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Abstract–Post-impact crater morphology and structure modifications due to sediment loading are
analyzed in detail and exemplified in five well-preserved impact craters: Mjølnir, Chesapeake Bay,
Chicxulub, Montagnais, and Bosumtwi. The analysis demonstrates that the geometry and the structural
and stratigraphic relations of post-impact strata provide information about the amplitude, the spatial
distribution, and the mode of post-impact deformation. Reconstruction of the original morphology and
structure for the Mjølnir, Chicxulub, and Bosumtwi craters demonstrates the long-term subsidence
and differential compaction that takes place between the crater and the outside platform region, and
laterally within the crater structure. At Mjølnir, the central high developed as a prominent feature
during post-impact burial, the height of the peak ring was enhanced, and the cumulative throw on the
rim faults was increased. The original Chicxulub crater exhibited considerably less prominent peak-
ring and inner-ring/crater-rim features than the present crater. The original relief of the peak ring was
on the order of 420–570 m (currently 535–575 m); the relief on the inner ring/crater rim was 300–
450 m (currently ∼700 m). The original Bosumtwi crater exhibited a central uplift/high whose
structural relief increased during burial (current height 101–110 m, in contrast to the original height of
85–110 m), whereas the surrounding western part of the annular trough was subdued more that the
eastern part, exhibiting original depths of 43–68 m (currently 46 m) and 49–55 m (currently 50 m),
respectively. Furthermore, a quantitative model for the porosity change caused by the Chesapeake Bay
impact was developed utilizing the modeled density distribution. The model shows that, compared
with the surrounding platform, the porosity increased immediately after impact up to 8.5% in the
collapsed and brecciated crater center (currently +6% due to post-impact compaction). In contrast,
porosity decreased by 2–3% (currently −3 to −4.5% due to post-impact compaction) in the peak-ring
region. The lateral variations in porosity at Chesapeake Bay crater are compatible with similar porosity
variations at Mjølnir crater, and are considered to be responsible for the moderate Chesapeake Bay
gravity signature (annular low of −8 mGal instead of −15 mGal). The analysis shows that the
reconstructions and the long-term alterations due to post-impact burial are closely related to the
impact-disturbed target-rock volume and a brecciated region of laterally varying thickness and depth-
varying physical properties. The study further shows that several crater morphological and structural
parameters are prone to post-impact burial modification and are either exaggerated or subdued during
post-impact burial. Preliminary correction factors are established based on the integrated
reconstruction and post-impact deformation analysis. The crater morphological and structural
parameters, corrected from post-impact loading and modification effects, can be used to better
constrain cratering scaling law estimates and impact-related consequences.

INTRODUCTION

Approximately 175 terrestrial impact structures are currently
known (e.g., Grieve et al. 1995; Abels et al. 2002; Gersonde et al.
2002; Earth Impact Database 2006). Marine-target impact

craters represent ∼20% of known craters, a number that is
much too low given that more than two-thirds of the Earth’s
surface is covered by water. This is attributed mainly to plate
tectonic destruction processes, sparsity of detailed seismic
reflection data from deep-water regions, and the difficulty in
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identifying buried or exposed submarine craters (e.g., Ormö
and Lindström 2000; Dypvik and Jansa 2003). The sparcity of
marine craters can be also ascribed to the burial of marine
craters by post-impact sediments. Post-impact sediments can
reach considerable thicknesses. Although protective at initial
stages, extensive burial and associated processes, such as
mechanical and chemical compaction and diagenesis may
eventually lead to considerable changes in the original crater
structure and morphology. Extensive post-impact modifications
may obscure many marine impact craters in sedimentary, water-
covered targets. The same post-impact processes may result in
alterations in typical/expected geophysical signatures at such
structures. The post-impact structural and morphological crater
modification is, generally, an overlooked process because
planetary research of impact structures (where post-impact
sediment loading is mostly absent) dominated the impact-
related research until recently. In addition, the terrestrial
impact record is dominated by crystalline-target impacts
on land (e.g., Melosh 1989). Furthermore, post-impact
modifications are difficult to quantify if an extensive and
dense geophysical dataset of seismic reflection profiles
and potential field data is not available, which is usually
the case. The impact-induced lateral change in porosity
within an impact crater is a key property for understanding
impact processes, post-impact compaction, and crater
burial history. Although several impact craters have
experienced considerable post-impact burial (Table 1),
quantification of this process is almost entirely absent
from the terrestrial impact record, and therefore a great
need exists for such studies.

