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4.1 Features Related to the Cratering Process
4.1.1 Excavated Crater and Breccia
During impact, the passage of the shock wave results in extensive in situ fracturing
and autochthonous target rock brecciation. Target material is excavated and ejected
in ballistic trajectories upward and outward from the impact site. As excavation
of the brecciated volume advances, the excavated crater is formed. It delimits the
provenance of material expelled from the crater and provides the void space for
subsequent infilling of allogenic material and breccia (e.g., Melosh 1989; Turtle
et al. 2005). Therefore, the disturbance beneath Mjølnir is expected to be associated
with two types of breccia: allochtonous and autochthonous (Tsikalas et al. 1998b,
1999).
The observed seismic disturbance shows variations in the pattern of seismic
reflectivity that allow us to identify and map two distinct seismic units. The upper
unit exhibits minor reflectivity in places but is mostly characterized by reflectionfree zones (Figs. 4.1, 4.2, 4.3, and 4.4). The lower unit comprises tilted fault blocks
at the periphery of the structure (Figs. 3.6 and 4.4). The fault blocks show internal stratification, correlatable to the surrounding undisturbed platform (Figs. 3.6
and 4.4). Farther inward, clear definition of the fault blocks is lost and the unit
becomes progressively dominated by disrupted and chaotic reflections, diffractions,
and reflection-free zones (Figs. 3.14, 4.2, 4.3, and 4.4). This makes it difficult, in
most cases, to identify exactly the boundary between the two units as the central
part of the disturbance is approached. However, on some profiles the boundary
is marked by a characteristic, near-continuous, low-frequency reflector (Fig. 4.4).
The upper unit is interpreted to correspond to the allochtonous breccia, which is
expected to consist of crushed fall-back and backwash material, possibly containing
melt fragments. Similarly, the lower unit probably corresponds to the extensively
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Fig. 4.1 Seismic reflection profiles superimposed on the Mjølnir structure defined by its radial
zonation boundaries and the impact-induced structural elements. MCS, conventional multichannel
profiles; SSP, shallow multichannel and shallow high-resolution single-channel profiles. Hatchedraster denotes clear definition of the raised peak ring



Fig. 4.2 Five interpreted multichannel profiles crossing the central Mjølnir Structure. Profiles
a, b and c are unmigrated, while profiles d and e have been migrated by the finite difference
algorithm. The stratigraphic interval confining the time of impact is shown in black and is bounded
above and below by reflectors UB (upper boundary), lower Barremian, and LB (lower boundary),
upper Callovian/middle Oxfordian, respectively. TD (top seismic disturbance, impact horizon), the
first continuous reflector above the disturbed seismic reflections; DZ, area of intensely disturbed
seismic reflections; TZ, transitional area of less disturbance. SF, sea floor; URU, late Cenozoic
upper regional unconformity; TP, top Permian; d, low-angle décollement
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Fig. 4.2 (continued)
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Fig. 4.3 Conventional multichannel seismic profile, and interpretation, across the central part of the structure (Fig. 4.2, part of profile d). The allogenic
breccia is depicted by the coarse raster, while the autochthonous breccia is defined by both the area of intense disturbance, DZ, and the transitional area of less
disturbance, TZ. White arrow (upper left in upper profile) marks the position of a single high-amplitude reflector, described in the text in connection with the
search of identifiable melt bodies. Other annotations as in Fig. 4.2
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Fig. 4.4 Conventional multichannel seismic profile, and interpretation, across the crater rim (Fig. 4.2, part of profile e). The allogenic breccia is depicted by
the coarse raster, while the autochthonous breccia is defined by both the area of intense disturbance, DZ, and the transitional area of less disturbance, TZ. White
arrows mark the position of the near-continuous, low-frequency reflector beneath the annular basin (AB); d, low-angle décollement. Other annotations as in
Fig. 4.2
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Table 4.1 Mjølnir crater seismic features and dimensions

Morphological
features

Dimensions

Character

Central high

8 km diameter

Annular basin
Outer zone

4 km width
12 km width

– Rises ~250 m above lower
Barremian platform level
– Top truncated by glacial erosion
yielding a circular subcrop
surface
70 m depression
Complex, composed of (width,
km):
– Peak ring (1–3)
– Intermediate zone (3–6.5)
– Marginal fault zone (2.5–7)

Cratering process
features
Excavated crater
and breccias

True crater floor consists of:
(1) a 4- to 6.5-km-wide trough with
1–1.3 km depth beneath annular
basin; (2) a 0.05-to 0.2-km-thick
unit in crater periphery filling in
underlying faults blocks

Impact melts

Estimate: ~10–30 km3 volume

Gravitational
collapse

16 km diameter and 4.5 km deep
transient cavity; collapse factor,
2.5

Structural uplift

1.5–2 km

– Two types of breccia:
allochthonous and
autochthonous
Allochthonous breccia: some
reflectivity locally, but mostly
characterized by reflection-free
zones; its top corresponds to
apparent crater floor; its base
defines true crater floor
Autochthonous breccia: tilted
fault blocks at periphery; turns
into disrupted and chaotic
refractions, diffractions and
reflection-free zones towards
crater center
Most probably dispersed melts in
crater periphery; not yet cored
Mjølnir exhibits much larger
collapse than typical terrestrial
craters (average collapse factor,
1.6)
Within range (although on the
lower limit) of predicted
structural uplift based on
empirical relations from the
terrestrial impact record

in situ fractured autochthonous breccia (Grieve and Pesonen 1992). The top of
the allochtonous breccia corresponds to the apparent crater floor, whereas its base
defines the true crater floor (Grieve 1991). The cross-sectional shape of the allogenic breccia (Figs. 4.3 and 4.4; Table 4.1) can be described as consisting of two
elements:
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1. a~4- to 6.5-km-wide annular trough beneath the present annular basin with fairly
steep and well-defined flanks and a maximum depth of ~1.0–1.3 km
2. a thinner unit that fills in the underlying block-faulted relief beneath the outer
zone, ranging in thickness from 0.05 to 0.2 km (Figs. 3.6 , 3.14 , and 4.4).

4.1.2 Impact Melts
The energy release during a large meteorite impact is sufficient to shock heat target
rock material to the point of melting. In addition, considerable melting occurs during
the decompression and pressure release stages (e.g., Melosh 1989). A portion of the
melts generated typically remains within the final crater in the form of compact melt
bodies or sheets within the allogenic breccia or as melt dykes in the autochthonous
breccia beneath the true crater floor (e.g., Melosh 1989). Such melt bodies are
expected to give rise to irregular, high-amplitude reflectors. Careful search through
the entire data set at Mjølnir (Fig. 3.2) showed almost total absence of significant
high-amplitude reflectors within the seismically disturbed volume (Tsikalas et al.
1998a–c). Only one single high-amplitude reflector that might be associated with a
melt body was found (Fig. 4.3). Within the relevant travel time range, the vertical
and horizontal resolution of the deep-penetrating multichannel profiles (Fig. 4.2) is
20–50 and 300–570 m, respectively. Similarly, the values for the shallow multichannel profiles and the shallow single-channel profiles are 10–20 and 80–160, 5–10 and
40–80 m, respectively (Figs. 3.6 and 3.14). The presence of significant amounts of
melt as compact, macroscopic melt bodies with dimensions comparable or larger
than these dimensions can, therefore, probably be excluded.
It has been suggested that the amount of melt generated during impact is similar in sedimentary and crystalline targets (Kieffer and Simonds 1980; Cintala and
Grieve 1994). However, due to high porosities and extensive expansion of volatiles
on their release from shock compression, the resulting melts exhibit a more dispersed and scattered, rather than solid, character in the case of water-covered and
water saturated sedimentary targets (Kieffer and Simonds 1980). Instead of distinct melt bodies, a polymictic allogenic breccia deposit, suevitic breccia (Stöffler
et al. 1977), containing highly shocked melted clasts and glass, is present. The
dispersed character of such features makes their identification in seismic profiles
difficult. According to the empirical relationship of Cintala and Grieve (1994),
an impact leading to a structure of Mjølnir’s size is expected to have generated
a melt volume of ~10–30 km3 . Individual magnetic anomalies are localized in
the outer zone, close to the transition to the annular basin, and reveal no systematic distribution of amplitude or signs of melt (Tsikalas et al. 1998b, 1999). Due
to lack of identifiable melt-derived reflectors at Mjølnir, Tsikalas et al. (1998b)
interpreted the low-amplitude magnetic anomalies over the structure in terms of
dislocation of weakly magnetized platform strata, possibly associated with local
concentrations of dispersed melts or minor melt dykes in the peripheral region
(Table 4.1).
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4.1.3 Gravitational Collapse
The amount of crater collapse can be determined by comparing the dimensions of
the transient cavity with the final, so-called apparent, crater size (Turtle et al. 2005).
During the compression stage of the impact process, target rocks are displaced
laterally and downward. The resulting parabolic-shaped cavity, referred to as the
transient cavity, is about 3 times deeper than the excavated crater (Melosh 1989;
Turtle et al. 2005). Because of gravitational collapse of the crater walls and rebound
of the crater floor during decompression and modification of the crater, the transient cavity is a short-lived feature. In complex craters, collapse of the transient
crater results in an increased crater diameter and the development of fault blocks at
the periphery, an elevated crater floor, and a centrally located high (Melosh 1989;
Grieve and Pesonen 1992; Pilkington and Grieve 1992).
The extent of the transient cavity at Mjølnir was estimated from the shape of
the intensely disturbed zone imaged in the seismic reflection data. When extrapolated to the level of the impact horizon, reflector TD, the bowl-shaped disturbance
has a diameter of 16 km, coinciding with the outer perimeter of the annular basin
(Fig. 4.2). The maximum thickness of the intense disturbance is ~3.6 km and it
just reaches down to the top Permian reflector. Because Mjølnir has compacted
significantly under the load of a maximum postimpact overburden of 2–2.5 km
(Tsikalas et al. 1998a; Tsikalas and Faleide 2007), this thickness is an underestimate.
Decompaction of the Mjølnir crater and the surrounding sedimentary platform, utilizing a porosity-depth function based on well logs from the southwestern Barents
Sea (Tsikalas 1992; Tsikalas et al. 1998a), results in a thickness of 4.5–5 km for
the intensely disturbed zone. In addition, the seismically defined transient cavity
diameter of 16 km, in combination with an empirically determined average ratio
between the transient crater depth and diameter of 0.28 (Melosh 1989; Turtle et al.
2005), gives a 4.5 km depth for the transient cavity. This estimate agrees well with
the decompacted thickness of the intense disturbance. Thus a paraboloid reaching
down to the decompacted top Permian level and extending to the boundaries of the
present annular basin approximates the transient crater.
The ~1.0–1.3 km maximum thickness of the allochthonous breccia is a minimum
estimate of the depth of the excavated crater. Decompaction, utilizing the same
porosity-depth function as above, results in an allochthonous breccia thickness of
~1.4–1.8 km. This value agrees very well with a depth of ~1.5–1.6 km expected on
the basis of the empirically determined ratios of 1:3 and 1:10 between the excavated
crater depth and transient crater depth and diameter, respectively (Melosh 1989).
The volumes of the excavated and transient cavities were estimated by fitting two
paraboloids of revolution to the outer boundary of the 16-km-diameter transient
crater and to the decompacted base of the ~1.4–1.8-km-thick allochthonous breccia
and the 4.5-km decompacted depth to the top Permian reflector, respectively. The
volumes were found to be 140–180 km3 for the excavated crater and 450 km3 for
the transient crater (Table 4.1).
The ratio of the final, so-called apparent, crater diameter to the transient cavity
diameter is referred to as the collapse factor. The value of this parameter is known to
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lie in the range of 1.4–2.0, with an average value of 1.6 (Melosh 1989). Assuming
the average value, an impact structure with a transient cavity diameter of 16 km
would therefore be expected to have a final diameter of 26 km. By contrast, Mjølnir s
40-km final diameter corresponds to a collapse factor of 2.5. Hence the Mjølnir
crater expanded to an unusually large degree during gravitational collapse, following
a trend that is typical for many marine impact craters (e.g., Turtle et al. 2005).
Detailed mapping and analysis of the Mjølnir crater has revealed an unusually
shallow crater depth and absence of a prominently raised crater rim (Figs. 3.10 and
4.2) (Tsikalas et al. 1998a). These unusual features can be explained in terms of
the large degree of collapse and extensive infilling coeval with the collapse, comparable to the Flynn Creek structure (Roddy 1977). The large degree of collapse
is attributed to the low-strength siliciclastic sedimentary target, typical in marine
impacts. The clear expression of concentric graben-like faults at the periphery of
the structure resembles detached sedimentary blocks floored by low-angle décollement surfaces (Figs. 3.6 , 4.2, and 4.4). Outward widening of the crater walls by
inward collapse on tilted fault blocks is also clearly imaged in the shallow highresolution seismic profiles (Figs. 3.6 and 3.14 ). The impact in a marine environment
created a water cavity (Fig. 4.5), resulting, among others, in turbulent back-rush
water flow that probably transported large amounts of material back to the crater,
accounting for both the unusually extensive infilling and the absence of a raised
crater rim (Tsikalas et al. 1998a). Although the extensive collapse experienced by
the Mjølnir crater is unusual in comparison with typical terrestrial craters, there
is clear empirical and experimental evidence that impact craters in fluid-rich sediments collapse to a larger degree than those in crystalline targets (Roddy 1977;
Melosh 1989; Dypvik and Jansa 2003; Turtle et al. 2005). In addition, the shallow
expression of the final crater is consistent with laboratory experiments showing that
meteorite impact in unconsolidated, water-covered sedimentary targets may result
in subdued crater morphology (Gault and Sonett 1982; McKinnon 1982).

