in
marine impact craters cutting through a pre-fractured ejecta
brim (Fig. 2) with lows and highs is a plausible mechanism
during backwash, particularly for shallow water if the back
surging water height is similar to the crater brim height. In
this case the crater brim could act asadam. Thelocal bursting
of the dam-like brim might form radidly oriented gullies.
Neverthdess, their importance a Lockne seems to be
overestimated: At the “Tandsbyn gully” (Figs. 2 and 7) we
found that the post-impact sediments above the resurge
deposits (Dalby Limestone) dip toward the gully center by
20-40°, sometimes up to 60° (Loc. I, I1; Figs. 6c and 7). Even
if aprimary oblique deposition of bedding planes at angles of
10° and moreis taken into account a considerable subsequent
tectonic tilting is necessary. Restoration of this tectonic
folding to the original unfolded state may result in the
elimination of the radialy oriented basement troughs
(gullies). We therefore propose that “resurge gullies’ at
Lockne are the result of a preferred preservation of resurge
deposits in gentle synclines that have formed during the
Caledonian thrusting event. The orientation of syncline axes
more or less radia to the crater is interpreted to be the result
of a rotation of the local finite strain tensor due to strain
partitioning in the vicinity of the crater.
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