In this study, post-impact crater structure modifications
are examined in detail and exemplified in several well-
preserved impact craters such as Mjølnir, Chesapeake Bay,
Chicxulub, Montagnais, and Bosumtwi. Direct post-impact
effects in geophysical crater response are also quantified,
contributing to a better understanding of the post-impact
processes and evolution due to sediment loading. This
quantification improves the potential for better
identification and recognition of marine impact craters
on sedimentary targets. The study deals only with
imposed effects due to post-impact sediment loading and
not other post-impact geological processes, such as long-
term tectonism (e.g., Sudbury crater, Milkereit et al. 1994) or
hydrothermal alterations (Naumov 2002) that may cause
considerable changes in the impact structure or morphology.

POST-IMPACT INFILLING

In marine impacts, post-impact infilling starts with the
collapse of the impact-induced water cavity during the
modification crater stages (Fig. 1). Collapse of this cavity starts
at its base and causes a flow of water and rock debris toward the
crater center (e.g., Shuvalov 2002). These processes at marine-
target craters may explain the lack of a raised crater rim at the
Mjølnir (Tsikalas et al. 1998a, 1998b; Tsikalas and Faleide
2004), Lockne (Sturkell and Lindström 2004), Chesapeake Bay
(Poag et al. 1994, 2004), and Chicxulub (e.g., Morgan et al.
2002a) craters, and the beveled crater rim at Montagnais
crater (Jansa et al. 1989; Jansa 1993) (cf. Figs. 2 and 3). In
marine-impact craters, the impact event leaves a depression on
the sea floor into which a considerable amount of sediment is
subsequently deposited (Fig. 1).

At Mjølnir (Table 1), continuous sedimentation during
the Barremian stage completely buried the impact structure
(Fig. 2), and about 1.5–2 km of siliciclastic sediments were
subsequently deposited during the Cretaceous-Tertiary period
(e.g., Dimakis et al. 1998; Tsikalas et al. 1998a). Late
Cenozoic uplift and glacial erosion removed most of the post-
impact sediments and sheared the top of the central high
(Fig. 2a). Two shallow boreholes, one near the center and
another ∼30 km from the crater periphery, together with the
extensive seismic reflection coverage, provide a detailed
chronostratigraphic framework for the post-impact strata at
Mjølnir (Tsikalas et al. 2002a). The cross sectional profiles
(Fig. 2) reveal that variations in sedimentary thicknesses are
influenced by the crater. In particular, most of the post-impact
units over the marginal fault zone thicken and sag
considerably (Fig. 2b). The discernible thinning of the unit
deposited immediately after impact over the peak ring
(TD-UB unit of earliest Berriasian-earliest Barremian age;
Fig. 2) is evidence for the early existence of the peak ring as a
positive feature resulting from the impact. Moreover, the
depression around the central high exhibits gradual infilling
by progressive accumulation of sediments into the original
annular basin, which became completely buried prior to the
deposition of the Intra-Barremian unit (IB1-IB2; Fig. 2a). The
residual depth of the annular basin at the level of the impact
horizon (reflector TD) is ~50 ms (70 m), decreasing to ~35 ms
(50 m) at reflector UB (earliest Barremian), whereas the relief is
completely smoothed above reflector IB1 (Intra-Barremian).
The seismic profiles also indicate onlap against the central high

Table 1. Well-preserved and well-studied impact craters that experienced post-impact burial and related modifications.

Crater Locality
Age 

(Ma)
Diameter 
(km)

Target water depth 
(m)

Maximum post-impact 
overburden 
(km)

Chicxulub Yucatán, Mexico 64.98 ± 0.05 170–310 <50 1–1.5
Chesapeake Bay Virginia, USA 35.5 ± 0.3 85 200–500 0.5–1
Montagnais Nova Scotia, Canada 50.5 ± 0.76 45 100–150 1
Mjølnir Barents Sea, Norway 142 ± 2.6 40 400–600 2–2.5
Bosumtwi Ghana  1.07 10.5 (exposed) 0.3
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for most of the early, pre-intra-Barremian (pre-IB1), post-
impact sediments. The increase in reflection coefficients
between the strata onlapping the central high (Fig. 2a) suggests
lateral changes in depositional facies, possibly including
turbidite deposits on the steep flanks of the high.

