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Abstract—Our current understanding of marine-impaettering processes is partly inferred from the
geological structure of the Lockne cratéfe present results of a mapping campaign and structural
data indicating that this craterrist pristine. In the western parttbie craterpre-impact, impact, and
post-impact rocks are incorporated in Caledontamst slices and are subjected to folding and
faulting. A nappe outlier in the central crater depi@s s a relic of the Caledonian nappe cover that
reached a thickness of more than 5 km. The overtltrasier is gently deformeditrike of strata and
trend of fold axes deviate from standard Caitedo directions (northeast-southwest). Radially
oriented crater depressions, which were previoresiarded as marine regargullies formed when
resuging seawater erosively cut through the cratenpare interpreted to be open synclines in which
resuge deposits were better preserved.

The presence of the impact structure influeraredienesis due to mdrplogical and lithological
anomalies of the crater: i) a raised crater brimezacted as an obstacleidg nappe propagation, (ii)
the occurrence of a central crater depression dadrsenward sagging of nappes, and (i) the lack
of an appropriate detachment horizon (alum shaithin the crater led to an enhanced mechanical
coupling and internal deformation of the nappe tredoverthrusted foreland. Preliminary results of
3-D—analogue experiments suggest that a cirdutgr-friction zone representing the crater locally
hinders nappe propagation and initiates a circtentéally striking ramp fault that delineates the
crater Crustal shortening is also partitioned ittie crater basement and decreases laterally outward.
Deformation of the forelandfafcted the geometry tiie detachment and could be associated with the
activation of a deeper detachment horizon bendwhcrater Srain gradients both vertically and
horizontally result in non-plane strain deformatinrihe vicinity of the cratefThe strain tensors in
the hanging and foot walls may deviate up t6 86m each other and rotated by up to 45° with
respect to the standard regional orientation. Therebédaleflection of strata and fold axes within the
Lockne crater area as revealed by field mappingagirement with the pattern of strain partitioning
shown in the analogue models.

INTRODUCTION ii) craters on land are bettaccessible, but they are often
subjected to either erosioor burial (Grieve 1991); and
The number of meteorite impact craters discovered diii) subduction of cratebearingoceanic crust or incorporation
Earth so far is relatively small (175; Earth Impact Databas¥é cratered continental crust into mountauilding processes
2007) compared to other planets or satellites like the Mootause deformation of impact craters and may ultimately lead
This can be attributed to a number of circumstances: i) twie their complete destruction. If craters ardeeted by
thirds of the Eartls surface is covered by watexhich orogeny proof of an impact origin becomes complicated
hinders the discovery of submarine craters (the latter sholddcause the initial crater geometry is usually destroyed.
be rare because of the young age of the oceanic crust &rdccias and pseudotachylites can form during both
shielding by the water caton [Shuvalov et al. 2005]); mountain-building and impact-crater formation. In such
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- by a pile of thrusts at least 5 Kinick (Surkell et al. 1998). A
L very eficient detachment hizon, the so-called Cambrian
fﬁg alum shale was used as the mdfoust plane. It acted as a
\ lubricant during nappe propagation and was an ideal
mechanical decoupling horizon between the orogenic wedge
2 e i and autochthonous foreland.
This study investigates the role of the post-impact
Caledonian deformation onto the Lockne cradarthis crater
becomes increasingly importaas a reference for marine-
cratering processes and is used as a standard for comparison
with other “wet taget” craters on Earth and Mars, a thorough
and quantitative understanding of the post-impact history of
OS‘?‘SUH

this crater and a reconstruction of the cratenitial
morphology is necessaryror this purpose, a geological

F
j § e mapping campaign was conducted within the framework of

masters thesis work. The mapping concentrated on the
western part of the Lockne cratémvest of Lake Locknesjon)
ch;f:f Impact with a particular focus on ¢hanalysis and quantification of

- deformation overprint. The subtraction of Caledonian
' deformation and restoration of the cr&dnitial shape is a
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future goal. © evaluate the cordl of the impact on thrusting

and nappe movement, a further objective was to study impact-
induced efiects, i.e., modification of basement morphology
and sedimentary cover sequence, on nappe propagation and
50 km orogenic architecture.

B [ .

E _ F Geology of the Lockne Crater

ud Kallsjén Ostersund

= The Lockne crater in Central Sweden YW@E,
_ T _ _ 63°00'N) formed in mid-Ordovi@n times (455 Ma) at the
Fig. 1. a) Simplified tectonic map of the Caledonides of centrglestern continental shelf of tialtic Shield (e.g., Lindstrém

Sweden (after Gee and Kumpulainen [1980]). The Lockne craterds 5| 1996: grkell 1998a)The structure was discovered by
situated at the eastern border of the Caledonian oroge ’

b) Simplified east-west cross section through the Caledonigg(iCkr_nan (1988) who inte_rpreted the origin of gnusual
orogeny (after Gee and Kumpulainen [1980]). breccias of the Lockne regias the products of an impact

cratering process in a shallosea. Lindstrom et al. (1991)
cases, shock indicators like shatter cones, planar deformatiefined the crater location. The discovery of PDFs in quartz
feaures (PDFs), diaplectic glasses, and high-pressure phagains from resge deposits (Therriault and Lindstrom 1995)
(e.g., Langenhorst and Deutst994; $ffler and Langenhorst and its Ir enrichment ¢8rkell 1998b) proved the impact.

1994 Kenkmann et al. 2005) anedispensable in proving the The sub-circular Lockne crater has a subdued
existence of a deformed crater morphological expression du@ the preferred erosion of
There are a few examples of terrestrial impact craters tregtdimentary strata in its cengerd the presence of a crystalline
were afected but not destroyed by orogeny: Sudbpuryrim up to 70 m high. The eastdralf of the crater isovered
Canada, (e.g., Riller 2005), Charlevoix, Canada (e.dyy Lake Locknesjon and tillsleged to Quaternary glaciation.
Trepmann and Spray 2005), Gardnos, Norway (French et &he central crater depressit7 km in diameter and was
1997), and Lockne, Sweden,.de Lindstrom et al. 1996; excavated into crystalline bament. Gravity modeling as
Sturkell 1998a; Lindstrom et al. 2005a). Here, we focus owell as drill cores (Lindstrém etl. 1996) imply a weak uplift.
the Lockne cratewhich is situated at the eastern border ofhe crater is surrounded by an elevated crater brim with
the Caledonian orogen in centBlveden (Fig. 1). Except for brecciated and fractured crystalline rock thabierpreted as
a general tilt of the structure by less thandlthe northwest, an overturned ejecta flap (Lindstrém et al. 2005a). Bore holes
this crater is regarded as wvally unafected by orogeny (e.g., and exposures show that this brintastlessand is underlain
von Dalwigk and Orm6é 2001Lindstrom et al. 2005a). by Cambrian alum shale (Ldstrém et al. 2005a). The
However the present border of the Caledonides is the resskdiments surrounding this irmerater were locally stripped
of later erosion. The original thrust front was probably locateftom the sub-Cambrian peneplain by the expanding water
more than 40 km further togteast, and the crater was buriedrater The inner crater is partly covered by a nappe outlier of
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the Caledonides. Reg&r deposits are preserved inside and
outside of the Lockne cratéFheir presence suggests a water
depth that was at least fafent to overcome the brim wall
(von Dalwigk and Ormé 2001).