4.1.4 Structural Uplift
Numerical modeling of cratering mechanics indicates that the central high in complex craters originates within the transient cavity by a process referred to as
structural uplift, involving rebound of the crater floor and upward elevation of deep,
denser strata relative to the surroundings (Melosh 1989; Morgan et al. 2000). The
structural uplift in the center and the collapse of the periphery are probably intimately linked. The mechanical basis for the process that allows the crater to slump
and yet preserve a stable high in the middle is not well understood but probably
related to the rheology created by the impact. It has been suggested that the crater
collapses in a regime of acoustically fluidized target rocks and as the acoustic energy
is dispersed the fluidized rocks in the central high simply locks in (Melosh 1989;
Grieve 1991).
Integrated geophysical modeling of potential field and seismic travel time anomalies associated with the Mjølnir crater has demonstrated the presence of rocks with
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Fig. 4.5 Schematic cross sections showing the Mjølnir physical impact and deformation types.
DZ, area of intense disturbance; TZ, transitional area of less disturbance; TP, top Permian; d, lowangle décollement. Although the impact disturbance gradationally fades out at depth, probably
extending below TP, this reflector is not influenced by the impact induced structural uplift and thus
constrains the volume of appreciably deformed strata. Other annotations as in Fig. 4.2
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significantly higher densities and velocities beneath the central high, than the undisturbed platform outside the structure. These physical property anomalies have been
attributed to the prevalence of processes related to crater floor uplift at the central
high over impact-induced brecciation and gravitational collapse (Tsikalas et al.
1998b, c, 1999, 2002b).
Several of the seismic profiles crossing the Mjølnir crater exhibit features that
can be attributed to structural uplift. In particular, there is evidence of upward bending reflector segments beneath the central high and the annular basin, indicating
elevation of deep strata to shallower levels (Fig. 4.2). The upwards bending of the
strata persists after migration (Fig. 4.2, profiles d and e) and can be used to estimate
the amount of structural uplift. However, due to the chaotic and incoherent character
of the seismic disturbance at Mjølnir, it is only possible to provide a rough, minimum estimate of the amount of uplift from the seismic profiles. The faulting during
collapse is predominantly of normal, steep-angle type (Melosh 1989), thus subhorizontal structures may be used as marker horizons to estimate the amount of uplift
(Juhlin and Pedersen 1987). Such estimates are made by measuring the difference in
depth between the extrapolated top of selected upward bending reflector segments
beneath the central high and their most likely equivalent subhorizontal interfaces.
In a few favorable cases (Fig. 4.2, profiles a, b, and d) this method yields direct
estimates for structural uplift that approximate 1.0–1.5 km and when decompacted
~1.5–2.0 km (Table 4.1). These values fit with the predicted structural uplift based
on the dimensions of the Mjølnir structure and the empirical relations of Pilkington
and Grieve (1992) and Cintala and Grieve (1994) that have a best estimate of 2.5
and 2 km, with a possible range of 1–6 and 1–5.5 km, respectively.

4.2 Impact into a Marine Sedimentary Basin
Although the principles of cratering mechanics in subaerial, non-aqueous, targets
have been largely established (e.g., Melosh 1989), the nature of the cratering processes will vary, depending on whether the target is crystalline or sedimentary,
and on the presence of water (e.g., McKinnon 1982; Ahrens and O’Keefe 1983;
Sonett et al. 1991). Subaquatic/submarine target impacts are still poorly understood
(Dypvik and Jansa 2003; Dypvik et al. 2004a) and the global cratering record introduces a bias towards crystalline, water poor targets in models of typical impact
structures. Nonetheless, integrated studies of craters believed to have formed in a
marine environment, attribute several features associated both with the final crater
and the related deposits to the presence of water (e.g., Jansa 1993; Poag 1996).
Similarly, there is both empirical and experimental evidence that impact craters
in fluid-rich sediments collapse to a larger degree than those in crystalline targets (Roddy 1977; Melosh 1989; Dypvik and Jansa 2003). In particular, laboratory
experiments have shown that meteorite impacts in unconsolidated, water-covered
sedimentary targets may result in more modulated crater topography than statistically inferred from known terrestrial impact craters (Gault and Sonett 1982). In
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addition, marine impacts have greater chances to be preserved because they are
immediately covered by post-impact sediments, which in some cases can reach considerable thicknesses. Finally, sediment loading above the primary impact relief may
result in substantial post-impact deformation and structural modification. However,
the quantification of such post-impact effects is almost entirely absent from the
terrestrial impact record.
In this context, the seismic mapping of the Mjølnir crater profiles has revealed
some unusual features (Tsikalas et al. 1998a, b, 2002a). In particular, the expected
step-like terraces at the periphery are replaced by prominent fault-blocks floored by
apparent low-angle décollement surfaces (Fig. 4.2). Continuous reflectors beneath
the fault blocks are best imaged by the shallow multichannel seismic profiles
(Fig. 3.6). In addition, the seismic profiles image extensive post-impact deformation expressed by structural reactivation and differential subsidence (Fig. 4.5). It
is postulated that the shallow expression of the initial crater is related to a large
degree of collapse and of coeval extensive marine infilling. The outward structural
expansion resulted from the inward collapse of the initial crater rim along faults
floored by apparent low-angle décollement surfaces at the periphery (Tsikalas et al.
1998b, 2002a). Towards the centre, the collapse is characterized by debris/mass
flows. The massive collapse was probably caused by the low strength of the siliciclastic sedimentary target. Tsikalas et al. (1998b) have suggested that the collapse
of the impact-induced water cavity (Fig. 4.5) and the subsequent rapid surge of
seawater into the excavated crater transported large amounts of ejecta and crater
wall material back into the crater, accounting for the extensive infilling. Hydraulic
excavation by back-rushing turbulent seawater may explain the lack of a raised
crater rim. Subsequently, the extensive post-impact deformation is triggered by prograding post-impact sedimentation (Fig. 4.5) and governed by the instability and
radially-varying changes in physical properties within the impact-affected rock volume (Tsikalas et al. 1998c, 2002a; Tsikalas and Faleide 2007). It is also evident that
the post-impact deformation has considerably enhanced the structural expression
of the original, subtle crater (Fig. 4.5; see also Chap. 9). Thus, the present distinct
expression of Mjølnir is largely a post-impact burial phenomenon.
The Mjølnir crater is, in terms of its stratigraphy, morphology and structure, similar to the majority of large complex craters (Grieve 1991; Melosh 1989; Pilkington
and Grieve 1992; Grieve and Pesonen 1996; Turtle et al. 2005). The central high,
annular basin and outer zone are common features of impact craters of this size on
Earth. Key features of Mjølnir compatible with its impact-origin include:
(a) the distinct rim faults that form a circular pattern and separate highly deformed
strata within the crater from undisturbed platform strata;
(b) the prominent tilted fault-blocks within the marginal fault zone;
(c) the variably thick breccia unit with incoherent seismic reflectivity caused by the
impact.
Thus, these seismically-mapped features, together with the discovery of impact
signatures (Dypvik et al. 1996), make a strong case for an impact origin of the
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Mjølnir crater. However, a few of the observations are not typical of impact craters.
These include the unusually shallow relief both of the original and the present crater,
and the extensive post-impact deformation over the structure.
Utilizing the well-established empirical relationships of Schmidt and Holsapple
(1982) and Melosh (1989) supplemented by seismic observations, it was estimated that a crater volume of ~180 km3 was displaced from the crater (Tsikalas
et al. 1998b). Recently, numerical simulations increased the displaced volume to
~230 km3 and showed that the layer of primary ejecta is expected to fall off
rapidly with distance from the crater center; more than 60% of the ejecta volume
will be deposited within the crater’s final diameter (Shuvalov et al. 2002; see also
Chap. 10). Moreover, the first effort to compare the theoretically predicted and the
reconstructed crater reliefs across Mjølnir at the time of impact was conducted by
Tsikalas et al. (1998a). In the light of the numerical simulation results (Shuvalov
et al. 2002), we now provide updated and better constrained estimates for the predicted Mjølnir crater depth. Here, crater depth refers to the apparent crater depth,
i.e., the depth relative to the pre-impact surface to reflector TD, and not to the true
crater depth corresponding to its base. We also estimate the volume of excess infilling experienced by Mjølnir as a result of the impact-generated water-cavity collapse
and formation of resurge gullies that channellized material flow back to the crater
site.
We estimate the theoretically predicted relief across the Mjølnir crater (Fig. 4.6)
using the volume balance method of Croft (1985) and Melosh (1989). The method
is based on a geometrical model that equates the volume of the parabolic-shaped
transient cavity to the volume of the flat-floored final crater, assuming mass conservation under collapse of the material surrounding the transient crater. On the
basis of numerical simulations integrated with seismic observations a transient cavity of 16–20 km in diameter was determined, translating to a collapse factor of
2–2.5 for the 40-km-final-diameter Mjølnir crater (Gudlaugsson 1993; Tsikalas et al.
1998b; Shuvalov et al. 2002). Using these values, an average empirical 0.28 ratio
between the transient crater depth and diameter (Melosh 1989) implies depths for
the transient cavity in the range of 4.5–6 km (Fig. 4.6). On the basis of this range of
transient crater dimensions and assuming balanced volumes, we calculate a theoretically expected crater depth for Mjølnir of 250 ± 100 m (Fig. 4.6). This value differs
considerably from the average depth of ~30–40 m and a maximum depth of ~70
m in the annular basin obtained through reconstruction of the original crater relief
(Tsikalas et al. 1998a; Tsikalas and Faleide 2004). We also calculate the volume of
the excess resurge infilling affecting Mjølnir, i.e., the volume difference between the
predicted and the reconstructed crater surfaces to be ~50 km3 , which approximates
one-third to one-fifth of the total excavated/ejected volume (Fig. 4.6).
Siliciclastic deposits dominate the post-Permian sedimentary succession of the
southwestern Barents Sea (Worsley et al. 1988; Gabrielsen et al. 1990). The Mjølnir
crater was formed by an impact into a shallow-marine, Volgian-Berriasian, sedimentary basin (Smelror et al. 2001a; Dypvik et al. 2004b, c). The impact resulted
in an unusually shallow structure without a raised crater rim. We postulate that the
difference in predicted and observed crater depths is related to the large degree of
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Fig. 4.6 Schematic diagram of crater collapse and infilling at the Mjølnir crater. (a) Estimated
range of transient cavity dimensions. (b) Reconstructed relief from Tsikalas et al. (1998a). (c)
Theoretically predicted relief utilizing the volume balance method of Croft (1985) and Melosh
(1989) for a collapse factor of 2–2.5 (dashed line). Reconstructed relief from (b) (solid line) is
shown for comparison. We neglected the volume of the central high because it is considerably less
than the final crater volume, and thus does not affect the calculations. Shading denotes the additional infilling affecting Mjølnir (modified extensively from Tsikalas et al. 1998a). v.e. = vertical
exaggeration

collapse (Gudlaugsson 1993; Tsikalas et al. 1998b) and unusually extensive infilling
coeval with the collapse (Fig. 4.6). Outward widening of the structure resulted from
the inward collapse of the initial crater rim on listric faults thought to be floored by
a low-angle décollement (Figs. 4.2 and 4.5). The large degree of collapse was probably caused by the low strength of the siliciclastic sedimentary target. However, the
volumetric calculations (Fig. 4.6) demonstrate that the shallow crater depth cannot be explained only in terms of collapse. The collapse of the impact-induced
water cavity and the subsequent rapid surge of seawater into the excavated crater
probably transported large amounts of ejecta and crater wall material back into
the crater, accounting for the extensive infilling. Similarly, hydraulic excavation by
back-rushing/resurging turbulent seawater resulted in erosion of an uplifted rim and
explains the lack of a raised crater rim (Figs. 3.6 , 4.2, and 4.6c) (Poag 1996). These
processes left a subtle crater relief (Fig. 4.5), forming the depositional surface for
subsequent sedimentation.
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4.3 Impact Crater Modelling
4.3.1 Potential Field Data
Bathymetric measurements along the tracks in Fig. 3.2 show a present, smooth,
gently undulating sea floor surface at an average depth of 0.36 km. We observe no
bathymetric expression of the underlying, buried Mjølnir crater (Fig. 4.7).
The gravity field was measured along the tracks in Fig. 3.2 at 1 min, 0.2 km,
sampling intervals and reduced to free-air anomalies. The data are of high quality

Fig. 4.7 Bathymetric relief and Mjølnir crater zonation boundaries. Contour interval 25 m
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and analysis of cross-over errors indicates minimal deviations. The gravity field on
the Bjarmeland Platform is dominated by a north-northeast striking regional trend
(Breivik et al. 1995), while Mjølnir exhibits a distinct, radial gravity signature comprising a conspicuous gravity high superimposed on a wider low. The observed data
were Gaussian-filtered, with a filter length of 7 km. In order to isolate the Mjølnir
free-air anomaly, the regional trend was removed by applying a third-order polynomial curve to the filtered data along individual profiles using the Generic Mapping
Tools (GMT) software package (Wessel and Smith 1998). The polynomial was chosen to obtain a mean residual anomaly that is approximately zero along each profile.
Then, the residual free-air field was automatically gridded into 0.5 × 0.5 km cells
and contoured using GMT (Figs. 4.8 and 4.9).

Fig. 4.8 Residual free-air high-resolution marine gravity anomaly map. The anomalies are
Gaussian-filtered with a filter length of 7 km, which corresponds to the half-width of the central
anomaly. Contour interval 0.25 mGal
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Fig. 4.9 Illuminated perspective image of the surface in Fig. 4.8 (residual free-air high-resolution
marine gravity anomaly map). The view is from 30◦ above the horizon looking northeast (azimuth
40◦ ); light source at azimuth 290◦

The total magnetic field was recorded along track (Fig. 3.2) at 7.5 s, 0.025 km,
sampling intervals. The total field values over the structure correlate well with
coeval values from magnetic base stations at Bjørnøya, Hopen, and Tromsø, located
300-600 km from the Mjølnir crater (Fig. 4.10). Due to the local character of the
survey, residual magnetic anomalies were obtained by adjusting the base station
and profile records to the same level, and correcting the observed field for temporal
variations, by using the base station records as reference. The profiles were corrected for cross-over errors and the data were Gaussian-filtered, applying a filter
length of 10 km. The same procedure as for gravity was applied in removal of the
regional field gridding, and contouring. The residual anomaly map reveals several
local, low-amplitude anomalies within the ±100 nT range (Fig. 4.10).