Numerous shallow boreholes in the near vicinity of the
Chesapeake Bay crater (Table 1; Fig. 3a) (Poag et al. 2004)
and the new USGS-NASA Langley (Horton et al. 2005a,
2005b) and the International Continental Drilling Program
(ICDP)-USGS (Gohn et al. 2006) coreholes provide a detailed

chronostratigraphic scheme for the siliciclastic post-impact
units. There are no precise estimates of the maximum amount
of post-impact sediments deposited over the structure. From
available seismic reflection profiles (Poag et al. 2004) and
utilizing uniform interval velocities of 2–2.5 km/s for the
entire post-impact sequence, the maximum post-impact
succession is estimated to be ~800 m (ranging from 700–
950 m). The impact-related Exmore breccia at Chesapeake
Bay crater is overlain by the upper Eocene Chickahominy
Formation (Fig. 3a), which is a silty clay unit 60–100 m thick,
has distinct thickness variations within the crater, and
diminishes in thickness beyond the crater rim (Poag 1996). In
addition, sagging and differential subsidence make the
Chickahominy Formation mimic the geometry of the underlying
Exmore breccia body (Fig. 3a) (Poag et al. 2004). A similar

Fig. 1. Schematic cross section showing the Mjølnir impact, resultant
radially varying physical property changes, and deformation types.
Reflectors UB and LB bound the time of impact (cf. Fig. 2). SF =
seafloor; URU = Late Cenozoic upper regional unconformity; UB =
lower Barremian; TD = impact horizon (the first continuous reflector
above the seismic disturbance); LB = Upper Callovian; TP = top
Permian; d = low-angle décollement; DZ = area of intensely
disturbed seismic reflections; TZ = transitional area of less
disturbance. The crater model geometry (fourth panel) illustrates the
modeled impact-produced physical property changes (cf. Fig. 10):
modeled  density contrasts are given in kg/m3, seismic velocities in
m/s, and porosity anomalies in %.

Fig. 2. Mjølnir crater high-resolution single-channel seismic reflection
profile examples and interpretations across a) the crater center, and b)
across the crater rim. M = marginal fault zone; P = peak ring; IB1 and
IB2 = Intra-Barremian reflectors. Other annotations as in Fig. 1.
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trend is observed at Mjølnir where the TD-UB limestone bed
mimics the original crater relief (Fig. 2) (Tsikalas et al. 1998a,
2002b). Furthermore, all post-impact units exhibit discernible
depositional and structural thickening and sagging above the
Chesapeake Bay structure (Fig. 3a). Similar to the
Chickahominy Formation, several Oligocene and lower
Miocene post-impact units are considerably thin or absent
beyond the crater’s rim (Poag 1996; Poag et al. 2004),
providing evidence for the persistence of the impact-induced
morphological relief for a long time after the Chesapeake Bay
physical impact.

The Chicxulub crater (Table 1) is considered a relatively
intact and pristine impact crater covered by a thick post-
impact Paleogene and Neogene basin filled, in the central
crater region, by a thickness of ∼1–1.2 s two-way travel time
of marine sediments (Figs. 3b and 3c). Several onshore wells

and mainly the ∼1.5 km deep ICDP Yaxcopoil-1 borehole
provide detailed information for the post-impact Cenozoic
stratigraphy above the structure (e.g., Kenkmann et al. 2004;
Popov et al. 2004). Utilizing seismic velocity information
from the seismic reflection and refraction experiments
(Brittan et al. 1999; Christeson et al. 1999; Mackenzie et al.
2001; Morgan et al. 2002a, 2002b), a uniform velocity of
∼2.5 km/s can be chosen as a representative average for the
entire post-impact succession at Chicxulub, and has been
used for depth-conversion in our analysis. A variable
classification has been used over the years to describe the
discernible impact-induced structural ring features within and
in the near vicinity of Chicxulub (e.g., Morgan and Warner
1999; Snyder and Hobbs 1999a). However, it seems that a
consensus has recently been reached defining a prominent
peak ring within the crater, which is bounded by the crater
rim, with an outer ring and a weak exterior ring in the crater
vicinity (e.g., Morgan et al. 2002b). Figure 3b comprises part
of the Chicx-B seismic profile (Snyder and Hobbs 1999b) that
does not exhibit exactly the typical dimensions for the
structural elements at Chicxulub. The feature in the southeast
on Fig. 3b is the peak ring, while the one in the northwest can
be part of a more composite peak ring structure, or can be
considered as an “inner ring” (Morgan and Warner 1999, their
Figs. 4 and 6; Poag et al. 2004, their Fig. 10.25) that is closely
related to the crater rim, as it exhibits the largest
morphological relief. We chose the latter terminology (“inner
ring”) as more convenient to differentiate the two prominent
elements (Fig. 3b) in our further analysis. Furthermore, the
depressions around the prominent peak ring and “inner ring”
appear to have filled gradually by progressive accumulation
of sediments (Figs. 3b and 3c). In particular, the residual
depth of the depression between the two elements at the level
of the impact horizon (top of impact breccia; K/T boundary)
is 550–600 ms (~700 m), decreasing to 200–250 ms (~300 m)
at reflector R1, and 100–125 ms (~150 m) at reflector R2,
whereas the relief is almost smoothed stratigraphically farther
above (black triangles, Figs. 3b and 3c). The seismic profiles
also indicate onlap against the peak ring for most of the pre-
R1 post-impact sediments (Figs. 3b and 3c). Reflector R1
represents the first continuous reflector to have surpassed and
covered the impact-induced relief, whereas reflector R2
represents the stratigraphic level above which the inherited
original impact structure is minimal. Based on interpolation
of the onshore Yaxcopoil-1 borehole stratigraphy and seismic
profile ties, a preliminary age of ∼40 Ma (middle Eocene) was
assigned close to reflector R2 (Bell et al. 2004).