Marine-taget craters dier from craters formed on land
(Ormd and Lindstrom 2000; Gersonde et al. 2002). The
investigation of the Lockne structure has considerably]
contributed to our present knowledge of impact into wet
environments and is regarded as a reference crater for marif
impacts in which the projectile diameter has a similar size as th
water depth (Ormo et al. 200&huvalov et a. 2005. However, M
estimates of water depth at the time of impact range from 2ouQ
m (von Dalwigk and Ormd 20019 1000 m (Lindstrom et al.
1996). Recent numerical simulations of the impact (Shuvaloy
et al. 2005; Lindstrdm et al. 2005b) achieved a best matc
between nature and modeling for water depths of 500-800 m

The present relief of the crystalline basement shows
several topographical lows along the crystalline brim in
which resuge deposits are preserved. Lindstrém et al. (1996)

and von Dalwigk and Orm& (2001) identified four such low§'9- 2. Present relief of the cryHitae surface of the Lockne crater as
. . . constructed by von Dalwigk and @6 (2001). The crystalline brim
cutting through the brim inthe southeast, SOl"thweSt'shows topographical lows its northwest, southwest, southeast, and

northwgst, and northeast directiong (Fig. 2). The southeast@H¥heast sectors that were intetpceas resge gullies. Image after
crystalline low in the Bgbole region (“Begbodle gully;”  von Dalwigk and Ormé 2001.

Fig. 2) is estimated to be 800 m wide and 100 m deep; the

southwestern low in theafidsbyn area (“ahdsbyn gully;” Caledonian burial of about 10 km. A burial of 5-10 km is in
Fig. 2) is believed to b&0 m deep, 500-1000 m wide, and ataccordance with petrophysical modeling of the Caledonian
least 2 km long. Recentlizindstom et al. (2005a) described foreland basin in the Jamtlarstea, which is modeled as a
another low in the south-soutket sector of the crater brim basin 7 km deep and 150 km wide (Middleton et al. 1996;
(“LA&ngmyren gully”). Lindstém et al. (1996) and von Larson et al. 1999). Using average topographic slope and
Dalwigk and Ormo (2001) terpreted these topographicaldécollement angles derived fihe Scandinaviean Caledonides
lows as primary impact-related features and designated thé¥arr et al. 1996), it is suggesdtthat the frontal thrusts of the
as “resuge gullies.” Accordig to these authors and to OrmgCaledonides might have reach#-80 km farther to the east
and Miyamoto (2002) resge gullies might have originated in the Lockne area. It is thetéaexhumation of the crater that
during ejection, but were emged by resuging seawaterin  caused the good preservation of the structure.

this studyit is suggested that the present topographic lows of The Scandinavian Caledonides are dominated by a
the crater brim are not primary features, but were caused \@riety of nappes, collectively grouped into Loweliddle,

gentle folding and down-tdting after the impact. Upper and Uppermost Allochthon (Roberts and Gee 1985;
Gee et al. 1985) (Fig. 1). During the Caledonian orogeny
Lockne Crater and the Caledonides (Silurian-Devonian), these units thrusted eastward over the

Baltoscandian Platform, which consisted of Precambrian

The crater is situated at the present Caledonian thrgsystalline basement with a thin veneer of Early Paleozoic cover
front (Fig. 1). The eastermorder of the Scandinavian sediments (Gee and Kumpulainen 1980youghou much of
Caledonides is a result of eims. The nappes by far exceededhe Caledonian front in Scdimavia, the Cambrian alum
the thickness of the present remains within the center asldale provides an ideal tdehment surface above the
west of the crater as illite crystallinity andyanic maturation Precambrian crystalline basement. Thus, the Precambrian
data indicate (Lundqvist arthdréasson 1987). A lower limit crystalline basement is pass and virtually undeformed
of overburden of the Lockne area has been estimated fréx@neath the Caledonian froréabllement, but is increasingly
fluid inclusion studies. @Brkell et al. (1998) measured afeded by Caledonian deformation further west (Roberts and
average homogenization temperatures of fluid inclusions 6fee 1985). The amount of crystalline basement involved in the
150°C suggesting pressures of ~1.3 kbar that correspond téental nappes is very small angtrécted to isolated slices. The
burial of ~5 km. The crystallity index of the alum shale and Lower Allochthon and Parautochthon aregédy composed of
conodont alteration index as well as the presence B#rly Paleozoic sediments (Jamtland sgqoeip) that detached,
laumontite give an upper pressure and temperature boundfaiged, and translated over the sole thrust atltiva shale level
of 3 kbar and 300°C, respectively corresponding to a (Fig. 1).
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Fig. 3. GPS/GIS based geological map of the western part of th@é&dmpact structure, cent@veden. Coordinates refer teetSwedish
National grid. Mapping was conducted in 2005Ha framework of masterthesis work at Free University Berlin. See text fiecdssion.

In 1940, Thorslund had observed the lack of alum shailevestigation we have chosen a combined approach of field
and irregular basement topography in the area of Lockrenalysis (Pigowske et al. 200&enkmann et al. 2006) and
although he was unaware of the presence of an impact crateralogue modeling.