4.3.2 Marine Gravity Anomalies and Modelling
The residual free-air gravity field shows a circularly symmetric anomaly over
Mjølnir (Figs. 4.8, 4.9 and 4.11). The anomaly is composed of an annular low with
an outer diameter of 45 km, attaining minimum values of –1.5 mGal over the outer
disturbed zone, and a 14-km - wide central gravity high, with a maximum value of
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Fig. 4.10 Magnetic data: (a) recorded total field values over Mjølnir in correlation with coeval
values from magnetic base stations at Bjørnøya, Hopen, and Tromsø (located 300-600 km from
the Mjølnir crater), (b) residual magnetic anomaly map. The anomalies are Gaussian-filtered, with
a filter length of 10 km. Contour interval 10 nT

+2.5 mGal. Due to the close spatial correspondence between the impact structure
and the residual field (Figs. 4.8, 4.9 and 4.11), we believe that the anomaly is real
and closely related to the radially zoned structure.
In the subsequent modelling, sediment densities were determined by converting
seismic interval velocities into densities using the Nafe and Drake curve (Ludwig
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Fig. 4.11 Geophysical type-section of the Mjølnir crater (profile AA , Fig. 4.1). The observed gravity, magnetic and traveltime data were Gaussian-filtered
with filter lengths of 7, 10 and 10 km, respectively. Top: 1, free-air gravity anomaly; 2, residual magnetic anomaly; 3, "envelope"-magnetic anomaly. Middle:
Interpreted seismic section based on both a high-resolution single-channel profile and a multi-channel profile recorded along the same line. Annotations as
in Fig. 4.2. The profile was depth converted using smoothed interval velocities derived from stacking velocities (Tsikalas et al. 1998c). Bottom: two-way
traveltime anomaly with reference to a planar top Permian reflector
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et al. 1970; Barton, 1986). A well-log velocity-density relationship has previously been developed for the Hammerfest Basin and Loppa High (confer Fig. 1.7)
(Tsikalas 1992). This relationship yields slightly higher values than the Nafe and
Drake empirical curve. This difference, however, is not considered important and
we have chosen the Nafe and Drake curve because of its common use.
A two-dimensional geometric model was constructed along profile AA from the
depth-converted seismic interpretation (Figs. 4.1 and 4.11). Mjølnir is embedded in
a platform sequence tilted slightly towards south. The removal of the regional effects
allows us to consider the geophysical anomalies at Mjølnir as residual anomalies
(confer Figs. 4.12 and 4.13). Thus, only the disturbed region is modelled, and the
physical properties determined are all relative to the adjacent platform. In constructing the geometric structural model, we have also removed the regional tilt from the
seismic profiles. This geometry (Fig. 4.11) provides the initial configuration for the
gravity, magnetic and traveltime modelling.
To better simulate the gravity (and magnetic) effects of circular bodies, a pseudothree-dimensional modelling procedure was applied using the 2.5-dimensional
algorithm developed by Northwest Geophysical Associates (1991) based on Talwani
et al. (1959), Talwani and Heirtzler (1964), and Won and Bevis (1987). Our model
consists of a conical core, 2.2 km in diameter at the top, followed by symmetrical,
0.3-km-thick plates with cross-sectional lengths commensurate with the dimensions
of the inverted-sombrero-shaped disturbed zone.
Initially, the entire seismic disturbance was modelled with a uniform density contrast. This resulted in a partial fit with the observed gravity anomaly, either of the
central gravity high or of the peripheral low. This approach documents density differentiation within the disturbed zone. A main consequence of an impact event is a
brecciated volume of target rocks that exhibits impact-induced increase in porosity
(Grieve and Pesonen 1992). In contrast large complex craters, however, are characterized by the formation of a central uplift due to the upward displacement of deeper
and sometimes denser strata to shallower levels during rebound of the crater floor
and gravitational collapse (Grieve 1991; Melosh 1989; Turtle et al. 2005). The former originates within the transient cavity beneath the central part of the structure and
is referred to as structural uplift. Applying the empirical relations of Pilkington and
Grieve (1992), we estimate the expected structural uplift for a structure of Mjølnir s
size to be in the order of 3.5 km, with a possible range of 1.5–6.0 km (Tsikalas et al.
1998b). Therefore, a central core with a positive density contrast, with respect to
the surroundings, was included in the model. On the other hand, fracturing, brecciation, and gravitational collapse will lower the densities of both the uplifted and the
peripheral region, i.e., annular basin and outer zone. The flanks of the central high
are determined from the seismic character of the disturbance, separating upward
bending core strata from downward displaced strata beneath the central high and
annular basin (Fig. 4.12). Such density distribution, i.e., central uplift vs. periphery, is typical of craters with structural uplift (Sharpton and Grieve 1990; Pilkington
et al. 1994; Plescia et al. 1994; Espindola et al. 1995; Plescia 1996).
Interactive gravity modelling, applying a range of density contrasts, showed that
a satisfactory fit to the observed values was best obtained in a simple way by
assigning a single uniform density to the area of intense disturbance and the less
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Fig. 4.12 Initial impact structure model and observed and calculated free-air gravity and traveltime anomalies. The model geometry is superimposed on the
seismic interpretation in Fig. 4.11, corrected for regional tilt. Density contrasts are given in g/cm3
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Fig. 4.13 Impact structure model with differentiated brecciation and observed and calculated gravity, magnetic and traveltime anomalies. Magnetic source
depth estimates refer to all profiles in Fig. 4.10. In view of the circular structure, the depth estimates have been plotted according to distance from the centre.
Circled depth estimates from profile AA (Figs. 4.1 and 4.11). Density contrasts are given in g/cm3
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disturbed transitional area (Fig. 4.12). The model yields a positive density contrast
of 0.025 g/cm3 for the central high, whereas the peripheral region requires a negative density contrast of -0.03 to -0.04 g/cm3 reflecting the circular gravity low.
In addition, the disturbance beneath the outer zone had to increase in thickness
by about 0.2 km, an increase within the resolution of the interpreted seismic data
(Fig. 4.12). The modelled and observed gravity show a close fit, and the root-meansquare deviation is only ±0.2 mGal. Consequently, the gravity field is consistent
with the geometry and lateral density distribution of an impact feature.

4.3.3 Marine Magnetic Anomalies and Modelling
The magnetic anomaly along the type-section (Fig. 4.11) exhibits a broad, lowamplitude field ranging from –75 to 20 nT. The 20 nT central anomaly, offset
about 1.8 km with respect to the central topographic high, is surrounded by well
defined lows corresponding to the outer zone. The magnetic character along the
type-section, combined with its northwest-southeast azimuth, indicates a potential remnant magnetization acquired during a period of a reversed magnetic field.
Figure 4.11, however, reveals no systematic distribution of the amplitudes or signs
of the individual anomalies in the outer zone, close to the transition to the annular basin. For example, the northwestern low along the type-section (Fig. 4.11) is
surrounded by two distinct positive anomalies. Nonetheless, to evaluate the origin of the anomalies, we have qualitatively investigated the spatial correlation of
anomalies and seismically interpreted structural features. Figure 4.10 shows that
local anomalies tend to cluster at the outer zone-annular basin region. To further
illustrate this, regardless of track direction, we have projected all profiles crossing
through the centre onto profile AA and constructed the corresponding minimum
and maximum magnetic “envelope” anomaly curves (Fig. 4.11). Similar to gravity
modelling, magnetic modelling was performed along the type geophysical section
(Fig. 4.13).
It is well established that impacts result in the formation of polymictic breccia deposits, so-called suevitic breccias (Stöffler et al. 1977), containing fragments
of highly shocked clasts and dispersed melt glass. These breccias occupy a stratigraphic position in marine target areas similar to the allochthonous breccia and the
melt bodies in crystalline targets (Grieve and Pesonen 1992), overlying extensively
fractured autochthonous breccias. The amount of melt generated by impacts into
sedimentary targets is expected to be similar to that generated in crystalline targetrocks. Being much more dispersed and scattered (Kieffer and Simonds 1980), it is
more difficult to identify than compact melt bodies or sheets. This may explain the
absence of high amplitude, melt-derived reflections (Figs. 4.11 and 4.13). Hence,
we have not modelled the impact-induced melts as distinct and compact bodies.
However, even dispersed melt clasts may be magnetized during cooling, and have
the potential to produce local magnetic anomalies.
Consequently, we developed a more detailed model where the annular basin
and the outer zone are divided into an upper suevite and a lower autochthonous
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body. The seismically-defined diameter of the bowl-shaped transient cavity approximates the extent of the present annular basin, i.e., 16 km. In addition, the thickness
of the allochthonous breccia has been determined to ~1.0–1.3 km, based both on
seismic observations and morphometric calculations (Tsikalas et al. 1998b, 1999).
Therefore, the main allochthonous, suevitic, breccia body was modelled as a lens
within the annular basin (Fig. 4.13). Gravity modelling produces a satisfactory fit
to the observations, if the density contrast of the suevitic breccia is from 0.05 to
–0.04 g/cm3 , while the autochthonous breccia body and the central uplift retain the
contrasts of the earlier two-density contrast gravity model (Fig. 4.12). By introducing the predicted differentiation into allochthonous/autochthonous brecciation based
on seismic profiles and morphometric relationships, we conclude that any density
contrast between the two bodies is probably very small.
The siliciclastic sedimentary sequences on the Bjarmeland Platform are considered to be largely non-magnetic. Furthermore, the depth to magnetic basement is
estimated to at least 6–7 km (Johansen et al. 1993), and individual magnetic-depth
estimates to the top of the crystalline basement approximate 10 km (Skilbrei 1993a).
Furthermore, slope and half-slope estimates of magnetic source depths for the local
anomalies in Fig. 4.10 (Peters 1949; Grant and West 1965; Nettleton 1976) yield
a depth range of 1.6-3.4 km with an average value of 2.1 km. The above methods
might over- or under-estimate the magnetic source depth depending on the width-todepth ratio and extent of the magnetic body (Skilbrei 1993b). Our estimates clearly
indicate shallow sources within the seismically disturbed region, rather than deep
basement sources. We have therefore modelled the magnetic anomaly sources as
part of a polymictic, weakly magnetized suevite unit with susceptibility of 7 ×
10–3 SI and total magnetization contrast of 1 A/m (Fig. 4.13). The magnetization
is constrained by the anomaly magnitudes and compares favorably with the measured remanent magnetization of 2.3 A/m for suevite from the Ries crater (Pohl
et al. 1977). The model (Fig. 4.13) accounts for the suppressed magnetic signature at the centre and generates magnetic anomalies over the annular basin that
is within the observed ±100 nT range, although exhibiting somewhat steeper gradients (Fig. 4.13). The modelling includes a paleopole at 59◦ N, 171◦ E, based
on paleomagnetic measurements in Bathonian-Hauterivian dolerite intrusions in
Svalbard (Halvorsen et al. 1996). The introduction of a reversed magnetic field
during the time of impact is consistent with the Late Jurassic-Early Cretaceous frequent M-series reversals (Gradstein et al. 2004), but does not constrain the time of
magnetization.
The magnetic anomalies at Mjølnir are within the expected range for a
sedimentary-type crater (Pilkington and Grieve 1992), i.e., a non-magnetic central
uplift. We do not observe a broad magnetic low which is frequently predicted for
impact structures of Mjølnir’s size in crystalline targets (Grieve and Pesonen 1992;
Pilkington and Grieve 1992). Instead, we have several low amplitude anomalies,
both positive and negative, concentrated in the outer zone, near the transition to
the annular basin (Fig. 4.10). The confinement of the dispersed-character melts to
the allochthonous unit will only yield anomaly sources within the annular basin
proper. However, the slope and half-slope source depth estimates indicate that
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possible magnetic bodies may be located within the autochthonous rather than in
the allochthonous unit (Fig. 4.13). It is unlikely, though, to have significant amounts
of injected melts into the autochthonous breccia body as careful search through
the entire seismic dataset at Mjølnir showed almost total absence of significant
high-amplitude reflectors within the seismically disturbed volume (Tsikalas et al.
1998a–c, 1999). This indicates that the methods may overestimate the depth to the
magnetic source bodies or that other source than melt bodies may contribute to the
anomalous field, such as dislocation of weakly magnetized platform strata.