At Montagnais crater (Table 1), continuous reflections
from post-impact strata of Eocene to Holocene age are
observed along seismic reflection profiles tied to the deep-
well drilled on the central uplift/high (Jansa et al. 1989;
Pilkington et al. 1995), and there is clear evidence of draping
of these sequences on the flanks of the central uplift (Fig. 3d).
Several periods of submarine current erosion at post-impact

Fig. 3. Interpreted seismic reflection profiles across well-preserved
impact craters that experienced post-impact burial and related
modifications. a) Chesapeake Bay crater (profile crossing the
northwest side of the crater rim [modified from Poag 1996]). CF =
Chickahominy Formation. b) Chicxulub crater (re-interpreted part of
profile Chicx-B across the northwest side of the crater rim [Snyder
and Hobbs 1999b]). For reflectors R1 and R2, see discussion in the
text. c) Chicxulub crater (re-interpreted part of profile Chicx-A1
across the northwest side of the crater rim [Snyder and Hobbs
1999b]). d) Montagnais crater (profile across the entire structure
[modified from Jansa et al. 1989]). e) Bosumtwi crater (re-interpreted
part of profile B2000-1 [Scholz et al. 2002]).
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times are also observed, particularly recognizable by the deep
channel that cuts into the deposits southwest of the
Montagnais central uplift (Fig. 3d) (Jansa et al. 1989). It is
believed that the central high/uplift of the structure was a
positive relief feature above the seafloor and an obstacle to
ocean-bottom currents during post-early Eocene times (e.g.,
Jansa 1993). This is inferred because the depth of erosional
channeling diminishes northward from the center of the
structure (Fig. 3d). The central part of the structure is covered
by ∼0.5 km of post-impact sediments that reach ∼1 km in
thickness in the annular depressions. The variable thickness
of impact breccia is closely connected to both the post-impact
erosive undulations and thickness variations of the post-
impact strata, indicating prolonged influence of the impact-
induced relief and differential sediment loading, especially in
the annular depressions surrounding the central high/uplift of
the structure (Fig. 3d). 

At Bosumtwi crater (Table 1), the post-impact sediments
covering the crater structure are 150–300 m thick (Fig. 3e)
(Karp et al. 2002; Scholz et al. 2002), and the recent ICDP
coring resolved the post-impact stratigraphy (Koeberl et al. 2006).
The present-day central uplift/high, with a diameter of 1.9 km
and a maximum height of 130 m, was a positive feature
immediately after impact as progressive onlap and distinct
thickness variations are present within the post-impact
sediments (Fig. 3e). Following impact and subsequent sediment
accumulation, the impact-induced morphologic relief was
diminished (Fig. 3e, black triangles) and progressive
accumulation of lacustrine sediments led to post-impact
deformation. This is evidenced by the slight sagging of the
sequences deposited after complete burial of the original
impact relief, and by fault reactivation on the central uplift/
high. These faults were likely initiated during collapse of the
transient crater (Scholz et al. 2002; Artemieva et al. 2004) and
later reactivated due to differential sediment loading and
compaction (Fig. 3e).

Several other impact structures are known to have been
buried by considerable amounts of post-impact sediments,
which potentially could have triggered modifications, but
data for a comprehensive analysis do not exist. Such
structures include (among others) the Manson (e.g., Hartung
and Anderson 1996), Ames (e.g., Carpenter and Carlson
1997), and Lockne (von Dalwigk and Ormö 2001) craters.
The Silverpit structure (Stewart and Allen 2002, 2005) is not
considered here, as it has not yet been shown to be a genuine
impact crater.

Post-impact infilling can complicate seismic
interpretation and it may be difficult to differentiate impact-
related from post-impact sequences. Seismic profiles with
good resolution (Figs. 2 and 3) may help reduce these
complications. The depositional influence of the impact-
induced relief can take millions of years to diminish
depending on the local sedimentation rate and may be
followed by complete burial of the crater-related morphology.