He described a basement high that rises up to 70 m above the

floor of the surrounding peneplain and that is directly overlain METHODS
by Ordovician limestones (Thorslund 1940).hig the
relationship to this “Locknehigh” remained unclearhe Geological mapping has focused on the western part of

identified three subordinate thrushits as specialties of the the Lockne crater (west of Lake Locknesjén) and comprises a
Lockne region. firkell and Lindstrom (2004), who total area of ~70 ki (Figs. 3-5). &andard geological
reconstructed the topography thie sub-Cambrian peneplain mapping techniques were appljencluding the use of GPS.
and thereby the promineriuan shale detachment, also noticed The map was processed at a scale of 1:10,000 utilizing
irregularities in the Lockne @a, without considering a causalArcGIS 8.01 software. Geological information is allocated to
context with the crater different layers, enabling the user to specify separate or

The deformation of the sub-Cambrian peneplaioommon visualization of geologic information (Figs. 3-5).
including the dum shale detachment, the presence ofStructural analysis included the measurement of the dip of
nappe relics, and the occurrences of topographic lows ifedding, fault and cleavage planes, fault-slip vectors (striae
the crater brim motivated us to examine the post-impaahd grooves), and trend of fodkes. For construction of the
deformation on the Lockne crater in more detail and talum shale detachment surfagee applied the kriging grid
assess the influence of the Lockne crater on nappeerpolation method of #h Surfer_8 software (Golden
propagation during Caledonian orogenyFor the Software Ltd).
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Polished cuttings and thisections were prepared from In order to understand how the crater was deformed by
various lithologies perpendicular to strata strike. Fahe Caledonian nappes, three-dimensional analogue “sandbox”
evaluating tilting of post-imgct strata, it was critical to experiments scaled for density and cohesion were condudted a
analyze sedimentary structures of post-impact sedimerite geodynamic laboratory of the GFZ-Potsdamintestigated
(Dalby limestone): we used Orthoceratite conches that wehe efect of a crater as a circular frictionatérogeneity on the
partly filled with marly sdiment as geopetal markers.kinematical evolution of a foldnd-thrust belt. Such sandbox
Cavities capped by the conches were later filled with spariéxperiments have been widely applied to study the behavior
calcite cement. The transition from the sedimentary infill abf friction-controlled fold-anethrust belts and accretionary
the conches to the sparite cement defines a sub-horizomaldges of convegent magins, which are considered to be
plane at the time of deposition. The angles between beddimgalogous to wedges of sandsmow forming in front of a
planes and geopetal markers were determined fromoving bulldozera concept kown as the “critical wedge” or
photographs. The application ah image analysis package“critical taper” theory (e.g., Davis et al. 1983; Mulugeta 1988;
(Q-Win by Leica) enabled us to quantify the preferredVillett 1992; Liu and Ranallil992; Koyi 1997; Lohrmann
orientation of sedimentary fabrics with respect to a beddiregal. 2003; Hampel et al. 2004). According to this thetivg
plane. geometry kinematics, and stress regime of an accretionary
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Fig. 5. Location of outcrops in the western Lockne area. Romaneramdder to outcrops that are mentioned in the text. Tttarmgle gives
the position of Fig. 7. AB, CD, and EF referthe geological cross sections of Fig. 6.

wedge is controlled by only three factors: cohesion, interna0—110 pm, friction coeficient © ~ 0.3-0.4; cohesion
and basal shear strength.akljust its geometry to the controlling C ~ 10-100 Pa; density ~ 1.6 kg/nf) and 2 cm of sand on
parameters, the wedge may deform internally byuskf top. Sandis a widely used analogue material for a wide range of
deformation and/or faulting. When the wedgmraaches the sedimentary rocks with “normal” shear strength (i.e., a
stable geometnyit is said tobe in the critical stage, which frictional coeficient of about0.6) (e.g., Lohrmann et al.
means that no further interrdéformation is required and the 2003 and references thereimhereas the glass bead layer
wedge may grow in a self-similar manner by frontal accretiomepresents a low friction dathment corresponding to the
equivalent to propagating fold-and-thrust belts in naturdlum shale detachment in theudy area. The relatively lge
Accordingy, a strong wedge (i.ehigh friction) will develop a thickness of the glass bead layéth respect to nature is an
large taper and low aspect ratio of thrust sheets, whereagxperimental requirement tsupport strain localization
weak wedge (i.e., low frictionyill evolve to a narrow taper within the weak horizon. Sikcthe alum shale detachment is
with high aspect-ratio thrusheets. Moreoveany change in excavated in the Lockne cratave model the crater as a
the mechanical properties of the system during its tectorfiictional heterogeneity by ptacing glass beads with sand
evolution should be directly flected in the finite geometry within a half-circle 10 cm imiameter To keep the rodd as
and structural inventory simple as possible, morphological crater heterogeneities such as
The experimental apparatus used is a squeezebax elevated crater brim or a central crater depression were not
100cm in length and 30 cm in width where shortening isonsidered. @ be comparable to natural settings, the
achieved by pushing a piston from one side of the otherwisgperiments must be scaled to nature with respect to length
confined box. The experiments feature a layered upper crushits, density and cohesion (Schellart 2000). Scaling is
with frictional plastic rheologyincluding strain hardening and expressed in the relationship:
softening similar to natural rocks ungeing brittle deformation
(Lohrmann et al. 2003). In particuldhe model upper crust (ClpDnanrd(CIpg) exp~ K., (1)
consists of 5 cm of sieved sand (grares<630 um, friction where C is cohesiom, is densityg is Earths gravity and K
coeficient p ~ 0.6-0.7; cohesion C ~ 10-100 Pa; densitis the scaling factotnsertingcohesion and density values of
p ~ 1.7 kg/md) overlain by 0.5 cm of glass beads (grain sizéhe analogue and natural materials at constant gratigy
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Fig. 6. Geological cross sections of the westart of the Lockne crater and adjacarga. Profiles AB and CD run radiallyittvrespect to
the crater centeEF is tangentially oriertl. The traces of the sections are giveRign 5. Cross sections AB and CD shdwattCaledonian
thrusts are stacked west of the crystallanater brim (ejecta flap) and form a daplSection EF displays the gentle syrelihat causes the
low of the crystalline relief in theahdsbyn area.

applied scaling factor K is ~30which means that 1 km in and (ii) athin (0.5 cm) basa film of aNewtonianviscousfluid
nature corresponds to 1 cmthe model. Hence, we simulate (silicone putty: viscosityn = 3-1¢ Pas under laboratory
shortening of a crust of initigl~8 km in thickness, 30 km in conditions: T= 21 °C, shear rate ~10s1). The detachment
width, and 100 km in lengthincluding a circular crater of ramp geometry has been introdddo account for the dipping
10km in diameterBecause of the bilateral symmetry of theof alum shale underneath the overriding plate, whereas the
problem, we simulated a half-space only (i.e., theiscousbase allows a more realistic floating of the brittle
southwestern half of the cemtand adjacent areas), allowingupper crust above a ductile lower crust and partitioning of
us to analyze the deformation both within and outside of tlteformation in the foot wall of the shallow detachment.
crater area. Colored sand has been used as marker materiMMadel B accumulated 48% of crustal shortening at a rate
allow monitoring of deformation with a digital camera abf 1.5 cm/min.

constant time steps from beneath, above, and from the side.