4.3.4 Traveltime/Velocity Anomalies and Modelling
Stacking velocities from multichannel seismic reflection profiles and interpretation of shallow refracted arrivals recorded by sonobuoys have not revealed any
statistically significant lateral changes in seismic velocities between the Bjarmeland
Platform and the Mjølnir crater (Tsikalas et al. 1998c). Nevertheless, small but significant lateral velocity anomalies may exist, without being resolved in these data.
Real velocity anomalies would cause pull-up or pull-down effects on continuous
reflectors below the structure. If we assume that such reflectors are approximately
planar, even small velocity anomalies may be detected by local reflector relief
because traveltime anomalies measured in this way are more easily detected than
the corresponding stacking velocity anomalies.
Regionally, the top Permian reflector marks the upper boundary of thick evaporites, carbonates and silicified clastic deposits in the Barents Sea (Gabrielsen et al.
1990; Gérard and Buhrig 1990; Nøttvedt et al. 1993; Gudlaugsson et al. 1998).
This distinct, high-amplitude, south-southwest dipping reflector dominates in the
pre-Jurassic succession of the Mjølnir region. Therefore, lateral changes in seismic
velocity will introduce undulations of the top Permian horizon. In fact, we observe
small deviations in the top Permian reflector beneath the entire structure.
We mapped the top Permian reflector along the regional grid of multi-channel
seismic reflection profiles and Gaussian-filtered the data with a filter length of 5 km.
We then performed cross-over corrections, fitted a third-order polynomial surface
to the data and determined residual traveltime anomalies. The subsequent gridding
and contouring bring out several top Permian traveltime anomalies. These appear
mainly beneath the central high and the annular basin forming a near-circular, positive (pull-up) traveltime anomaly (Fig. 4.14). The anomaly is 16 km in diameter
and rises approximately to +80 ms beneath the central high, decreasing towards the
annular basin (Fig. 4.14). In the outer zone this circular anomaly is surrounded by
diffuse lows and highs that probably reflect smaller-scale pre-impact relief, such
as carbonate buildups, along the top Permian reflector. The close correspondence of
the positive traveltime anomaly with the central part of the Mjølnir crater (Figs. 4.11
and 4.14) strongly suggests it is real and caused by the structure. In the modelling,
we assume that the anomaly is a pull-up effect caused by lateral variations in seismic velocity within the disturbed region and we try to model both the gravity and
traveltime anomalies simultaneously.
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Fig. 4.14 Illuminated perspective image of the residual traveltime anomaly map surface at the top
Permian reflector. The view is from 30◦ above the horizon looking northeast (azimuth 40◦ ); light
source at azimuth 290◦

The effect of the density contrasts in Fig. 4.12 on the seismic traveltime was
tested with reference to the top Permian reflector assuming that densities and seismic velocities are related by the Nafe and Drake empirical relationship (Ludwig
et al. 1970; Barton 1986). The average velocity between the top of the structure
and the top Permian level is estimated to 4.0 km/s and corresponds to a density
of 2.39 g/cm3 . Similarly, the modelled density anomalies correspond to velocity
anomalies from +175 to -200 m/s. The calculated traveltime anomaly approximates
the observed relief of the top Permian reflector, especially in the centre. This shows
that the traveltime anomaly is a simple consequence of the lateral density distribution obtained by the gravity modelling (Fig. 4.12). The traveltime signature
may be explained along the same lines as the gravity signature, i.e., the traveltime
anomaly beneath the central uplift results from a positive velocity anomaly beneath
the central high. The small deviations of the observed and the calculated anomalies in the peripheral region probably reflect a pre-impact relief of the top Permian
reflector.
With reference to the undisturbed Bjarmeland Platform, the modelled integrated
mass anomalies in Fig. 4.13 correspond to velocity anomalies from +175 to -250
m/s. The calculated traveltime anomaly (Fig. 4.13) provides a slightly closer approximation to the observed central anomaly than that of the initial model (Fig. 4.12).
In particular, the introduction of allochthonous breccia lenses with lower velocity
beneath the annular basin reproduces slightly better the steep gradient (Fig. 4.13) of
the observed traveltime anomaly in the center.
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4.4 Modelled Porosity Anomalies
The porosity-depth relationship for a compacted sedimentary section is best approximated by the exponential function (Fig. 4.15):
∅ = ∅0 e−cz

(4.1)

where Ø0 is the initial porosity, c is the compaction constant, and z is the total,
present and eroded, overburden (e.g., Wyllie et al. 1956, 1958; Gardner et al.
1974; Sclater and Christie 1980). By introducing an impact-induced porosity change
(Fig. 4.15), the new porosity-depth function, Ø , which defines the compaction in the
crater, becomes:
∅ = ∅0 e−cz + ∅

(4.2)

where Ø is the porosity anomaly induced by the impact. If we consider a constant
impact-induced porosity anomaly during burial (Fig. 4.15):
∅ = ∅ + ∅

(4.3)

∅ = ∅ − ∅

(4.4)

thus,

Fig. 4.15 Generalized
porosity-depth functions for
the Mjølnir impact crater.
Shading denotes a constant
porosity anomaly function,
whereas hatching denotes an
exponentially decreasing
function. The various
porosities, Ø, are described in
the text
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We calculate, at 0.1 km sampling intervals, separate porosity anomalies from
the density distribution, seismic traveltime distribution, and postimpact sediment
deformation calculated by Tsikalas et al. (1998a, c). The lateral porosity distribution
is determined as the average of the three approaches along a typical depth converted
cross section (Fig. 4.12). Although the assumption of a constant porosity anomaly
may not be realistic, it is introduced because, in a simplistic manner, it quantifies
the contrast between the crater and the undisturbed sediments.
We also decompact the present lateral porosity distribution to the crater configuration immediately after impact (Fig. 4.15). The decompacted porosity anomaly,
Ø , provides a more appropriate estimate for comparison with other craters and
for assessing petroleum potential. It can be defined as (Fig. 4.15):
∅ ∅0 e−cz + ∅ e−cz = ∅ + ∅ e−cz

(4.5)

thus combining this equation (see Eq. 4.5) with Eq. (4.4),
∅ =

∅
e−cz

(4.6)

4.4.1 Density-Derived Porosity Anomaly
It can be shown (see Tsikalas et al. 2002b for detailed calculations) that the
relationship between density and porosity anomalies is expressed by:
ρb = (ρw − ρm )∅

(4.7)

where ρb and ∅ = ∅ − ∅ are the bulk density and porosity anomalies, and ρ w
and ρ m are fluid and matrix density, respectively. Density values of ρ w = 1.0 g/cm3
and ρ m = 2.65 g/cm3 were assigned based on typical rock properties (e.g., Telford
et al. 1990; Rider 1991).
The two-dimensional mass anomaly is calculated by integrating equation (see
Eq. 4.7) over the seismically disturbed volume, thus the porosity anomaly is
determined by (see Tsikalas et al. 2002b for detailed calculations):
∅ =

M
(ρw − ρm )Hf

(4.8)

where Hf is the thickness of the seismic disturbance at a given location; and
M = ρb Hf the corresponding two-dimensional mass anomaly determined from
the gravity model (Fig. 4.12). Note that the gravity anomaly along the cross section
is extracted from the residual free-air gravity field that shows a circularly symmetric
anomaly over Mjølnir (Figs. 4.8 and 4.9) (Tsikalas et al. 1998a).
This procedure results in a laterally-varying porosity anomaly relative to the
surrounding undisturbed platform sediments (Fig. 4.16). The porosity is increased

Fig. 4.16 Relative porosity anomaly models along the type cross section (AA , Figs. 4.1, 4.11 and 4.12). Shading denotes the change between the present and
the decompacted porosity anomaly distributions. PR = peak ring.
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by 1.8–2.4% at the peripheral flanks, whereas the bowl-shaped central porosity
anomaly decreases by as much as 1.8% within the ~16-km-outer-diameter of the
annular basin (Fig. 4.16).

4.4.2 Velocity-Derived Porosity Anomaly
The traveltime anomaly (Fig. 4.12) is defined by:


1
T = 2
Vb



Hf

(4.9)

where (1/Vb ) is the inverse velocity, or slowness, anomaly, and Hf the thickness of
the seismic disturbance. In terms of porosity, the slowness anomaly is (see Tsikalas
et al. 2002b for detailed calculations):

  
1
1
1
=
∅
(4.10)

−
Vb
Vw
Vm
where ∅ = ∅ − ∅ is the porosity anomaly; and Vw and Vm are fluid and matrix
velocity, respectively. Velocity values of Vw = 1.45 km/s and Vm = 5.5 km/s were
assigned based on regional well-log data (Tsikalas 1992) and typical rock properties
(e.g., Telford et al. 1990; Rider 1991).
The traveltime anomaly at a given location is calculated by integrating equation
(see Eq. 4.10) over the seismically disturbed volume, thus the porosity anomaly is
determined by (see Tsikalas et al. 2002b for detailed calculations):


∅ =
2

T
1
Vw

−

1
Vm



Hf

(4.11)

Compared with the surrounding platform, the model (Fig. 4.16) yields a radiallyvarying porosity anomaly that increases to a maximum value of 3.6% in the
peripheral region, whereas it decreases by 1.9% beneath the central high. Again,
the extent of the central porosity low approximates the outer diameter of the annular
basin (Fig. 4.16).

4.4.3 Postimpact Deformation-Derived Porosity Anomaly
The high-resolution seismic reflection profiles clearly reveal postimpact sedimentary thickness variations and lateral facies changes governed by the underlying
crater relief (confer Fig. 3.14) (Tsikalas et al. 1998c). After the impact depression
(Fig. 4.5) was filled by sediments (Fig. 4.17a), deposition continued, and the crater
became buried by sediments 1.5–2 km thicker than at present (e.g., Nardin and
Røssland 1992; Nyland et al. 1992). The progressive loading triggered structural
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Fig. 4.17 Schematic diagram of postimpact differential compaction across the crater rim: (a) immediately after the postimpact infilling of the crater, and (b)
at present. Parameters are described in the text
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reactivation and differential compaction (Figs. 3.14, 4.5, and 4.17b) (Tsikalas et al.
1998c).
We have shown (see Tsikalas et al. 2002b for detailed calculations) that the
porosity anomaly is related to the differential compaction by (Fig. 4.17):


∅0 −c(s+hf +Hf ) −cs
1
−cs
× s − e
e
(1 − e
)
∅ = 
Hι − Hf
c

(4.12)

where:


Hi +




∅0
∅0
−cHf
−ch
i
e
× e−chi − e−c(s+s+hf ) (1 − e
e−cHi = Hf +
)
c(1 − ∅)
c(1 − ∅)
(4.13)


hi +

∅0 −chi
e
c


= hf +

∅0 
1 − e−c(s+s) (1 − e−chf )
c

(4.14)

Hf  is the thickness of the seismic disturbance; Hi  the decompacted equivalent of
Hf hf the thickness of the post-impact crater infill; hi the decompacted equivalent
of hf ; s the present and eroded overburden above the infilled crater; and s the
observed differential compaction (Fig. 4.17).
Because decompaction of the thickness parameters (Hf , hi ) requires knowledge
of the porosity anomaly (Ø), equations (see Eqs. 4.12, 4.13, and 4.14) are solved
iteratively. The result is a porosity-anomaly curve that reflects the postimpact lateral
sediment thickness variations and the radial crater zonation (Fig. 4.16). Compared
with the surrounding platform, maxima of 1.5–3 and 3–3.5% are calculated in the
outer zone and in the annular basin, respectively; decreasing by 3% below the central high. In contrast with the anomalies derived previously, the porosity anomaly
derived from postimpact deformation has its maximum in the annular basin rather
than in the outer zone, whereas the central porosity low is restricted to within the
diameter of the central high (Fig. 4.16).
;

4.4.4 Porosity Anomaly and Pore Space Volume
The three porosity anomaly distributions are grossly similar in trend and amplitude
(Fig. 4.16). Thus, we first assume that the average anomaly provides a representative estimate of the present lateral porosity changes within the intense seismic
disturbance (Fig. 4.16). Then, we reconstruct the situation immediately after impact
by using equation (see Eq. 4.6) to decompact the present porosity distribution
(Figs. 4.15 and 4.16). We used compaction constant values of c = ± 0.42 km−1
based on regional well-log data (Tsikalas 1992) for the positive and negative porosity anomalies, respectively. Figure 4.16 show that the maximum porosity reaches
6.3% at the periphery, and −1% at the central high.
The volume of the mushroom-shaped disturbance (Fig. 4.5) is estimated to be
~850 km3 , increasing to ~1,400 km3 if we include the transition zone (Tsikalas
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et al. 1998b). Of these volumes 450–600 and 400–800 km3 belong to the peripheral
region and central core, respectively. The volume estimates and the modelled porosity distribution (Fig. 4.16) imply an average impact-induced excess pore space of
13–33 km3 in the periphery, and a 13–6 km3 reduction of pore space in the central
crater, for the present and immediately-after-impact settings, respectively.

4.4.5 Porosity Anomaly and Hydrocarbon Potential
Many impact structures are associated with hydrocarbons (Table 4.2) (Donofrio
1981, 1998; Grieve and Masaitis 1994). In fact, the impact cratering process may
result in structural and stratigraphic re-organization that may be conducive to hydrocarbon accumulation. In brittle crystalline target rocks, impact-induced fracturing
and brecciation may significantly increase porosity and permeability. The effect of
fracturing and brecciation may be less important in enhancing reservoir potential in
sedimentary targets, but impact may lead to structural traps by creating listric-type
faults, mainly along the crater rim. Nonetheless, impacts in marine sedimentary
basins, which theoretically provide the greatest hydrocarbon potential, are presently
poorly understood (Grieve and Pesonen 1992, 1996; Pilkington and Grieve 1992).
In particular, key questions relate to how much fracture volume will be generated or
whether this volume will be maintained against porosity-reducing processes such as
postimpact mechanical compaction and diagenesis.
The Barents Sea has experienced extensive hydrocarbon exploration. The
Bjarmeland Platform is adjacent to the Nordkapp, Maud, Ottar, and Hammerfest
basins (confer Fig. 1.7), which are considered to have produced hydrocarbons at
some stage of their geological history (Fjæran and Spencer 1991; Larsen et al.
1992). The estimated 13–33 km3 excess pore space volume at Mjølnir is several times larger than the reserves of the hydrocarbon-associated impact structures
in Table 4.2. Hence, the impact-induced fracture volume along the periphery
(Fig. 4.12) may be considered a potential reservoir unit.
High-resolution single-channel seismic profiles reveal several intra-sedimentary
features, within and, in most cases, above the structure, commonly considered as
potential gas indicators (e.g., Hovland and Jodd 1988). These include: local amplitude increase and smearing of individual reflections; columnar disturbances; and
acoustic blanketing appearing as loss of seismic coherence (Fig. 4.18). In contrast, no such features are recorded beyond the crater boundary. On the other
hand, deep multichannel profiles do not show discernible anomalous amplitude
signatures, probably due to their lower frequencies, which inhibit resolution at shallow depth. Amplitude anomalies of this kind may be indicative of gas occurrence
and vertical gas seepage within and above the structure. The amplitude anomalies along the periphery are underlain by tilted fault blocks and brecciated strata
(Figs. 3.6 and 4.18). Thus, gas might migrate from deeper stratigraphic levels.
Furthermore, the potential seismic hydrocarbon indicators correspond spatially to
the 400–650 km3 volume of impact-deformed platform strata of increased porosity
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Table 4.2 Commercial hydrocarbon accumulations associated with impact structures. The Red
Wing Creek structure is the most prolific impact-related oil field in the USA (Donofrio 1998)
Structure