In particular, at Mjølnir crater complete burial of the impact-
induced morphological relief was completed during
Barremian time, i.e., ∼15 million years after the impact
(Jurassic-Cretaceous boundary, Smelror et al. 2001). Continued
deposition subsequently created a substantial overburden. For
the Chicxulub crater, Bell et al. (2004) postulated a spatially
progressive infilling. In particular, the western and
northwestern parts of the Chicxulub post-impact Cenozoic
basin were filled ∼25 million years after the impact, whereas
during a major marine regression a shelf progradation took
place in the east ∼45 million years after the impact (in Early
Miocene). Similarly, at Chesapeake Bay complete burial of
the structural crater relief may have required ∼15 million
years, as lower Miocene units are considerably thin or absent
beyond the crater’s rim (Poag 1996; Poag et al. 2004).

DIFFERENTIAL VERTICAL MOVEMENTS

During an impact, the propagating shock-pressure waves
give rise to extensive in situ fracturing and autochthonous
target-rock brecciation (Fig. 1). Impact-induced porosity
changes have been identified in damage zones below several
craters (e.g., Pilkington and Grieve 1992; O’Keefe et al.
2001) and it is considered that the lateral change in porosity

Fig. 4. Generalized porosity-depth functions for sedimentary rocks
also incorporating the impact-produced porosity change. Shading
denotes a constant porosity anomaly function, whereas hatching
denotes an exponentially decreasing function. The various porosities,
Ø, are described in the text; Ø0′ is the expected initial/surface
porosity of the impact-induced porosity-depth function Ø′, and Ø0 is
the porosity anomaly between the initial/surface porosities Ø0 and
Ø0′ (modified from Tsikalas et al. 2002a). 



2018 F. Tsikalas and J. I. Faleide

within an impact structure (especially in a sedimentary target)
is a key property in understanding impact processes, post-
impact compaction, and crater burial history (Tsikalas et al.
2002a).

Compaction

An exponential reduction function is considered to best
approximate the porosity-depth relationship for a compacted
sedimentary section (e.g., Wyllie et al. 1956, 1958; Gardner
et al. 1974; Sclater and Christie 1980). By introducing an
impact-induced porosity change (Fig. 4), the new porosity-
depth function, Ø′, which defines the compaction in the
crater, becomes:

Ø′ = Ø0 e−cz + Ø (1)

where Ø0 is the initial porosity, c is the compaction constant,
ΔØ is the porosity anomaly induced by the impact, and z is the
total overburden (present and eroded). The impact-induced
porosity anomaly (ΔØ) can be considered either as constant
(retained until present) or as exponentially decreasing (ΔØ =
ΔØ′ e−cz) during burial (Fig. 4).

Seismic reflection profiles across the well-preserved
Mjølnir, Cheseapeake Bay, Chicxulub, Montagnais, and
Bosumtwi craters (Figs. 2 and 3) clearly reveal post-impact
sedimentary thickness variations and lateral facies changes
governed by the underlying crater relief. In a generic model
for post-impact burial (Fig. 5a), the impact depression is
originally filled, and as deposition continues, the crater
becomes extensively buried. The progressive loading and the
considerable burial trigger structural reactivation and
differential compaction (Fig. 5b). In comparison to the
undisturbed platform strata (Fig. 5), differential compaction
occurs within the crater boundaries due to the existence of
both a thick volume of impact-affected and syn-impact rocks
together with a thicker post-impact relief-filling unit.
Similarly, differential compaction and subsidence occur
internally across the crater due to existing lateral thickness
variations of the extensively deformed (fractured, brecciated,
and structurally elevated) rock volume below the impact
horizon (Fig. 1).

Faulting

Analysis of faulting at several craters (Table 1) has
shown secondary post-impact phases of faulting in addition to
the primary impact-induced phase. Post-impact faulting is
closely related to reactivation of major faults generated
during impact and initiation of several new faults related to
the differential compaction processes (Figs. 2–5).

At Mjølnir crater, detailed structural and stratigraphic
analysis shows that the faulting is of varying amplitude and
spatial extent, and that there are two major post-impact phases
of faulting in addition to the impact-induced phase (Tsikalas