For further details of sandbox experiments, granular analogue RESULTS
material properties, and st® principles, see Lohrmann
etal. (2003). Geological Mapping Campaign

From a series of models conducted with the purpose to
simulate the deformation anda&h partioning at and around Our geological mapping campaign of the western part of
the crater heterogenjtywe present two experiments: Inthe Lockne crater (Figs. 3 and 4) substantiates previously
ModelA (3D_18-06), which iended to simulate the pubished geological maps (Lindstrdm et al. 1996j8ell 1998a;
deformation in the hanging Waabove the detachment, the Lindstrom et al. 2005a) in many respects, although a number of
model upper crust includes an impact-induced, semi-circuldiscrepancies and local deviations ocddr provides new
frictional heterogeneitylt has been subjected to 29% ofstructural data, e.g., of strata orientation (Fig. 4). The
shortening at a constant rate of 1.5 cm/min. In Model Bxposure of rocks in the Lockne region is fairly good, but in
(3D_18-09), which intended to simulate the foot walsome areas glacial till or s@ibver makes geological mapping
deformation beneath the detachment, we modified the setipually impossible. Figure 5 dplays the outcrop situation.
by introducing (i) a 2Dinclined detachment ramp geometryAs a precautionary note, we would like to emphasize that only
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competent rock with discontinuity surfaces and marly
Stru:lt‘ure # Legend see Fig.4 interbeds.
e g ¢ Three types of impactites are distinguished atkhe,

Tandsbyn . .
Araa namely Bndsbyn breccia (Lindgim and Surkell 1992), Lockne

oL

‘;" ' g breccia (Lindstrom et al. 1983), ahdftarstone (Simon 1987).
g 500 m Tandsbyn breccia is a monomictic crystalline breccia of the
W inner crater and the brim zone (overturned flapansitions

to shattered and fractured basement are often gradational. The
first deposit that filled the crater cavity as a rgswsediment,
which reached a thickness of at least 155 m in the central part
of the crater (&irkell 1998a) (Fig. 6), is named Lockne
breccia, a polymictic lithic breccia predominantly composed
ALLS of partly rounded sedimentary components and few
e crystalline fragments. It is aagdt-supported breccia with clast

Grubban . . . .
- sizes ranging from a few millimeters to decamdfesingle
limestone blocks within the Lockne breccia have outcrop-
Lithology of scale sizes, a distinction from Orthoceratite limestone
the Legend see Fig.3 becomes diffcult. With increasing distance from the impact
Tandsbyn center the breccia was deposited at progressively higher

e stratigraphic levels (8rkell 1998a) because of the impact-

induced erosion. Lockne breccia displays multiple fining
upward sequences (Ormd et al. 2007, this issue) and
ultimately passes into Loftarstone, a graywacke-like,
polymict, arenitic resge sediment that achieves a thickness
of at least 45 m in the centiaiter (Surkell 1998a), but only
a few meters outside the crat®oth Lockne breccia and
Loftarstone occur in the Lowerlachthon nappes west of the
crater (Figs. 3 and 6). &\id not separately discriminate the
monomictic Ynntjarnen breccigindstrém et al. 2005a) due
A to gradational transitions tdoth nodular Orthoceratite
Fig. 7. Close-up of the ahdsbynarea displaying the structure and/imestone and Lockne brecciae\atre aware that the Lockne
lithology of the region. breccia gets more and more momatic in composition at its
base. As long as few crystalline fragments or other lithologies
10-15% of the mapped area can be regarded as definitete visible within the breccia and a translation between
assured. Hence, all interprétms and models that rely on fragments can be demonstrated we mapped the lithologies as
geological maps of the Lockne area may also bear &nckne breccia. If the rock gurely monomictic and a fitting
uncertainty\We used the sametttiological units as reported in pattern between nodules is present, then we ascribed the
Sturkell (1998a)for a petrographical description, we refer tdithology as Orthoceratite limestone. The disaggregated
this paper andto Lindstrom et al. (1996). The lithologies can benodular limestone near the impact surface may have been
grouped into (i) pre-impad, (ii) impact, and (i) post-impact formed by weak spallation drsubsequent ejecta and regur
rocks. dragging (Kenkmann and Ivanov 2006).

Pre-impact taget rocks comprise the Proterozoic  The resuge deposits of Lockne breccia and Loftarstone
crystalline basement, which is mainly built up by Revsundre overlain by marine depositggesting that the marine
granite, Svekofennian gneisses, metavolcanics, as well exs/ironment continued directlgfter the impact (Lindstrém
younger sills of Asby dolerite (Lindstrém et al. 1996). Thetal. 1996). The post-impact Dalby limestone (Caradoc)
pre-impact sedimentary succession amounts to ~81 m d#fposited within the cratedisplays an unusually great
sediments (@irkell 1998a) ad rests on the sub-Cambrianlithological variability both lateally and vertically (Frisk and
peneplain. Its base is formed by the 28 m thick black)rmo, this issue).
bituminous alum shale of Cambrian age, overlain by an
Ordovician succession. Near the base of the Ordovici&imary Oblique Deposition or Later Tilting?
sequence Toyen shale (Lower Aigian) occurs overlain by a
sequence that is collectively mapped as Orthoceratite Strike and dip of bedding planes were systematically
limestone (Lower Arenigian to Llandelian). This is a lighimeasured throughout the craaed are displayed in Figs. 4, 6,
gray to reddish colored, thickly bedded, and tectonicalignd 7. Dip data of post-impact sediments (Dalby limestone)

500 m
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Fig. 9. Histogram shows the angle measurements between geopetal
marly marker plane and bedding plane.

infill
inclination of bedding planes at the time of deposition.
Orthoceratites are very frequent in outcrops of the post-
impact Dalby limestonén the Tandsbyn area (e.g., Loc. I;
Fig. 7). Their long axes aralways oriented parallel to
bedding. Occasionallyconches are aligned parallel to each
other on bedding planes suggesting deposition in a current
(Fig. 8a). Partial filling of the chambered conches with
marly sediment gives information on the orientation of a
horizontal. plane at the timef deposition. Analyzing
numerous conches (Fig. 9) we found that the angle
between the geopetal marker plane and the bedding plane
ranges between 0-25with an average of °510°. One
must take into consideration that the geopetal markers itself
may have an error of ~10 Local deviations from a
horizontal plane occur because the conch chambers get
filled through a tube that omects the chambers. Intruding
sediment sometimes forms small sediment fan with an
apex near the tube. In such cases the marker plane often
has a concave shape.