Diameter
(km)
Age

Ames
Oklahoma,
USA
(Carpenter and
Carlson 1997)

13

Early
Ordovician

Red Wing Creek
North Dakota,
USA (Gerhard
et al. 1982)

9

Triassic/
Jurassic

Viewfield
Saskatchewan,
Canada
(Sawatzky
1977)

3.2

Triassic/
Jurassic

Avak
Alaska, USA
(Kirschner
et al. 1992)

12

Early/Late
Cretaceous

Steen River
Alberta,
Canada
(Winzer 1972)
Newporte North
Dakota, USA
(Donofrio
1981)

25

Pre-late
Cretaceous

3.2

EndCambrian

Hydrocarbons

Reserves/
(Production)

Oil and gas
production from
dolomite on crater
rim and from
brecciated granite
and dolomite on
crater floor
Oil and gas
production from
carbonate breccia in
central uplift; ca.
820 m oil column
(ca. 490 m net pay)
Oil production from
carbonate breccia
and from raised
rim. Porosity, 14%;
permeability, 400
md; net pay, 4-50 m
Gas production from
listric fault traps
along crater rim
caused by
impact-triggered
submarine
landslides
Precambrian
basement complex
uplifted 760 m

25 MMbbl oil,
0.42 × 109 m3
gas (2,600 bbl
oil/day, 0.85 ×
105 m3
gas/day)

Oil from sands
draped over the
raised rim, and
some production
from highly
fractured
Precambrian
gneiss-schist

15 MMbbl oil
(280 bbl
oil/day)

20 MMbbl oil,
0.71 × 109 m3
gas (1,000 bbl
oil/day, 0.57 ×
105 m3
gas/day)
11 MMbbl oil,
0.14 × 109 m3
gas (600 bbl
oil/day, 0.085
× 105 m3
gas/day)
1.1 × 109 m3 gas
(0.37 × 105 ft3
gas/day)

3–5 MMbbl oil
(550 bbl
oil/day)

bbl = barrel; MMbbl = million barrels = 0.16 × 106 m3 .

along the periphery (Figs. 4.12 and 4.16) (Tsikalas et al. 2002b). We rule out that
the seismic-amplitude anomalies are “tuning” effects resulting from sediment thickness variations, because they are only found at the crater periphery where porosity
is enhanced.
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Fig. 4.18 Examples of high-resolution single channel seismic profiles across the crater rim
exhibiting possible gas-related seismic-amplitude anomalies. Black triangles = enhanced reflections and smearing; white triangles = acoustic blanketing; black arrows = restricted columnar
disturbances (“chimneys”)

Most Barents Sea exploration wells have been drilled in the Hammerfest Basin
(Fig. 1.7) where gas accumulations and small, non-commercial, oil finds have
been encountered (Grung-Olsen and Hanssen 1987; Linjordet and Grung-Olsen
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1992). Lower Jurassic and Upper Jurassic-Lower Cretaceous source rocks are
of good quality, and most discoveries are structural traps within Upper JurassicLower Cretaceous shales (Fig. 3.7). The most important reservoirs are the Lower to
Middle Jurassic sandstones of the Nordmela and Stø formations (Fig. 3.7) (Berglund
et al. 1986; Gjelberg et al. 1987). We believe that the potential hydrocarbon plays
at Mjølnir are the Lower to Middle Jurassic sands structurally trapped within
the impact-generated tilted fault blocks, and the synimpact, extensively fractured,
allochthonous breccia (Figs. 3.6 and 3.7). At the periphery of the crater, the faults
appear to diminish within a low seismic-coherence zone above prominent continuous reflectors (Fig. 4.5), which suggests inward displacement of the blocks
during gravitational collapse over an apparent low-angle décollement (Tsikalas
et al. 1998a–c, 1999; Tsikalas and Faleide 2004; Tsikalas 2005). In fact, a similar structural-trap configuration of listric-type faults caused by impact-induced
submarine slides, characterizes the huge Avak gas field (Table 4.2).
The porosity and permeability of the sandstone and breccia at Mjølnir are
controlled by the degree and interplay of postimpact mechanical and chemical compaction. It has been shown that the extensive burial experienced by the Hammerfest
Basin (Fig. 1.7) induced complex diagenetic processes through successive stages
of silicification, stylolitization, and partial dissolution in Lower to Middle Jurassic
sandstones (e.g., Riches et al. 1986; Walderhaug 1992). Nonetheless, the later
Cenozoic uplift and erosion is a major reservoir and charge risk factor in most
of the western Barents Sea (Nyland et al. 1992; Doré and Jensen 1996). The
Hammerfest Basin sustained 0–1 km of uplift and erosion, increasing to 1.5–2 km
on the Bjarmeland Platform (e.g., Vågnes et al. 1992; Richardsen et al. 1993). This
event may explain the present shallow exposure of the crater (e.g., Fig. 3.14). It
may also have prevented potential hydrocarbons in the Lower to Middle Jurassic
sands and the synimpact allochthonous breccia plays to be retained at such shallow
depths. Moreover, many rim faults may not be efficiently sealed because of truncation by the Late Cenozoic erosional unconformity (URU, Figs. 3.6 and 3.14). On
the other hand, the entire Bjarmeland Platform is regionally tilted to the south due
to extensive Late Cretaceous-Tertiary uplift and to isostatic response to glacial erosion (Gabrielsen et al. 1990; Faleide et al. 1993). Therefore, the south-southwest
part of the structure presently lies more than 1 km below the seafloor, being least
affected by uplift and erosion. Here, the postimpact sediments may be thick enough
to retain an adequate reservoir pressure, preventing major gas expansion and seal
breaching. Nonetheless, we consider the crater to be a very high-risk hydrocarbon
prospect.

4.5 Potential Non-impact Origin
The structural models in Figs. 4.11, 4.12, and 4.13 are compatible with the observed
gravity, magnetic and traveltime anomalies of typical complex impact craters in
general (Grieve and Pesonen 1992; Pilkington and Grieve 1992). Nonetheless,
one has to evaluate whether other processes than impact could have formed the
structure. Gudlaugsson (1993) qualitatively discussed and evaluated alternative
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interpretations, such as salt and clay diapirs, and igneous intrusions, whereas
Tsikalas et al. (1998c) quantitatively investigated their geophysical signature by
modelling a range of geologically reasonable configurations. Here, we briefly discuss the alternative non-impact interpretations that provide the most realistic fit to
the observed anomalies. Although geological data have confirmed the impact origin
of Mjølnir, we offer this discussion for completeness and for revealing the Mjølnir
studies as paradigms in the investigation of potentially new impact structures.

4.5.1 Clay Diapir
The presence of a central positive gravity anomaly and the apparent lack of a negative velocity anomaly with a corresponding pull-down effect beneath the structure
are incompatible with an active clay diapir (Fig. 4.12). On the other hand, a nonactive clay diapir may reproduce the observed anomalies, although a feature of this
kind is not supported from regional considerations. Clay diapirs usually form in geodynamic environments characterized by overpressures, commonly induced either
by rapid deposition of fine-grained siliciclastic sediments or by compression. The
regional depositional environments and continuity in lithological composition and
burial history of the Bjarmeland Platform strata, however, argues against such conditions (Gudlaugsson 1993). Even when such conditions arise, clay diapirs almost
always form in clusters. Thus, it is difficult to find a plausible mechanism for clay
diapirism or any structural or depositional anomaly that might have initiated the
formation of an isolated shale diapir (Fig. 4.10). We also note that the extensive
deformation above the structure has been attributed to differential compaction of
the embedded impact crater during post-impact burial (Tsikalas and Faleide 2007).

4.5.2 Salt Diapir
The Mjølnir crater is located about 70 km north of the Nordkapp Basin, a major
salt diapir province (confer Figs. 1.7 and 3.1). Numerous diapirs reach the seafloor,
and individual structures have diameters up to 20 km (Bergendahl 1989). Lower
Permian-Upper Carboniferous evaporites were mobilized during rapid basin subsidence culminating with diapirism in Early to Middle Triassic time. Renewed salt
movements took place due to tectonic episodes in Late Jurassic-Early Cretaceous
and Early Tertiary times (Gabrielsen et al. 1992b; Jensen and Sørensen 1992).
Through intensive gravity- and traveltime modelling of a possible diapiric structure, it was shown that salt diapirs with a significant stem would produce gravity and
traveltime anomalies that differ significantly from the amplitudes and shape of the
observed anomalies both over the diapir proper and in the periphery (Fig. 4.19)
(Tsikalas et al. 1998c). A reasonable fit to the observed anomalies requires a
relatively shallow salt body within the circumference of the Mjølnir crater. The
presence of a shallow, thin salt layer should be clearly imaged by seismic reflection
profiles; however, no evidence for shallow salt is present (Figs. 3.14 and 4.2). In

Fig. 4.19 Free-air gravity and traveltime anomalies from salt diapir models. Dashed line outlines the area of intense seismic disturbance. (a) Simple mushroom
shaped diapir; (b) Salt plate model without caprock; (c) Model (b) with caprock. Model densities are discussed in the text
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Fig. 4.20 Geophysical anomalies from igneous intrusion models. Dashed line outlines the area of intense seismic disturbance. Note that all four granite
intrusion models only yield a minimal, ~5 nT, magnetic perturbation. The intrusions were modelled using typical rock properties from Telford et al. (1990);
density of 2.90 and 2.60 g/cm3 , susceptibility of 70 and 2.5 × 10–3 SI, and velocity of 5.5 and 5.5 km/s, for the basaltic and granitic intrusions, respectively
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addition, a seismic unit similar to the disturbed region at Mjølnir is not observed
in other typical rim-synclines in the Barents Sea (Gudlaugsson 1993). Although
some of the diapirs in the Nordkapp Basin may have developed distinct overhangs
(Koyi et al. 1993), there is no evidence for the presence of extensive salt canopies.
Moreover, there is no evidence of major salt-withdrawal sag at the Mjølnir crater.
Therefore, it can be inferred that salt diapirism is not a viable explanation (Tsikalas
et al. 1998c).

4.5.3 Igneous Feature
The Mjølnir crater is located in a marginal position relative to the Late JurassicEarly Cretaceous northern Barents Sea igneous province. The province comprises
extrusive basalts in Kong Karls Land (Svalbard) and Franz Josef Land (Smith et al.
1976; Heafford and Kelly 1988; Kelly 1988; Johansen et al. 1993) and dolerite intrusions in Svalbard (Halvorsen et al. 1996) and the northern Barents Sea (Faleide et al.
2008). In view of the Volgian – Ryazanian age of the Mjølnir deformation event
(Smelror et al. 2001a), we consider the possibility that the Mjølnir structure represents a volcanic or intrusive igneous feature (Fig. 4.20). In fact, the structure has
previously been interpreted as a Late Jurassic-Early Cretaceous magmatic intrusion
(Brekke et al. 1992).
A dolerite intrusion is considered unlikely because magnetic anomalies over such
features in the northern Barents Sea are in the order of ~600–1,200 nT (Åm 1975;
Gustavsen 1995), contrasting with the moderate-amplitude magnetic anomalies over
Mjølnir (Fig. 4.10). In addition, dolerite intrusion K/Ar ages from Svalbard indicate
two distinct magmatic episodes at 110 ± 10 Ma (Aptian-Albian) and 149 ± 17 Ma
(Bathonian-Hauterivian) (Halvorsen et al. 1996). The former clearly postdates the
formation of the Mjølnir structure, while the latter age range bounds the structure,
though it is likely that the emplacement predates the impact horizon. Several alternative models have been constructed to reconcile the observed geophysical data with
a volcanic feature, and basaltic and granitic intrusions (Fig. 4.20). None of those
models were able to simulate the structural and geophysical observations, and thus
any possible igneous feature origin for Mjølnir was rejected (Tsikalas et al. 1998c).

4.6 Alternative Interpretation of Mjølnir Crater Dimensions
Based on Regional Gravity and Aero-magnetic Profiles and
Modelling
The substantial exploration interest in this petroleum frontier area of southwestern
Barents Sea has resulted in a great number of seismic, gravity, and magnetic surveys
(Fig. 4.21a). Seismic data originally led to the discovery and definition of the shape
of the subsurface structure of Mjølnir crater. Nevertheless, the seismic data only
revealed the paleo-relief of the impact structure and the volume influenced by the
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Fig. 4.21 Aeromagnetic anomaly map as surveyed during the BAS06 campaign. (a) Aeromagnetic
measurements were preformed along flight lines shown in red. Ship recordings of gravity and
seismics are shown as black track lines. (b) The same in comparison with the mapped Mjølnir
zonation boundaries from seismic reflection data (Tsikalas et al. 1998a–c). (c) 20-km Gaussian
high-pass filtered magnetic anomaly map; (d) Example of the results of an Euler deconvolution
with a structural index of SI = 1 and a tolerance of 7% applied to the 20-km Gaussian high-pass
filtered magnetic anomaly in comparison with mapped Mjølnir zonation boundaries

impact event. Prominent is the disturbance of the stratification of the sediments due
to the impact event while circumjacent stratification is still well observable.