et al. 1998a). The impact-induced faulting (LB-TD) is mainly
observed within the marginal fault zone; it gave rise to rim
faults with throws of ∼30–70 ms (45–105 m) (Fig. 2). It is
followed by the post-impact Intra Barremian (UB-IB1) and
post-Intra Barremian (IB2-URU) phases, separated by a
tectonically quiet period during the deposition of unit IB1-
IB2 where the surface expression of the crater is buried and
disappeared (Fig. 2). Both post-impact phases of faulting at
Mjølnir are related to differential vertical movements caused
by the development of the thick overburden above the
structure (Tsikalas et al. 1998a, 2002b). At Chesapeake Bay
crater, differential compaction of the impact-related Exmore
breccia is responsible for an extensive number of normal-
offset growth faults and fault systems within the post-impact
sedimentary succession (Fig. 3a) (e.g., Poag 1996; Poag et al.
2004). The faults mainly cluster in concentric orientations
throughout the post-impact strata. The majority of these
compaction faults cut through most of the post-impact
succession and their throws decrease up-section, indicating
that they are growth faults, along which long-term continuous
or intermittent movement has taken place (Fig. 3a) (e.g., Poag
et al. 2004). At Chicxulub crater, several small-throw faults
restricted to the Cenozoic post-impact succession are
observed and are mainly concentrated above the “inner ring”
and peak ring (Fig. 3b) and the crater rim (e.g., Bell et al.
2004). In detail, the internal post-impact depositional patterns
reveal discrete fluxes in relative post-impact vertical
movements, with sedimentation initially diminishing the
impact-generated relief and subsequent differential
compaction creating additional relief that is also filled (black
triangles, Figs. 3b and 3c). The latter is possibly
accommodated by faulting on top of the prominent structural
elements (Fig. 3b). Similarly, at Montagnais crater post-
impact reactivation of impact-related faults is observed,
mainly at the faults bounding the thick breccia bodies
surrounding the central high/uplift (Fig. 3d). At Bosumtwi
crater, post-impact fault displacements within the lacustrine
section is in the order of 1–3 m, with a maximum offset of 15
m just above the central uplift/high that was prone to
reactivation (Fig. 3e) (Scholz et al. 2002).

Reconstruction of the Original Crater Relief

The well-preserved impact structures (Table 1; Figs. 2
and 3) have shown that the distribution and character of the
post-impact succession have been influenced initially by the
crater structure and morphology, and subsequently by the
long-term subsidence of a thick overburden, differential
between the un-consolidated impact breccia (autochthonous
and allochthonous) inside the crater, and the semi-
consolidated or unconsolidated pre-impact sedimentary
column outside the crater (Figs. 4 and 5). Therefore,
reconstruction of the immediately-after-impact crater relief is
of great importance in order to elucidate the post-impact
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evolution, and to provide an original crater relief for volume
balance (cratering scaling laws) calculations and comparison
with the terrestrial impact record. The approach employed in
this study is reconstruction and backstripping of all post-
impact sequences in which the deposition has been influenced
by the underlying crater relief. Sediment decompaction and
fault restoration at time steps, corresponding to post-impact
seismo-stratigraphic boundaries, were carried out using the
Basin Modelling Toolbox (Fjeldskaar et al. 2004) software for
the Mjølnir, Chicxulub, and Bosumtwi craters, which can be
considered endmembers in the post-impact burial spectrum
receiving an overburden of 2–2.5 km, 1–1.5 km, and 0.3 km,
respectively (Table 1). For Mjølnir, we update the results
based on the analysis of Tsikalas et al. (1998a), whereas for
Chicxulub and Bosumtwi craters, we have conducted an
analysis that represents a new aspect of their existing studies.

At Mjølnir (Fig. 6), the depth-conversion was based on
the velocity-depth function of Tsikalas et al. (1998b). A well-
log derived porosity-depth relationship for siliciclastic sediments
(Øo ∼55%; c 0.42 km−1) developed for the southwestern Barents
Sea (Tsikalas 1992) was used to decompact the post-impact
sequences. In addition, a uniform Early Cretaceous paleowater-
depth of 500 m was incorporated, consistent with the shallow
marine depositional environment (Dypvik et al. 1996; Smelror
et al. 2001). The Mjølnir crater currently lies beneath ∼50–800 m
of post-impact sediments (Fig. 6f) (e.g., Tsikalas et al. 1999). Of
major importance in the reconstruction analysis is the fact that
about 1.5–2 km of siliciclastic sediments were deposited
during Cretaceous-Tertiary times (Fig. 6d) (e.g., Dimakis
et al. 1998) and were later removed (Fig. 6e) during the Late