' The internal fabric of sedimés gives further clues to the
Fig. 8. a) and b) Dalby limestonettviOrthoceratite conches at thedeposition angle. If the bedding plane of a bed is oriented

Kraterstigen circuit (bc. I, Fig. 7) west of ahdsbyn. The exposed -
bedding ?)Ianes conginuouslygdip)with 3024m)rthv)\//est and cgntain parallel to elongated shells, detritus, and clasts of that bed the

several Orthoceratite conches that lie within the bedding plarfé@Position most likely occurredorizontally In opposite, if

Conches are partly filled with g sediment (light gray). Open elongated and aligned particles of a bed form an angle to the
cavities of the conches were later filled with coarse-grained sparild@dding plane of that bed the deposition occurred at a slope.
calcite cement (stippled). The plane given by the transition from tgyr statistical fabric analysis (Fig. 10a) reveals that shells and

sparite to the marly infill definessub-horizontal plane at the time of . . .
deposition (geopetal marker plane). Photographs document that fh ngated particles are aligned sub parallel to the bedding

plane is parallel to the beddimgane indicating a sub-horizontal Plane making a deposition at a slope unlikeiynce the
deposition of bedding planes. bedding plane of Fig. 10a (Loc. Il; Fig. 7) dips with°35
northwest a later tectonicallinduced rotation in a fully

give the tilting of strata and can be attributed to a tectoniithified state is indicated.

overprint onto the crater if éhbedding planes were deposited  The two independent methods indicate that the bedding

horizontally We used geopetal markers as well as thplanes of the post-impact Dalby limestone weoemed

preferred alignment of internal sedimentary fabrics to prowub-horizontally or at gentle slopes not steeper thdii*5

this assumption. The present inclination of these bedding planes is thus the
Orthoceratite conches (Fig. 8) are often useful geope®m of primary bedding inclination (0-20and later

markers and are therefore @il in assessing the primaryrotation in a lithified state, most likely during Caledonian
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Fig. 10. a)Orientation analyss (rose diagam) of shelsand elongatepaticles ofDalby limesbne shows $apeprefered olientation parallel

to the bedding plane and suggests a primarily sub-horizontal depo$itie sample is from the Kraterstigen trail at the sauatfandsbyn

syncline limb (Loc. II; Fig. 7). Inclination of bedding is°3®) Meterscale fold in Dalby limeston@.oc XllII; Fig. 7). The fold is exposed
near the entrance of the Kraterstigen circuit. ¢) Microstrulcamalysis of slates of (b) revealed that folding resulted fesntonic deformation
of solid rock, not from slumping in an lithified state. Note the acute angle beem bedding and slaty cleavage, localizeghshg and

strained calcite-bearing tension gashes (c).

thrusting. A contribution ofdifferential compaction on Post-Impact Caledonian Deformation

tilting of the sediments carbe ignored because the

sedimentary sequences are too thin near the contact to the Since the Dalby limestone was deposited after the
crystalline basement to accodot this efect. Dip values in impact, it can record the post-impact deformation history
the Kraterstigen area (Loc. I, NMIll; Figs. 6¢c and 7) which only. Deformation dected these rocks must have also
represents the southern part of the proposeahd3byn affected the crater itself if no detachment exists between
gully” (Fig. 2) are usually 30-£0and occasionally up to Dalby limestone and the underlying impactites. About 6 km
60°. Such values indicate a st tectonical rotation. & west of the crater centestill within the shallow outer crater
therefore rule out that thEandsbyn area was a primary low Dalby limestoneLockne breccia, Loftarstone, Orthoceratite
in the crater brim as sugded by Lindstrom et al. (1996) limestone, and ahdsbyn brecciare incorporated into the
and von Dalwigk and Ormg (2001).e/8uggest it became a frontal Caledonian nappes (g.doc. 1V; Figs. 3-5, 6a, 7,
low due to later deformatiorOur results are in contrast to and 1L). Folds in these rocks are formed as detachment folds
previous and recent work by Lindstrém, Ormd, and cdloc. IV; Figs. 5, 6, and 1), fault-bend folds, and fault-
workers (e.g., von Dalwigk and Orm6, 2001; Ormd et alpropagation folds (Loc. V Figs. 7, 1b). For thrust
this issue; Frisk and Ormd, this issue) who interpretaérminology we refer to McClay (1992). Figuréblshows
inclined bedding planes as primary depositional featurdise vertical limb of an antitie that generated above a thrust
that were not &écted by later tectonic rotation. ramp tip. Several ramps branicho a basal detachment plane
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Fig. 11.Photographs of various outcrops westhe crater in theahdsbyn area (a—chd at Nordanbesbeget (d). a) FoldingfoOrthoceratite
limestone above the detachment (Loc. IV). b) Easgesmtrfault-popagation fold above a tip oftrust ramp west of Lake Yrédrnen. The
outcrop shows the overturned eastern limthefanticline (Loc. V). c) Asymmetricaieterscale chevron-style folds above atmg-parallel
ramp within Dalby limestone (Loc. VI; Railwasection). d) €ctonically induced ramp @alum shalet Skanska quarriNordanbegsbeget
(Loc. XIlI).

(Figs. 6a and 6b). The Cambriatum shale is the major folds trend parallel to the syndfiraxis (Loc. VIII; Figs. 7, 10b,
detachment horizon outside the inner crater (Fig. 6). Alorand 10c). Folding of Dalby limestone (Fig. 10b) occurred in
an east-west section in the stern part of the outer crater a lithified state that led to dir formation of slaty cleavage
(Loc.1V and VI; Figs. 5, 6, 1) the above mentioned and tension gashes filled witalcite (Fig. 10c). The latter
lithologies display multiple repetitions and folds with were sheared and strained after their formation (Fig. 10c).
overturned eastern fold limbs that indicate the movemeWe therefore suggest that this meso-scale folding is not
direction of thrust slices. Folding is accommodated bgaused by unlithified slumpingt a slope, as proposed by
flexural slip (Figs. la—c) and concentrates on marlyLindstrém (personal communication).
interbeds of the Orthoceratite limestone and Dalby At LA&ngmyren (Loc. IX; Figs. 5 and 6c¢), 4 km south-
limestone. southwest from the crater centewe found deformed
Further east (Loc. VII, Figs. 5 and 7) and beneath tHenestone presumably of Earrdovician age (Orthoceratite
alum shale detachment, the médy of folding and faulting limestone, Ceratopyge limestone) underlain by alum shale
decreases. Folds become open, and the spacing betw@eégs. 3, 4). This sequence, it is interpreted as a relic of a
faults gets lager. In the TBndsbyn area (Fig. 7) (namednappe overthrusting the crater brim (Fig. 6c¢).
“Tandsbyn gully” by Lindstrom et al. 1996; von Dalwigk  About 4 km south of the crater center (Loc. X; Fig. 5,
and Ormd 2001; Fig. 2) Dalby limestone dips with 30—40Bergbhdle area, named “Bgidle gully” by Lindstrom et al.
northwest (Fig. 7); locally a tilt of 60 northwest is 1996 and von Dalwigk and Ormd 2001, Fig. 2) Dalby
measured at Kraterstigen. Thiésea is interpreted as thelimestone, Loftarstone, and Lockne breccia are exposed. All
southeastern limb of an east-northeast trending opéthological units show inclined bedding planes from which a
syncline (Fig. 6¢). The northwestern limb of this synform dipsorthwest-southeast—trending monocline and subdued
more gently and is poorly exposed. Small-scale subsidiagyncline (Fig. 4) with an axis plunging towards the crater
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the surface earlier than the distal parts and cause
displacements within a coheregjecta flap. In other words,