4.6.1 The Mjølnir Aero-magnetic Anomaly
Earlier (ship-borne) magnetic measurements were collected together with gravity
and seismic measurements in three profiles crossing the structure diagonally. After
processing (e.g., Tsikalas et al. 1998c), the remaining low-amplitude anomalies
range between –75 and 20 nT. A magnetic anomaly (20 nT) was interpreted as
a central anomaly, which is slightly offset from the topographic center. This relative high is surrounded by relative lows correlating to the outer crater zone, and
the anomaly pattern looks like cloverleaves (Fig. 4.21b). Considering the profile
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set up, the cloverleaf pattern, could be result of the interpolation of insufficiently
diurnal-corrected profiles.
During 2006, a new data set was collected of which a small portion is presented
here. This aeromagnetic survey (BAS-06) was flown in an in-line-tie-line configuration above the southwestern Norwegian Barents Sea area. The general N-S oriented
lines have a spacing of 2 km with E-W oriented tie-lines of 6-km spacing. In the
Mjølnir area, the lines were filled to 1 km line spacing (Fig. 4.21a, red track-lines).
The sensor, a cesium magnetometer, recorded the magnetic field at an altitude of 230
m with an airplane ground speed of 225 km/h; the resulting spatial sampling interval
is 12–14 m. Magnetic measurements, notably in the high Arctic are often affected
by diurnals. Base-station reference measurements at distances of 300–600 km away
are not always reflecting local disturbances, and therefore, such measurements are
difficult to correct. During the survey, diurnals were recorded and roughly 10% of
the profiles had to be re-flown due to high noise level. The data were treated by
standard processing which included: filtering for noise created by the manoeuvring,
statistical-levelling and micro-levelling using “Geosoft OASIS Montaj” software
routines, and median-filtering (Mauring and Kihle 2006) to correct for the diurnals. The data portion of the total magnetic field variations measured during the
new aeromagnetic survey BAS-06 presented here covers the area of Mjølnir and
surroundings and shows low-amplitude anomalies with a regional low close to the
Mjølnir impact site (Fig. 4.21b). The amplitude range found in this region is ca. 150
nT, while the area related to Mjølnir only shows variations in the order of 25 nT.
High-pass filtering with cut-off wavelengths of 10 or 20 km was applied to extract
the shallow sources in the study area. The patchy distribution of impact melt could
result on a crustal magnetic anomaly map in higher frequency content than, e.g.,
visible on gravity maps. On the other hand, a smoothing of magnetic anomalies
around an impact site has been observed for structures in crystalline environment
(e.g., Suvasvesi N crater, Finland; Pesonen et al. 1996).
A possible correlation between a relative minimum in the magnetic field and the
crater outline can be observed (Fig. 4.21b). The dataset suffers from a low signalto-noise level. No short-wavelength anomalies related to the crater can clearly be
separated when a high-pass filter is applied (Fig. 4.21c). The statistical uncertainties
are at the level of 1–3 nT for the entire survey, and therefore wavelengths less than
10 km cannot be separated above the noise level (Fig. 4.21c). Using a cut-off wavelength of 20 km reliable anomalies can be separated (range about 6 nT), but they are
unlikely to be induced by crater related structures. An example of Euler deconvolution is shown for a 20-km Gaussian high-pass filtered anomaly map (Fig. 4.21d).
The structural index is that of sheet-like source distribution, such as expected for
melt patches. Euler deconvolution applied to the gridded data only yielded depths
outside the expected crater depth-diameter dimensions, independently of which
structural index was chosen or if applied to filtered or unfiltered data.
We applied Euler deconvolution (Reid et al. 1990) also to in-line profiles that
have a much higher sampling rate and frequency content than the gridded data. The
only layer, which was confidentially identified, is the seafloor. Considering the host
material of the Bjarmeland platform being largely non-magnetic, anomaly variations
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of only a few nT are expected. Mostly undisturbed horizontal strata characterize
the Bjarmeland Platform, and no significant anomaly generated by the sediments
is expected in this area around the impact structure. The sources contributing to
the long-wavelength content of the observed crustal field are related to the bedrock
horizon, situated much deeper than any volume influenced by the impact crater.
From the susceptibility and density measurements and the core interpretation, only
detrital magnetic minerals and siderite-cemented beds or nodules aside the bedrock
can be considered as the source for magnetisation observed in this study area. Such a
result – the macroscopic invisibility of the crater – is expected for sedimentary areas
such as in the Barents Sea, unless the projectile “delivered” magnetic material.
None of the features found in the new data set (Fig. 4.21b) resemble the magnetic
anomaly pattern of the interpolated shipborne data map by Tsikalas et al. (1998c).
Actually, a few of the features are inverted, although this could be related to an artefact of overcompensation due to trend correction on the earlier data set. However, a
common feature of both the shipborne- and aero-magnetic surveys (and corresponding data processing) is the low amplitude of any observed magnetic anomaly within
Mjølnir, and thus absence of shallow impact-related macroscopic melt bodies, in
agreement with available seismic reflection dataset.

4.6.2 The Mjølnir Regional Free-Air Gravity Anomaly
The Barents Sea area is substantially covered by seismic lines and gravity profiles
(Fig. 4.20a, black track-lines). The crater appears well preserved under layers of
unconsolidated and consolidated sediments about 500 m thick, and overlain by a
shallow water column (about 350 m). Tsikalas et al. (1998a–c) utilized seismic
reflection profiles and well data to study in detail post-impact sedimentary, as well
as the deeper structural extent (Fig. 4.22).
The most prominent feature of the crater is the central uplift, which is well preserved under the sediments, and more or less the only feature recognizable in the
gravity map. Tsikalas et al. (1998b, c) described the extent of uplift with a diameter
of about 8 km, surrounded by a trough of about 4 km in width and further a 12-km
wide outer zone. We observe a relative gravity low of about 3–4 mGal coinciding
with the extent of the “seismic disturbance” and a relative high (2 mGal) along with
the uplifted structure observed in the seismic profiles. The full extent of the crater is
unclear (Fig. 4.22). Similarly, the anomaly was described by Tsikalas et al. (1998c),
but a detailed comparison is impossible, because their data were filtered and trendcorrected. Subtractions of regional fields as well as band-pass filtering usually result
in distortion of the residual anomaly and of the shape of the interpreted subsurface
structure. Stripping methods, which use detailed geological information to calculate
and subtract the known contributions from the observations (Hammer 1963), lead
to a better understanding of the residual anomaly. The data are presented here with
and without further trend correction, but no filtering.
This results, as pointed out above, in a shift of the relative maximum of the gravity anomaly above the structural central peak and a slight distortion of the anomaly
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Fig. 4.22 Regional free-air marine gravity anomaly map in comparison with the mapped Mjølnir
zonation boundaries from seismic reflection data (Tsikalas et al. 1998a–c)

representing the crater. Such an offset due to data correction leads to an interpretation of an asymmetric shape. If considering a more regional view, no simple regional
trend can be defined (Fig. 4.22).

4.6.3 Alternative Interpretation of Mjølnir Crater Dimensions
We modelled the sub-surface structure using a forward 2D modelling method (originally developed by Talwani et al. 1959). We decided to model along a profile
in NW-SE orientation (Fig. 4.22) that coincides with seismic sections based on
high-resolution single-channel and multi-channel recordings (Gudlaugsson 1993;
Tsikalas et al. 1998a–c). From the aeromagnetic data, no signal can be clearly
related to a source related to the impact structure, therefore we focused on the

4

Impact Geophysics and Modelling

119

Fig. 4.23 Profile plot derived from the regional free-air gravity anomaly map in Fig. 4.22 compared with the derived linear trends, as well as the trend corrected version of the anomaly

gravity data. For the gravity field modelling, simple structural assumptions have
been made, making use of the densities derived from the core (see Fig. 5.16), typical morphologies of a complex crater (Melosh 1989), and relevant seismic lines
(Gudlaugsson 1993; Tsikalas et al. 1998a–c).
We used the gravity anomaly as observed, with and without correction for a
regional linear trend. Figure 4.23 shows the original and trend-corrected profile.
Such linear trends often represent long wavelength contributions from the basement
or even deeper anomaly sources. We modelled the impact crater for both uncorrected
and trend-corrected anomaly residuals to further constrain the basement interface,
which is not resolved in the available seismic sections.
The resulting but preliminary model is shown in Fig. 4.24 for the trend-corrected
case, together with two seismic profiles along which we modelled. Typically for
complex craters, two major characteristics contribute to the gravity anomaly:
1. the cavity including possibly reduced density due to shattering of the surroundings
2. the uplift of deeper and denser layers in the centre
The former features a broad relative low and the latter adds a central relative high
to the gravity anomaly. The model accounts for this and consists of eight model
bodies:
1.
2.
3.
4.
5.

Water layer
Unconsolidated sediments 1,
Unconsolidated sediments 2,
Consolidated layered sediments,
Breccia,
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Fig. 4.24 The modelling results for a trend-corrected anomaly, together with the corresponding
seismic reflection profiles and the density model
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Table 4.3 Model bodies, model densities, body characteristics and boundary description referring
to Figs. 4.24 and 4.25
Model body

Density
(kg/m3 )

Body characteristics boundary (seismic
horizon)

Water

1,030

Seafloor

Unconsolidated
sediments 1

1,500

Stratification

Unconsolidated
sediments 2

1,700

Seismic reflector
Stratification

Consolidated layered
sediments

2,150

Late Cenozoic upper regional unconformity
Stratification

Allochtonous and
autochtonous breccia

2,400

Base Cretaceous (Reflector)
Disturbed stratification (void)

Shattered zone

2,450

Disturbed stratification

Anisian to jurassic
deposits

2,500

Undisturbed stratification

Permian deposits

2,550

Top Permian (reflector)
Top basement (no seismic record)

Crust

2,670

Interpreted

6. Shattered zone,
7. Anisian to Jurassic deposits,
8. Permian deposits.
The characteristic densities and the unit description and boundary justifications
are given in Table 4.3.
The observed free-air gravity anomalies and the calculated gravity anomalies
are given in Fig. 4.24. Densities assigned to the uppermost model bodies are chosen similar to the densities measured for the core samples (see Fig. 5.16), although
increased compaction could very well have taken place at greater depth. The major
uncertainties for this model are the densities of the uppermost layers representing
unconsolidated sediments for which the first 70 m of the core were lost. Naturally,
the uppermost layers influence the model response the most, especially if the density contrast is high, and do not leave much interpretational space for the deeper
structure, here made up of bodies with very low density contrast. The first layers are unconsolidated Quaternary sediments, which may have densities less than
1,700 kg/m3 and as low as 1,300 kg/m3 . In our model, horizons were picked from
the high-resolution seismic profile, but the densities (1,500 and 1,700 kg/m3 ) could
be overestimated, and thus result in shallower anomalies.
The dominant feature is the structural uplift of higher density material compared to the surrounding compacted or unconsolidated sedimentary layers. The
upper boundary is well defined through the seismic profiles available, as opposed
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Fig. 4.25 A comparison between the modelling results for the trend-corrected model as shown in
Fig. 4.24 and the uncorrected one. The only difference is an additional interface (top basement),
which separates the sedimentary body from bedrock. This interface is not constrained by seismic
reflection data

to the densities related to the layers. We observe that the amplitude of the observed
gravity anomaly is somewhat smoother and shallower than the modelled values.
One possible reason for this is that the modelling approach using a 2-dimensional
cross-section, which in the case of a circular structure as craters results in an
overestimation of the amplitude of relative lows and highs.
Assuming a symmetric distribution of the model bodies an asymmetric distribution of the calculated gravity anomaly is observed, when compared to the trend
corrected observation. Therefore, we calculate the anomaly for the same model configuration, but with an additional layer, which represents the underlying bedrock
and the top basement interface and compared to the uncorrected gravity signal
(Fig. 4.25). The resulting modelled anomaly shows a better fit than for the corrected
on, which is mainly due to the fact that the bedrock interface is not represented
by a simple slope but more complex shape. For the trend correction, only a dipping layer was assumed when as simple slope was subtracted. From these models,
the Mjølnir crater diameter itself is only about 20 km, and much smaller compared
to earlier estimates (Tsikalas et al. 1998a–c). Note that this value corresponds to
the maximum transient cavity diameter (16–20 km, Gudlaugsson 1993; Tsikalas
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et al. 1998b; Shuvalov et al. 2002) where the greatest part/volume of impactrelated allochthonous breccia (Ragnarok Formation) resides (Figs. 1.11, 4.13, and
4.15). The area influenced by the impact event, due to shattering or disturbing
the subsurface in the vicinity of the crater is larger. Also the intense and wideranging gravitational collapse as modelled by Shuvalov et al. (2002) might affect
the morphology of that site, but cannot be resolved by gravity measurements.