Cenozoic glacial erosion. Reconstruction suggests that the
impact resulted in a very shallow structure with an average
crater depth of only ∼30 m (Fig. 6a), taken as the depth relative
to the pre-impact surface to the top of the allochthonous
breccia (reflector TD) (Tsikalas et al. 1998a). Furthermore, the
reconstruction dramatically changes the width and height of
the central high, as the original crater exhibited a narrower-
than-present central high, 4.5–5 km in diameter, that stood
∼80 m above the surrounding platform level, in comparison
with the present 8 km diameter width and 250 m height
(Figs. 6a and 6f). On the other hand, the annular basin was
quite prominent with a maximum depth of ∼70 m, while the
peak ring was not well-developed in the original crater
(Figs. 6a and 6f). Furthermore, the reconstruction suggests
that on this profile, the original thickness of the allochthonous
breccia in the marginal fault zone was ∼125–200 m and was
reduced by compaction to 75–115 m. Similarly, the original
throw on the rim faults when corrected for reactivation and
compaction was only 75–105 m, as compared with the
cumulative throw of 120–150 m (Tsikalas et al. 1998a). In
summary, the decompaction and fault restoration approach at
Mjølnir (Fig. 6) demonstrates that the deformation associated
with the extensive post-impact overburden considerably
enhanced the structural expression of an originally subtle
crater and that the present distinct crater expression is largely
a post-impact burial phenomenon (Fig. 6) (Tsikalas et al.
1998a).

For Chicxulub crater, the depth-converted section
illustrating the peak-ring and “inner-ring” features was used in
the reconstruction (Figs. 7a and 8a). The peak ring and “inner

Fig. 5. Schematic diagram of post-impact differential compaction across the crater rim. a) Immediately after the post-impact infilling of the
crater, and b) at present. Hi and Hf = initial and present (after post-impact burial) thickness of impact-affected and syn-impact sediments,
respectively; hi and hf = initial and present (after post-impact burial) thickness of post-impact crater infill, respectively; s = the present and
eroded overburden above the infilled crater; Δs = observed differential compaction (modified from Tsikalas et al. 2002a).
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ring” at an average radius of 40 and 60 km from the crater
center, respectively, are irregular and rugged (Figs. 3b, 3c, 7a,
and 8a). The seismic reflection profiles at Chicxulub show
that typically the peak ring is narrow and prominent, ∼550 m
above the crater floor in Figs. 7a and 8a (400–600 m
elsewhere), in the west and northwest, and broader and less
prominent (200–300 m above crater floor) to the east and
northeast, as in Fig. 3c (e.g., Morgan et al. 1997).
Backstripping reconstruction at Chicxulub was employed at
two time-steps defined by the sequences bounded by
reflectors R2 and R1 in which the deposition has been
influenced by the underlying crater relief (Figs. 7 and 8). The
Tertiary sediments of the onshore Yaxcopoil-1 borehole are
dominated by carbonaceous siltstone to limestone deposits
(e.g., Arz et al. 2004; Kenkmann et al. 2004; Popov et al.
2004). Nevertheless, it was argued that the thick offshore
post-impact strata may also contain several siliciclastic
deposits as revealed from the seismo-stratigraphic
depositional patterns, including prominent progradating

clinoform buildups (Bell et al. 2004). In order to include
various alternative possibilities, numerous porosity-depth
relationships (Ø0 and c combinations) ranging between
siliciclastic (sand- and shale-dominated alternatives and
mixtures), carbonaceous and dolomitic strata were used to
decompact the post-impact succession at Chicxulub (Figs. 7 and
8, models 1–3). In addition, two different paleowater depths
were used. Initially, a uniform paleowater depth of 60 m (that
approximates the current water depth) was used for the
backstripped time steps (Figs. 7b and 7c). Finally, a
differentiated paleowater depth of 350 m and 100 m was used
for the R2 and R1 time steps, respectively (Figs. 8b and 8c),
based on the estimates derived from the progradating
clinoform geometries (Bell et al. 2004).

Reconstruction at Chicxulub shows that the restored peak
ring was not only considerably subdued by comparison with
the present configuration, but that the two nearby peak-ring
and “inner-ring” structural elements underwent a
differentiated post-impact evolution (Figs. 7 and 8). In

Fig. 6. Reconstruction of the Mjølnir original crater relief along an
east-west trending profile by decompaction and fault restoration of
the entire post-impact sedimentary succession. Time steps (a–f)
correspond to the main unit boundaries. CH = central high; AB =
annular basin; OZ = outer zone. Other annotations as in Figs. 1 and 2
(modified from Tsikalas et al. 1998a).