an inner part of the flap baalready encountered the surface
and come to rest while the outamtinuation is still irflight.

ii) A second set of faultslisplay northeast strikes and
northwest-southeast slip vectors that indicate a Caledonian
overprint (Figs. 1d 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 §gueezed out to higher levels
and covers fault planes.

Shallow Thrusting and the Geometry of the Caledonian
Alum Shale Detachment

Over lage parts of the eastefPaledonian thrust front in
Scandinavia the alum shale aeltment déctively decoupled
the autochthonous Baltoscandic foreland from the deformed
hth . In th
Fig. 12. Sereographic projection (Schmidt projection, Iowerl:).a.ra.l’ltOChthon to basal Lower Allochthon nappes the
hemisphere) of fault-slip data measured at Nordasbeget vicinity of the Lockne crateerosion has exposed parts of the

(Loc. XIlI). Displayed are poles of fault planes (circles=M6) and Sub-Cambrian peneplain and overlying alum shaterkgll
lineations on these faults (L;N20).Density contours of fault plane and Lindstrém 2004). A regiah drilling program made it

poles are unshaded (4.4, 8.8%), dgnsitntours of linears are gray- possible to reconstruct the westward continuation of the

shaded (5, 10, 15, 20%). North-south—trending lineations on st eplain beneath the covef the Caledonian thrusts
normal faults can be correlated to the impact of the overturned f% d t al. 1985). Du® fl | loadi by th
on the surface. northwest-dipping slip vectors on northwest dippi ndersson et al. )- éxural loading by the

reverse faults (great circles) are correlated with Caledonian thrusti@genical belt the sub-Cambrian peneplain dips evenly with
(see Figl1d). 0.7~0.85 toward the northwest (Andersson et al. 1985;

Sturkell and Lindstrém 2004)n the area surrounding the

center can be constructed. Dip angles of strata are in the ordeckne cratgrhoweveythe surface and elevation level of the
of 15-20. West of this area the top of the Precambriasub-Cambrian peneplain and alum shale substantially deviate
crystalline bedrock is exposed at 435 m (Loc. XI; Fig. 5), from what can be expectedim its general trend.t@kell
km farther east at 340 m (Loc. XlI; Fig. 5). The eastern partahd Lindstrom (2004) calculated deviations from a
this structure is not exposed. In analogy to modeling, waathematically defined peneplain and found, e.g., a negative
interpreted this area as beindeated by a basement rampdeviation of —19 m southeast of the crater at the shoreline of
fault that causes the G throws of the basement (see nextLake Locknesjon. This was terpreted as down faulting
section). along steep northwest-striking faultdyfxell and Lindstrom

Our field studies suggest that the Baltoscandian forela@®04; Lindstrom et al. 2005a) which may or may not be
and with it the impact cratersilf was indeed #dcted by the related to the Caledonian orogemased on the same data
Caledonian orogeny in the Lockne area (Fig 6). Howeker (Andersson et al. 1985; tikell and Lindstrom 2004,
strikes of strata and the trend of fold axes in the forelandndstrom et al. 2005a), we compiled the sub-Cambrian
deviate remarkably from the standard Caledonian directiopsneplain and hence the alum shale detachment surface,
(northeast-southwest) showing radial and concentricalaking use of the kriging grid interpolation method. As can
orientations with respect todlproposed impact center at thebe seen in Fig. 13, perturbation of the otherwise smoothly
western shore of Lake Locknesjon. dipping plane occurs in thersaunding of the Lockne crater

We analyzed fault kinematics at the quarry ofThe detachment is deflectedadower level northwest of the
Nordanbegsbepget (Loc Xlll; Fig. 5, 4 km north of the crater crater The northeastern and southern crater is flanked by
center), the prime locality where the overturned crystallinecal highs. Southeast of the crater the detachment occurs at
ejecta flap is resting on a thin veneer of alum shale. Fault-sap unusually low level. The perturbation of the surface around
analysis (Fig. 12) revealed adviold trajectory pattern: i) the impact crater displays some bilateral symmeTfiye
One set shows preferred north-south—trending lineation sgmmetry axis (northwest-southeast) coincides with the
steeply dipping normal fault$his set can be correlated with principal axis of shortening in the Caledonides (Fig. 13). The
the ejection process and emplaegtof the flap. The normal systematic change in surface morphology including its
faults may have been activatetien the overturned flap hit bilateral symmetry around the crater suggests a causal
the surface: the crater near parts of the overturned flap impestationship.
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Fig. 13. Dpography of the sub-Camién peneplain and overlyirglum shalén the surrounding of the Lockne area based on data provided

by Andersson et al.(1985)tu8kell and Lindsthm (2004), and Lindstrém et al (2005a). Note the perturbation of the surtaeeviiginity of
the craterSee text for discussion.