4.7 Impact-Induced Changes in Physical Properties
Terrestrial craters have geophysical characteristics that are largely associated with
the passage of a shock wave and the initiation of subsequent crater forming processes. The most conspicuous geophysical signature is a residual negative gravity
anomaly (Pilkington and Grieve 1992) caused by low-density material resulting
from both lithological and physical changes associated with the cratering process
(Grieve and Pesonen 1992). The gravity low commonly extends to or slightly
beyond the crater rim. In addition, there is a tendency for the gravity signature of
>30-km-diameter complex craters to exhibit a central positive high, ascribed to central structural uplift (e.g., Pilkington et al. 1994; Plescia 1996). However, it is the
counteracting processes of structural uplift and brecciation that determine the final
density distribution within the impact-affected rock volume.
The Mjølnir gravity data are of high quality and analysis of cross-over errors
indicates minimal deviations (Tsikalas et al. 1998c). The residual free-air gravity field exhibits a circular symmetric anomaly over the structure. The anomaly is
divided into an annular low with an outer diameter of 45 km attaining minimum
values of –1.5 mGal over the periphery, and a central 14-km-wide gravity high with
a maximum value of +2.5 mGal (Figs. 4.8 and 4.9) (Tsikalas et al. 1998c). The
spatial correspondence of the seismically defined structure with the central positive gravity high and the surrounding annular low suggests a causal relationship
(Figs. 4.11, 4.12, and 4.13). According to the compilation of gravity anomalies of
impact craters in sedimentary targets by Pilkington and Grieve (1992), a structure of
the size of Mjølnir should produce an annular low of about –7 mGal. Nonetheless,
the observed value of –1.5 mGal is still within the –1 to −11 mGal annular anomaly
range determined by a number of craters. The moderate Mjølnir gravity signature
is ascribed to several combined effects. The primary cause of the annular gravity
low is the impact-induced porosity increase from extensive fracturing and brecciation. However, less pervasive brecciation in the relatively soft sediments may
contribute to a smaller amplitude gravity low (Pilkington et al. 1995). In addition,
strong modification of the density field takes place as a result of mass-transport during gravitational collapse and rebound of the crater floor displacing denser strata to
shallower depths beneath the centre of the structure. We infer that the lowering of
density by impact-induced porosity, which is expected to be at maximum in the central part of the crater, does not overcome the effect of the elevated high density rocks.
Therefore, the lateral density distribution associated with the seismically defined
disturbance at Mjølnir is characterized by a central high with relatively elevate density contrast, whereas the peripheral region has negative contrast. Subsequently,
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the impact cratering processes are followed by lesser, long-term alteration due to
differential compaction of post-impact sediments (Tsikalas et al. 2002b; Tsikalas
and Faleide 2007), which may reduce the density contrast between the crater periphery and platform, thus decreasing the amplitude of the annular gravity low. It is
important to realise however that ~1.5–2 km of the post-impact sediments have been
eroded later (e.g., Nyland et al. 1992).
The magnetic signature of impact craters is variable. The most common impact
effect is a broad magnetic low, primarily observed in crystalline target impacts,
resulting from disturbance of the regional magnetic trends.
In addition, the presence of local magnetic anomalies can be ascribed to uplift
of magnetized rocks or impact-generated melt bodies (Pilkington and Grieve 1992).
The amount of melt generated by impacts into sedimentary targets is expected to be
comparable to that generated in crystalline target rocks, but with a more dispersed
and scattered rather than coherent character (Kieffer and Simonds 1980; Cintala and
Grieve 1994). A common feature of both the shipborne- and aero-magnetic surveys
(and corresponding data processing) is the low amplitude of any observed magnetic
anomaly within Mjølnir, and thus absence of shallow impact-related macroscopic
melt bodies, as also evidenced by the available seismic reflection dataset (Figs. 4.10,
4.11, 4.12, 4.13, and 4.21). Magnetic modelling does not conclusively identify any
magnetized melt sources and the majority of the anomalies may be mainly attributed
to dislocation of weakly magnetized platform sediments. Although the magnetic signature above impact craters is more variable than the gravity signature, the magnetic
response of Mjølnir is also within the range expected for impacts in sedimentary targets (Pilkington and Grieve 1992). Finally, the robust traveltime anomaly at the top
Permian reflector (Figs. 4.12, 4.13, and 4.14) is ascribed to the positive velocity
anomaly beneath the central high.
Fracturing and brecciation is expected to induce changes in the seismic velocity
(Pilkington and Grieve 1992). The lateral changes may, in turn, produce pull-up or
pull-down effects on continuous reflectors below the impact structure. Extensive
analysis of stacking velocities and sonobuoy profiles (Fig. 3.2 and Table 3.1)
has not resolved major lateral changes with reference to the Bjarmeland Platform
strata. However, even small lateral velocity anomalies may induce robust traveltime
anomalies in planar reflectors. Indeed, the seismic profiles reveal a small pull-up
of the high-amplitude, originally planar top Permian reflector beneath the structure.
The traveltime anomaly is 16 km in diameter and rises to +80 ms beneath the central
crater (Figs. 4.11 and 4.14) (Tsikalas et al. 1998c, 2002b).
Integrated geophysical modelling results support the lateral differentiation of the
Mjølnir seismic disturbance into a central high and a peripheral region (Fig. 4.12).
A qualitative model to explain the modelled distribution of physical properties postulates interaction of several cratering processes including formation of transient
cavity, brecciation, gravitational collapse, and structural uplift (Tsikalas et al. 1998c,
1999). The primary effect of the impact event is an impact-induced porosity-increase
due to extensive fracturing and brecciation. Subsequent modification of the density field takes place as a result of mass-transport during gravitational collapse
and structural uplift of the crater floor displacing deep, denser strata to shallower levels beneath the central structure. Furthermore, differential compaction of
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post-impact sediments results in long-term alteration of the impact-induced density field. Absence of high-amplitude seismic reflectivity (Tsikalas et al. 1998a,
b) precludes the presence of impact-generated compact melt bodies or sheets of
reasonable dimensions. In fact, the modelling (Tsikalas et al. 1998c) demonstrates
that the observed low-amplitude magnetic anomalies can be interpreted in terms
of dislocation of weakly magnetized platform strata, perhaps associated with local
concentrations of dispersed melts or minor melt dikes in the peripheral region
(Figs. 4.11 and 4.13). Moreover, the geophysical data are not compatible with alternative origins for the structure, such as salt or clay diapirs and igneous complex
(Tsikalas et al. 1998c). In contrast, the Mjølnir geophysical signatures are consistent with those produced by similar-sized craters elsewhere (Tsikalas et al. 1998c).
Thus, the spatial correspondence of structural features and geophysical anomalies
substantiate the impact interpretation.

4.8 Mjølnir as an Oblique Impact Event
Numerical simulations of meteorite impacts (e.g., O’Keefe and Ahrens 1999;
Pierazzo and Melosh 1999) have shown that the shock wave produced in an oblique
impact is roughly hemispherical in spite of the obliquity, although it is weaker
than the shock wave produced by a vertical impact at the same velocity. This
is in accordance with the cratering record, which reveals that the circularity of
craters on different planets is a first-order morphological characteristic (Spudis
1993; Alexopoulos and McKinnon 1994; Grieve and Pesonen 1996). The circularity underscores the first-order symmetry created by large impacts down to very low
angles of incidence as a result of near-symmetry in the propagation of the shock
wave front and symmetry of gravitational collapse during the modification stage
(e.g., Melosh 1989), although the far-field shock stress distribution may retain asymmetry in terms of intensity (Dahl and Schultz 2000, 2001). Recently a number of
detailed diagnostic structural and geophysical signatures of oblique terrestrial, and
planetary, impacts based on interior crater features have been appreciated. These
characteristics include asymmetries on e.g. crater morphology and shape, on central high/peak ring morphology and placement, and on nature and distribution of
ejecta (e.g., Manson crater, Schultz and Anderson 1996; Chicxulub crater, Schultz
and D’Hondt 1996; Toms Canyon probable impact structure, Poag and Poppe 1998;
cratering record on Venus, Schultz 1992). Here, a re-assessment of the established
structural and geophysical Mjølnir signatures is carried out searching for evidence
that point out to an impact obliquity.

4.8.1 Elongated Crater Diameter
The seismic reflection database has revealed in detail Mjølnir’s distinct radial
zonation pattern of the impact-induced relief (Figs. 4.1 and 4.2) composed of a
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Fig. 4.26 Histogram of the
crater diameter vs. azimuth at
1◦ intervals around the entire
Mjølnir periphery normalized
to the 40 km average crater
diameter. The normalized
histogram lengths range 0–1

12-km-wide complex outer zone, including a marginal fault zone and a modestly
elevated peak ring, a 4-km-wide annular depression, and an uplifted central high,
8 km in diameter. Sharp boundary faults form a 150–100-m-high, near-circular rim
wall and separate highly deformed strata within the crater from intact platform strata
(Figs. 4.1 and 4.2). The most representative diameter for the near-circular Mjølnir
crater periphery was found to be 40 km (Tsikalas et al. 1998a, b).
The well-established Mjølnir crater structure and morphology (Fig. 4.1) is further
used as the basis for detailed measurements on the crater diameter. In particular, the
crater diameter is estimated at 1◦ intervals for a 360◦ circle at Mjølnir’s periphery,
and after normalization to the 40 km average crater diameter the residuals are plotted
versus the azimuth direction. The resulting histogram (Fig. 4.26) reveals that there is
a dominant elongation of the structure in a N-S/NNE-SSW direction, and a second,
smaller, elongation trend at a ESE-WNW direction (Tsikalas 2005).

4.8.2 Seismic Disturbance Asymmetry
The regional grid of multichannel seismic profiles combined with the fan-like geometry of the single-channel seismic surveys provides a dense coverage of the structure
at all directions (Fig. 4.1). Figure 4.27 shows three deep multichannel seismic profiles stacked with three shallow single-channel profiles. All profiles cross the central
high and are aligned along the geometric crater center. Note that the latter is defined
as the center position where a 40-km-diameter circle best fits the near-circular
Mjølnir crater periphery. For each profile the ratio of the two radii, on the left
and right side, between the crater center and the rim faults is estimated (Fig. 4.27;
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Fig. 4.27 Interpreted multichannel (top three) and single-channel (bottom three) seismic reflection
profiles stacked along the geometric crater center. In profile (a) selected reflector segments are
connected to visualize the clear up-range structural uplift offset
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Table 4.4 Crater radii asymmetry factors (dimensionless) defined as the ratio of the two radii, on
the left and right side, between the geometric crater center and the rim faults of each of the profiles
(a–f) illustrated on Fig. 4.27
Profile (Fig. 4.27)

Asymmetry factor (direction)

a
b
c
d
e
f

1.33 (N)
1.12 (NW)
1.14 (NW)
1.07 (N)
1.17 (NE)
1.15 (NW)

Table 4.4). If the crater radii on each profile were symmetrical, a ratio of ~1.0 is to
be expected. The analysis provides a crater radius asymmetry factor for each profile
and reveals a consistent asymmetry towards the northward direction (NW/N/NE) in
the order of ~1.16, with a range of 1.33–1.07 (Table 4.4) (Tsikalas 2005).
The impact-induced seismic disturbance at Mjølnir has a parabolic bowl-shape at
the center of the structure and turns into a shallow broad-brim towards the periphery
(Figs. 4.2 and 4.27). This distinct shape evolved during gravitational collapse of the
transient cavity wall and progressive outward expansion of the crater by inwards dipping fault-blocks floored on low-angle décollement surfaces (Tsikalas et al. 1998a,
b, 1999; Tsikalas and Faleide 2004). The crater radius asymmetry (Table 4.4) is
directly translated to a similar asymmetry in the lateral extend of the shallow broadbrim part of the impact-induced seismic disturbance (Fig. 4.27). It also appears that
the shallow part of the seismic disturbance is not only elongated but also slightly
shallower in the same northward-direction (Fig. 4.27, profile a). Furthermore, the
decompacted-thickness contour map of the intensely disturbed zone in Fig. 4.28 is
directly related to the transient cavity bounded approximately at the perimeter of the
annular basin and reaches ~5 km in depth. It appears that the transient cavity maximum depth is offset by 2–2.5 km to the south-southwest relative to the geometric
crater center (Fig. 4.28).

4.8.3 Peak-Ring Character
The outer perimeter of the annular basin, thought to represent the maximum possible
diameter of the short-lived transient cavity during the excavation and modification
stages (Tsikalas et al. 1998b; Shuvalov et al. 2002), as well as the subfloor compression crater limit (Schultz 1992; Schultz and Gault 1992), exhibits a slightly raised
relief (Figs. 4.1, 4.2, and 4.5). Although irregular in shape, and varying in width
from 1 to 3 km, the raised relief gives the impression of a subdued ring structure,
similar to those typically found in peak ring craters, and was thus referred to as a
peak ring feature by Tsikalas et al. (1998b).
In the greatest detail, the peak ring at Mjølnir is clearly defined as a raised neararcuate feature delineated by opposite dipping faults with 10–30 m throws (Fig. 4.1).
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Fig. 4.28 Morphological
characteristics of the
decompacted impact-induced
intensely disturbed zone
(confer Figs. 4.11 and 4.27;
dark-grey raster) derived
through mapping of the entire
seismic reflection dataset.
Light-shading denotes the
central bowl-shape part of the
disturbance approximately at
the limit of the annular basin;
dark-shading denotes the
transient cavity maximum
depth. Contour interval in
meters

This characteristic shape becomes less clear in the N- and NE-directions where the
raised relief is breached and the peak ring remains open, being replaced by faults
facing the crater center (Fig. 4.1).

4.8.4 Offsets in Brecciation and Structural Uplift
Impact craters on sedimentary targets have the advantage, in comparison with similar structures on crystalline targets that the regular, pre-impact stratification of these
targets provides reference horizons against which the impact-induced structures can
be identified and mapped by seismic reflection studies. Such studies have provided
an effective means of mapping the large-scale geometrical structure at depth with a
high-degree of horizontal and vertical resolution (e.g., Morgan and Warner 1999).
At Mjølnir, seismic mapping and analysis of the deeper structure levels in combination with gravity and seismic-velocity modelling, and with detailed numerical
simulations have provided greater insight into several cratering processes, such as
brecciation and excavation, gravitational collapse of the transient crater, and structural uplift (Tsikalas et al. 1998a–c; Shuvalov et al. 2002). The integrated analysis
supports the lateral differentiation of the Mjølnir seismic disturbance into a central uplift and a peripheral region (Fig. 4.2). The primary effect of the impact event
is an impact-induced porosity increase due to extensive fracturing and brecciation
(Pilkington and Grieve 1992; Tsikalas et al. 2002b). Subsequent modification of the
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density field takes place as a result of mass transport during gravitational collapse
and structural uplift of the crater floor displacing deep, denser strata to shallower
levels beneath the central structure (Fig. 4.2) (Tsikalas et al. 1998a–c; Shuvalov
et al. 2002).
The models for Mjølnir are directly supported by the observed free-air gravity and seismic velocity anomalies. In particular, the residual free-air gravity field
exhibits a circular anomaly over the structure (Fig. 4.29a). The anomaly is divided
into an annular low, with an outer diameter of 45 km, attaining minimum values
of –1.5 mGal over the periphery, and a central 14-km-wide gravity high, with
a maximum value of +2.5 mGal (Tsikalas et al. 1998c). It appears that the 0mGal gravity anomaly contour exhibits a distinct elongated-shape in the SW-NE
direction (Fig. 4.29a). In addition, the annular gravity low (<–0.5 mGal), which is
directly connected with the region of most intense fracturing and brecciation, closely
resembles a U-shaped central pit open to the northeast (Fig. 4.29a).
The deep seismic profiles provide evidence of upward bending reflector segments
beneath the central high and the annular basin, indicating elevation of deep strata
to shallower levels (Fig. 4.27). By measuring the difference in depth between the
extrapolated top of selected upward bending reflector segments beneath the central
high and their most likely equivalent subhorizontal interfaces the structural uplift
was estimated to be 1.0–1.5 km and when decompacted ~1.5–2.0 km, fitting the theoretical expectations for the Mjølnir dimensions (Fig. 4.27) (Tsikalas et al. 1998a).
The north-south profile in Fig. 4.27 (profile a) clearly shows a maximum structural uplift lateral offset of 2–2.5 km towards the south from the geometric crater
center. Similarly, the gravity central peak that corresponds to the maximum structural uplift (Tsikalas et al. 1998c) is laterally offset by ~1.5–2 km to the southwest
from the geometric crater center (Fig. 4.29a). Furthermore, fracturing and brecciation are expected to induce changes in the seismic velocity expressed as pull-up or
pull-down effects on continuous reflectors below the impact structure. Indeed, the
seismic profiles reveal a small pull-up of the high-amplitude, originally planar top
Permian reflector beneath the structure (Fig. 4.2). The mapped traveltime anomaly
is 16 km in diameter and rises to +80 ms beneath the central crater (Fig. 4.29b),
corresponding to a +175 m/s seismic velocity anomaly (Figs. 4.11–4.14) (Tsikalas
et al. 1998c). It appears that the central traveltime anomaly has a slightly elongated
shape in the SW-NE direction and its top is slightly offset by ~2 km to the WSW
from the geometric crater center (Fig. 4.29b) (Tsikalas 2005).