The innermost exposure of alum shale in the cratémalogue Modeling
occurs in the hinge zone ofettoverturned flap of the ejecta
brim at Nordansbgbeget (Loc XllI; Fig. 5) but is also Scaled analogue experiments vyield a first-order
expected at other localities of the brim zone beneath thpproach to understanding theernal structural evolution
crystalline ejecta (Figs. 6a @ieb). Howeveroccurrences of and related particle displacement field of fold-and-thrust
alum shale also exist on top of the crystalline ejecta brim, e.pelts. Here we have focused on thieef of a circular high-
in the south (Loc. IX; Figs. 5 drbc). This indicates that alum friction heterogeneity represting the Lockne crater
shale locally got stuck at thkase of a thrust sheet andembedded in a low-friction detachment plane (alum shale
thrusted onto the brim of threrater Within the inner part of detachment) on thrust propaigat during wedge formation
the Lockne cratethe Cambriaalum shale is lacking becausein a compressive regime (the Caledonian orogenesis). More
it was excavated during the impact that occurred about 30 Mdpecifically we studied the deformation field around the
before the region was involved in orogeriyowever an crater area in the hanging wéWlodel A) and in the foot wall
outlier of the Caledonian nappisssituated within the central (Model B) in order to infer the pattern and mechanisms of
crater depression (Figs. 3 and 4). The base of this nappe ttadin partitioning asscaied with this mechanical
was drilled in two boreholeflindstrom efal. 1996) is at heterogeneity
about 300 m, hence 100-120 m beneath the average Crustal shortening during the experiments is consistently
detachment base outside the inner crater along northeastcommodated in two steps: i) Thick-skinned basement
southwest striking (Fig. 6b)This indicates a sagging of thrusting during early stages of the evolution, followed by ii)
nappes when they approached the crater depression. akgvation of the shallow detachment (alum shale detachment)
exposed detachment of this nappe outlier is Loweand the change to thin-skinné&alding and thrusting. In the
Ordovician Tdyen shale (Loc. X|J\WFig. 5). Toyen shale is context of the critical tapetheory early thick-skinned
separated from alum shale by a few meter thick limestob@asement thrusting allows the wedge to reach its critical taper
sequence. ¥/ conducted a strain analysis that revealedontrolled by cohesion and imtel and basal friction. Once
dominant shortening in a northeast-southwest and east-west geometry of the dominantly upward growing wedge has
direction which is inconsistenwith the standard principal adjusted to the controlling paneters (i.e., is critical), the
axis of shortening of # frontal Caledonian nappesdeformation front propagates owtwd resulting in self-similar
(northwest-southeast). growth of the wedge. In the presence of a shallow detachment,
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Fig. 14. Sructural evolution of Model A (3D_18-06): The model siatess a brittle upper crust ¢shlayers) with a shallow detiament (thin
glass beads layer) in which a frictional letgeneity occurs (crater). a) Thrustingrid with the activation of a basemehtusst 1 (T1).
b) Initiation of a second basement thrust 2 (T2) and simultardeartivation of T1 after 10 cm of congence. ¢) A third baseent thrust
(T3) forms after 12 cm of convggnce and accommodates about &€weonvegence until (d) the glass bead horizon is activatea shallow
detachment (T4). e) Final stage of experimafter 26 cm of shortenind) Oblique top view of the sand box after 26 cm ofrsdng.

g) Inferred qualitative kinematic model and strain partitionimgliGated by ellipses) in the hanging wall of the detachmaizdro

which changes the frictional parameters at the base of ttheformation into the foreland (Fig. 14c). Sliding on the
growing wedge, the wedge has to adjust accordingly ldetachment, howeveris &agravated where the crater
decreasing its tap€erhis adjustment is reached by the onset dieterogeneity is located (front side of the model) resulting in
thin-skinned folding and thrusting. The presence of arthe localization of shortening at the crater brim represented by
frictional heterogeneity withirthe shallow detachment will the formation of thrust T4 (Fid4d). The oblique top view of
result in a renewed adjustment of the wedge by faulie sand box (Fig. 14f) after 28n of convegence (29% of
activation or changes in tectorityle as will be shown below shortening) shows that the ramp fault T4 follows the
curvature of the high-friction heterogeneity extends as a
Model A (3D_18-06) (Fig. 14): Shortening of a Brittle Crust lateral ramp and is connected with the active shallow
Including a Horizontal Detachment detachment that has approached the eastern end of the model
Shortening started with the activation of a basemebbx. This lateral ramp is a zone of left-lateral shearing
thrust 1 (T1) near the piston (Fig. 14a). After 10 cm dbetween the nappe (outside of the crater area) and the locked
convegence (1% of shortening), initiation of a secondpart above the crater heterogeneityjualitative kinematical
basement thrust 2 (T2) asimultaneous deactivation of T1 model inferred from this structural evolution and the
occurs when a critical slopengle is reached (Fig. 14b). A associated strain field with the hanging wall of the
third basement thrust (T3) forms after 12 cm of copgrce detachment horizon is shown kiig. 14g. Due to left-lateral
(13% of shortening) and accommodates about 8 cm sifiear the principal axis of shortening in the vicinity of the
convegence until the glass bedmbrizon is activated after crater is oriented at 450 the strike of the lateral ramp. In
22% of shortening as a shallow detachment (simulating tleentrast, the orientation of tipgincipal axis of shortening in
alum shale detachment). Thihange from thick-skinned to the far field outside the heterogeneity is perpendicular to the
thin-skinned tectonics causes “fast” propagation aleformation front. The strain tensor south of the crater has
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Fig. 15. Sructural evolution of Model B3D_18-09). The model simulates a brittle @pprust (sand layers) above a ductiledigeeto-lower
crust (silicone putty). The shallow detachment (thin glass besds) has a northwest-dipping parnd a flat part in which &ictional
heterogeneity occurs (crater). a) Thrusting starts with the dotivatt a basement thrust 1 (T1) Initiation of a secondasement thrust 2
(T2) and simultaneous deactivation of T1 after 8 cm of cayerere. c) Activation of the glass bead horizon (T3) and partatigdationof
T2 after 20 cm of convgence. d) Activation of T4 after 42 cm cbnvegence. e) Final stage of experiment after 48 cm of exgance.
f) Oblique top view of the silicone layer after 48 cm of cogeace. (g) Inferred qualitativeriématic model and strain paiditing (indicated
by ellipses) in the foot wall of the detachment horizon.

consequently rotated anticlockwise by about li5response deformation in Model A. Like in Model A, the high-friction

to the heterogeneity (Fig. 149). heterogeneity area of the crater hinders movement along the
shallow detachment. Instead of accommodating shortening in
Model B (3D_18-09) (Fig.15): Shortening of a Brittle Crust the crater area within the napipeelf (i.e., the hanging wall)

Including an Inclined Detachment Above a Ductile Substratum  as has been observed in Model A, in Model B, shortening is
The principle evolution of the wedge in Model B isaccommodated in the foot wall first by fiife deformation
similar to Model A with a change from thick-skinnedbelow the shallow detachment in the crater area and later by
basement thrusting to thin-skied folding and thrusting after decoupling of the upper crust from the ductile substratum.

22% of shortening (Figs. 15a—c). Howevéne detailed After 42 cm of convagence (47% of shortening), deformation
evolution of the wedge dirs due to the modifications of below the crater area is localized along a basement thrust T4
model parameters. First, the raggometry of the glass beads(Figs. 15d and 15e), indicatira change from thin-skinned
detachment reduced friction at the base of the thick-skinnddformation back to thick-skinned deformation in the crater
wedge and caused the formatioitwo thrusts (T1 and T2) area.

instead of three enclosing tistusheets with higher aspect Removal of the deformed sand layers at the end of the
ratios. Second, the presence of a silicone putty film on tlexperiment revealed (Fig. 15f)ahthrust T4 passes laterally
floor of the box (mid-crustal ductile layer) allowed shorteningsouthwestward) over into a med anticline. Figure 15g

to be accommodated along a basal plane and hergt®ws a qualitative kinematical model inferred from the
deformation to be partitionedtmthe “floating” crustal block observed structural evolution dthe associated strain field
beneath the crater area, i.e., the foot wall with respect to théhin the foot wall of thedetachment horizon. Accordingly
detachment horizon, thatas not been subjected toa lateral gradientin shortening may cause a right-lateral shear
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component at the southern siofiethe heterogeneityThis is activate an out-of-sequence thrastits rear to form a roof
consistent with an up to 4®lockwise rotation of the strain thrust on top of the first one (Figs. 6a and 6b). Its lateral extent
tensor in the vicinity of the ater with respect to the regionalis limited by the dimension of the circular basin. Hence, the
orientation (long axis parallel to deformation front). frontal thrust ramp would latdha pass into an oblique ramp, a
To summarize both experiments, we can adhere to tkigle-wall ramp and/or a tedault. This scenario is in
following: accommodation of convggnce-induced shortening agreement with the observed nappdier situated in the crater
by thrusting above a shallow tdehment is hindered where depression with a base mdrean 100 m below the standard
the high-friction crater hetegeneity is situated, causingnappe base.
strain partitioning, internal deformation both in the hanging The elevated brim of theater composed of monomictic
wall and foot wall, and non-plane straireformation. crystalline breccia Tandsbyn Beccigd, has acted as an
Hanging wall (nappe internal) deformation may include thebstacle (Lindstrém et al. 2005a). Southwest of the brim,
initiation of a circumferentiayl striking ramp fault at the Lindstréom et al. (2005a) mapped five northwest-southeast—
crater brim delineating the high-friction heterogeneity at thigending anticlines with wavelengths of 0.5-1 km and
nappe base (Model A) (Figs. 14f and 14g). Crustal shorteniagplitudes not over 50 m,dicating a northwest-southeast
in the crater area may also be accommodated locally by tsigortening of not more than 200 m. A similar magnitude of
activation of a mid-crustal detachment or lower crustal,flovehortening was derived for the northwest sedtoall cases,
resulting in the activation of basement thrusts antushf the antiforms strike tangentiglto the craterindicating that
shortening in the foot wall crater area, which decreasé@®e crystalline brim zone in fact acted as an obstacle.
laterally outward (Model B) (Fi 15e—g). Bain gradients Figures4, 6a, and 6b show thiditese folds are associated with
both vertically and horizonllg result in non-plane strain ramp faults. The allochthonous rocks west of the crater brim
deformation in the vicinity othe crater characterized by aform imbricate thrusts that linkfeoor thrust at the level of the
deviation of the local finite strain tensor orientation wittalum shale to a roof thrust at the level of the crater brim top
respect to the regional orieritat (long axis parallel to the (Figs. 6a and 6b) and form duplex structures.
deformation front) by up to 45nd by up to 90to each other Alum shale as the ideal Wwefriction detachment is
in the hanging and foot walls. In particylatrain tensors to lacking in the inner Lockne crateéfhe efect of a circular
the south of the crater center may rotate clockwise in the fdadgh-friction heterogeneity in the glide plane on the
wall and anticlockwise in the hanging wall of the shallovoverthrusting kinematics was analyzed by analogue
detachment and in opposing senses to the north of the craeperiments. W have docmented that nappe internal

center deformation may include the initiation of a circumferential
striking ramp fault at the crat brim delineating the crater
DISCUSSION AND CONCLUSION (Figs. 6a and 6b). Relics of nappes occur in the crater center
on top of the crater brim, and surrounding the crater brim.
Corr elation of Nature and Modeling Strain analysis in the Toyen skaht the southern edge of the

central crater nappe outlier (Loc. XI\Fig. 5) revealed

The formation of the Locknerater 455 Ma ago created anortheast-southwest shorteningnsistent with the findings
particular geological configuration that was unique in thef Model A (Fig. 14g). The tangéal trend of fold axes and
Baltoscandian foreland and caused specific adjustments whramps in the southwest, weshd northwest sectors of the
the fold and thrust belt othe Caledonides reached andouter crater (Lindstdm et al. @Ba) is also in accordance with
overthrusted the crater ~30 Ma la®pecial characteristics of the model. The presence of several thrust ramps in the
the Lockne area at the Scandjaeriod of the Caledonidian southwest (Fig. 6b), west (Fi§a), and northwest sectors of
orogeny were (i) the presence of a crater depression due tdfamLockne crater correlates with ramp formation west of the
incomplete filling of the cratr with post-impact sediments, crater as a result of thrust propagation hold-up.
(i) an elevated brim zone of ejected crystalline rocks Although our analogue models are not designed to
surrounding this depression, afiii) the lack of alum shale precisely match nature, they provide useful insights for
and Toyen shalethat could be used as an appropriatenderstanding the deformation behavior of hanging wall
detachment plane throughoutetieastern Caledonian thrustnappes and the foot wall cratéiodeling showed that the
front. While the dect of (iii) on the deformation behavior in detachment anomaly changes the strain partitioning between
a fold-and-thrust belt was anabd with the help of analogue hanging wall thrusts and thedbwall foreland and causes
modeling (see above), (i) and (@)e assessed on the basis ofertical and horizontal straigradients. Deformation of the
field data and theoretical considerations. foot wall crater area gets important if a deeper detachment is

The presence of a depressed inner crater basin thatédivated, most likely near the brittle-to-ductile transition at
formed beneath the level of the malnra shale detachment mid-crustal levels. The occurrence of a ramp fault at the
could lead to a sudden dowmdalepression of a propagatingsoutheastern mgin beneath the modeled crater (Model B;
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