4.8.5 Impact Direction and Angle
The Mjølnir crater lies on the Bjarmeland Platform in the central Barents Sea, which
represents a stable sedimentary platform since Late Paleozoic times without evidence for considerable tectonism during its evolution (Faleide et al. 1993, 2008;
Gudlaugsson et al. 1998). At the time of impact, ~142 Ma (Jurassic-Cretaceous
transition), the region contained Upper Paleozoic strata, mainly carbonates and
evaporites, overlain by 4–5 km thick Mesozoic siliciclastic sediments (Worsley
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Fig. 4.29 (a) Residual free-air gravity anomaly map with 0.25 mGal contour interval, (b) Residual traveltime anomaly map at the top Permian reflector
(confer Figs. 4.9 and 4.14) with 10 ms contour interval
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et al. 1988; Gabrielsen et al. 1990). As indicated by the regional sequence thicknesses of Triassic and Jurassic strata (Fig. 4.27) the Bjarmeland Platform at the
time of impact exhibited a minor dip of 0.5◦ towards the south, and the preimpact Mesozoic successions appear sub-horizontal without presence of any angular
strata or angular unconformities (Gabrielsen et al. 1990; Gudlaugsson et al. 1998).
Furthermore, the post-impact sedimentary succession initially filled the subtle
impact-generated crater relief on the sea bottom and subsequently deposited uniformly above the entire structure (Tsikalas et al. 1998a; Tsikalas and Faleide 2007).
Therefore, we exclude the possibility that the observed asymmetric structural and
geophysical patterns may be caused by any pre-impact irregularities in the regional
sea-bottom topography or sequence stratigraphic relations of older strata, as well as
by post-impact activity.
The detailed analysis in this study has revealed several evidences that, when
combined with the established diagnostic structural and geophysical asymmetries of
oblique impacts (e.g., Schultz 1992; Schultz and Anderson 1996; Sugita and Schultz
2002), can be directly related to impact direction and angle estimates for the Mjølnir
impact. First, the N-S/NNE-SSW elongated crater diameter translates into impact
from a similar northward or southward direction without, however, definition of the
explicit azimuth. The same impact direction is further supported by the observed
slight elongation of crater diameter in the ESE-WNW direction as such elongation, approximately traverse to the impact trajectory, has been reported for both the
Manson (Schultz and Anderson 1996) and Chicxulub (Schultz and D’Hondt 1996)
craters. A similar northward or southward impact direction is also supported by the
elongated shape of the 0-mGal gravity anomaly contour. Second, the asymmetry and
elongation in both the crater radius and the shallow broad-brim part of the impactinduced seismic disturbance towards a northward direction is the first evidence for
an impact from the southward direction. Third, the breached and open towards N/NE
peak ring in combination with the horseshoe shape of the annular gravity low which
remains open in NE, further support a southwestern impact direction. The shape
of the annular gravity low is connected with intense up-range brecciation and a
down-range shallower excavation. Fourth, the transient cavity maximum-depth lateral offset by ~2–2.5 km towards the south-southwest from the geometric crater
center, combined with a similar structural uplift lateral offset towards the south, a
similar central gravity high offset towards southwest, and an elongated traveltime
central anomaly offset towards WSW, all demonstrate an up-range highest elevation
offset and, thus, support an impact direction from south-southwest.
Two different approaches, a quantitative and a qualitative one, were followed to
define the angle, measured from the horizontal, of the Mjølnir impact. The quantitative approach is based on laboratory experiments and crater studies on Venus
relating the effect of impact angle on the ratio of crater diameter to central high/peak
ring diameter (Schultz and Gault 1990; Schultz 1992), as well as insights from
structural and shock asymmetries (Schultz and Anderson 1996; Dahl and Schultz
2000, 2001). A possible impact angle ranging 30◦ –45◦ , is found to be representative for the Mjølnir dimensions. The qualitative approach uses the results obtained
by the laboratory experiments of Gault and Wedekind (1978) and the numerical
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computations of O’Keefe and Ahrens (1985) for oblique impacts at various angles.
For all resulting crater geometries, crater radii asymmetry factors are calculated by
fitting a parabolic-shaped transient cavity and the results are extrapolated to the
full range of impact angles. A possible impact angle of ~45◦ was estimated, ranging 30◦ –60◦ , based on the crater radius/seismic disturbance asymmetry factors for
Mjølnir (Table 4.4).
Planetary crater studies and laboratory experiments showed that the oblique penetration phase of the impactor appears to be at least in part preserved within the
central crater: The up-range offset of transient cavity, structural uplift and central
gravity peak, and the down-range breach of the peak-ring zone are consistent with
the extended region of energy transfer created during the early penetration stages by
an oblique impact (Schultz and Gault 1990; Schultz 1992). A similar down-range
shallower excavation and up-range offset of the central gravity high connected with
oblique impacts are revealed at detailed gravity studies on lunar complex impact
craters (Zuber et al. 1995). However, based on a comprehensive statistical approach
for Venusian oblique impact craters, Ekholm and Melosh (2001) argued recently
that the preserved transient cavity asymmetry in the final crater, which is observed
in simple craters, does not necessarily hold in complex craters. Although the clarity
of this issue is still debatable, the various lines of evidence presented in this study
for Mjølnir all point towards a similar impact direction from the south/southwest.

4.8.6 Mjølnir Impact Obliquity Constrains Models for Near-Field
Perturbations
Numerical simulations and experimental analogues have shown that obliquity is
accompanied by less energy transfer from the projectile to the target (e.g., Gault and
Wedekind 1978; Hayhurst et al. 1995; Schultz 1996; Burchell and Mackay 1998;
Ivanov and Artemieva 2002). The Mjølnir energy release estimates of Tsikalas et al.
(1998b) were made considering an elevation impact angle of 45◦ based, at that time,
on well-known probability arguments (Shoemaker 1962; Shoemaker et al. 1990).
The energy release was estimated to be in the order of 16 × 1020 J (range of 2.4–
53 × 1020 J), translating into 3.8 × 105 megatons TNT equivalent (range of 5.7
× 104 – 1.2 × 106 ) (Tsikalas et al. 1998b). An oblique impact at a ~45◦ (possibly
30◦ –45◦ ) angle, as estimated in this study, is expected to have resulted in similar
energy release.
Energy release dissipation at the proposed trajectory and angle for the Mjølnir
impact may have a direct consequence on the distribution of proximal ejecta and
tsunami-waves following the cessation of the impact-related processes at the impactsite. This is because the oblique impact most probably has created a down-range
sector/corridor of thicker ejecta deposits and greater water column disturbance
(Fig. 4.30). Such a sector/corridor may have been responsible for a geographic
variation of short-term perturbations/environmental stress magnitude on the Barents
Sea and adjacent regions, as it may have intensified the stress at a specific location
and left the others almost unaffected.
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Fig. 4.30 Mjølnir impact location with possible range of impact direction azimuth and down-range
area of possible maximum ejecta deposits and water column disturbance, shown at a ~142 Ma
plate reconstruction based on Lawver et al. (1999) and overlaid on a simplified paleogeographic
synthesis based on Brekke et al. (2001) approximately at the time of impact. FJL, Franz Josef Land

4.8.6.1 Nature and Distribution of Proximal Ejecta
Theoretically, the volume of material displaced from the crater equals the volume of
excavated cavity (Croft 1985; Melosh 1989). Geophysical observations constrain the
volume of a parabolic excavated cavity to 180 km3 (Tsikalas et al. 1998b), whereas
numerical simulations indicate a volume of ~230 km3 (Shuvalov et al. 2002). The
ejecta layer is expected to be thickest close to the crater rim, decreasing rapidly
with distance from the crater center (Tsikalas et al. 1998b; Shuvalov et al. 2002).
Accepting an oblique Mjølnir impact from the south/southwest, ejecta iso-thickness
contours will probably not be circular around the crater site, but rather elongated
towards the north/northeastern direction (Fig. 4.30). This issue is further discussed
in detail together with Mjølnir numerical simulations (confer Chap. 8).
Borehole evidence for the Manson crater case (e.g., Anderson et al. 1996) substantiate that ejecta deposits are thinnest in the up-range direction and that only
the top target layers are ejected due to shallower excavation as a result of oblique
impact (Schultz and Anderson 1996). At Mjølnir, possible shallower penetration and
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excavation may be the reason for the small discrepancies in the estimated transient
cavity depth of 4–5 km versus 6 km and the excavated/ejected volume of 180 km3
vs. 230 km3 , based on geophysical observations and numerical simulations, respectively (Tsikalas et al. 1998b; Shuvalov et al. 2002). Note that numerical simulations
have for simplicity considered a vertical incidence for the Mjølnir impact (Shuvalov
et al. 2002). Furthermore, the fact that the shocked quartz grains and the iridium
anomaly peak are located at the base and top, respectively, of the 80-cm-thick ejecta
deposit at borehole 7430/10-U-01 (Fig. 4.1) (Dypvik et al. 1996) may have possibly resulted from a multistage ejecta emplacement, similar to those attributed to
oblique impacts as revealed by laboratory experiments and planetary impact crater
studies (Schultz and Gault 1990; Schultz 1992; Schultz and D’Hondt 1996). Again,
this issue is further discussed in detail together with Mjølnir numerical simulations
(confer Chap. 8).
Magnetic modelling has indicated that only low quantities of dispersed-character
melts localized in the crater periphery may have been produced during the watercovered, sedimentary target Mjølnir impact (Tsikalas et al. 1998c). A similar
absence of considerable impact glass and melts at Manson crater has been also
attributed to the sedimentary target and, more importantly, to the obliquity of the
impact as this results in shallower target penetration and less direct energy transfer from the projectile to the target (Izett et al. 1993; Schultz and Anderson 1996).
Recent geochemical analyses of samples from the Mjølnir central crater core (borehole 7329/03-U-01, Fig. 4.1) have showed the absence of (Cr, Co, Ni) or weak (Ir)
siderophile-element anomalies (Sandbakken 2002). This translates into a low abundance or total absence of projectile material in the crater itself, being consistent with
oblique impact models. In such models a large fraction of the projectile material
retains a net down-range motion and fragments of it may survive the impact, due to
higher ejection velocity and lower shock compression, and may be deposited outside the crater proper (Schultz 1996; Pierazzo and Melosh 2000; Artemieva and
Shuvalov 2001; Dypvik et al. 2004a, c, 2006; Shuvalov and Dypvik 2004).
4.8.6.2 Tsunami-Wave Distribution
The growing crater rim and ejecta curtain following the Mjølnir impact form a water
surge that eventually breaks up and causes the formation of several waves that, in
turn, together with reflected waves, will generate tsunamis. Tsunami wave heights
resulting from a vertical incidence Mjølnir impact at various radii from the impact
site have been calculated based on different approaches (Tsikalas et al. 1998b;
Shuvalov et al. 2002) (see Chap. 10). Although the impact tsunami theory for vertical incidence impacts is well understood (e.g., Ward and Asphaug 2002), there is
an almost total absence of computational experiments of tsunami-wave distribution
resulting from oblique impacts.
Due to the relatively shallow water-target depth, we visualize an oblique Mjølnir
impact (south/southwest azimuth at ~45◦ angle, possibly 30◦ –45◦ ) to have generated a greater down-range water column disturbance, probably giving rise to
faster travelling tsunami-waves at the down-range rather than the up-range region
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Fig. 4.31 Schematic cross-section diagrams showing the proposed formation sequence of the
Mjølnir crater, with focus on the ejecta distribution and water-column disturbance, resulting from
an oblique impact from south/southwest. Detailed hydrocode simulations of a vertical-incidence
Mjølnir impact are provided by Shuvalov et al. (2002)

(Fig. 4.31) (Tsikalas 2005). Such scenario is better approximated with the non axissymmetrical propagation of tsunamis resulting from submarine slides (Ward 2001).
Additional and more advanced tsunami propagation scenarios are discussed in
Chap. 10.
The ~80-cm-thick ejecta layer at borehole 7430/10-U-01 (Fig. 4.1) (see Chap. 6)
is the thickest Mjølnir ejecta detected so far. The minor thickness ejecta detected on
Svalbard (≤1 cm; Dypvik et al. 2004b) and the absence (undetected so far despite
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the intense efforts) of tsunami-deposit signatures on NE Greenland, are additional
evidence for the obliquity of the Mjølnir impact and possible geographic indications
in ejecta and tsunami-waves distribution patterns. The proposed conceptual model
(Figs. 4.30 and 4.31) envisages thickest ejecta distribution and faster travelling (thus
most devastating) tsunami waves concentrated in the area between Svalbard and
Novaya Zemlya. The analysis clearly shows the importance of impact direction and
angle in the distribution pattern of ejecta and tsunamis, and further research must,
therefore, focus on the proposed down-range region (Fig. 4.30).