Fig. 7. Reconstruction of the Chicxulub original crater along the a)
depth-converted profile in Fig. 3b (re-interpreted part of profile
Chicx-B across the northwest side of the crater rim) by backstripping
and decompaction utilizing a paleowater depth of 60 m that
approximates the current water depth. Reconstruction time steps at
reflectors b) R2 and c) R1. A full spectrum of porosity-depth
compaction relations of impact and post-impact rocks is incorporated
(models 1–3). Ø0 = initial/surface porosity; c = compaction constant.
See text for more comprehensive discussion on the reconstructions.
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particular, the current ∼700 m relief of the “inner ring” was
originally 300–450 m (Figs. 7 and 8). Similarly, the current
∼550 m (range 535–575 m) relief of the peak ring above the
surrounding depressions was originally ∼500 (range 420–
570 m). Note that currently the “inner ring” stands ∼150 m
above the peak ring (Figs. 7a and 8a), whereas reconstruction
shows that immediately after impact this relation was reversed,
and the peak ring stood higher by ∼100 m (Figs. 7c and 8c).
Therefore, there has been a cumulative relative vertical
movement of ∼250 m between the two prominent structural
features. The reconstruction suggests that the post-impact
evolution is closely related to the structurally disturbed
volume at Chicxulub, containing zones of weakness and a
brecciated region of variable thickness at depth (e.g.,
Christenson et al. 2001; Morgan et al. 2002a). Furthermore,
the peak ring lies directly over the inner edge of the collapsed
transient cavity and appears to have no consistent gravity or
seismic velocity signature (Pilkington et al. 1994; Sharpton et al.
1996; Brittan et al. 1999; Morgan et al. 2000; Christeson et al.
2001). The position of the peak ring above the inner edge of the
last slumped blocks is evidence that the peak ring is not
vertically uplifted basement material that is emergent through
impact breccia (Brittan et al. 1999). The peak ring in Figs. 3b,
7a, and 8a is underlain by a thick volume of crater-fill breccia
in comparison to the “inner ring,” which is underlain by a
smaller volume of impact breccia on top of the inward-
slumped blocks (Morgan and Warner 1999, their Figs. 4 and
6; Poag et al. 2004, their Fig. 10.25). The nature and location
of both structural elements governed their post-impact
differential subsidence behavior, with the peak-ring and its
surrounding depressions being prone to greater subsidence in
comparison to the “inner ring” (Figs. 7 and 8). Based on
isostatic balancing assumptions utilizing the elastic thickness
of the crust and time constants for crustal relaxation, Bell
et al. (2004) provided subsidence estimates that reveal an
original impact-horizon topographic relief in the range of
450–700 m between the crater and the surrounding platform.
In Figs. 3b, 7a, and 8a (part of profile Chicx-B; Snyder and
Hobbs 1999b), this specific relief corresponds to the relief
between the “inner ring”/crater rim and the depression
bounding it from the peak ring. Our analysis employing
detailed backstripping and decompaction demonstrates that
the model of Bell et al. (2004) underestimates the post-
impact load effect. The conducted reconstruction (Figs. 7 and
8) provides a robust model for the post-impact structure
evolution as it accounts for a broad spectrum of porosity-
depth compaction relations between impact-related and post-
impact rocks and fits with the impact-induced structures and
geometries.

For Bosumtwi crater, we used the depth-converted
section in Fig. 3e in the reconstruction analysis.
Backstripping and fault restoration was performed at the post-
impact stratigraphic level where the impact-induced
morphologic relief was diminished (black triangles in Fig. 3e;

Fig. 9). As at Chicxulub, we used a broad spectrum of
porosity-depth relationships (Ø0 and c combinations) to
decompact the post-impact succession at Bosumtwi crater
(Fig. 9). We used two different uniform paleowater depths:
75 m, which approximates the current water depth (Fig. 9a),
and 200 m, used as the maximum possible paleowater depth
level (Fig. 9b). Reconstruction at Bosumtwi shows a
discernible post-impact evolution for the central uplift/high
and the two depressions/annular troughs (western and
eastern) surrounding it (Fig. 9). In particular, the current
110 m height (on this particular profile) of the central uplift/
high, measured from the base of the western depression, was
originally 95 m (range 85–105 m), whereas the current 101 m
height of the central uplift/high, measured from the base of the
eastern depression, was originally 103 m (range 95–110 m). On
the other hand, the current 46 m depth of the western
depression (measured from its base up to the relief on its right
side) was originally 55 m (range 43–68 m), whereas the
current 50 m depth of the eastern depression (measured from

Fig. 8. Reconstruction of the Chicxulub original crater along the a)
depth-converted profile in Fig. 3b (re-interpreted part of profile
Chicx-B across the northwest side of the crater rim) by backstripping
and decompaction utilizing paleowater depths of 350 m and 100 m
for reflectors R2 and R1, respectively. Reconstruction time steps at
reflectors b) R2 and c) R1. A full spectrum of porosity-depth
compaction relations of impact and post-impact rocks is incorporated
(models 1–3). Ø0 = initial/surface porosity; c = compaction constant.
See text for more comprehensive discussion on the reconstructions.
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its base up to the small terrace on its left side) was originally
52 m (range 49–55 m) (Fig. 9). Recent integrated analysis of
gravity and borehole petrophysical data and modeling has
shown laterally varying physical properties at Bosumtwi,
which are related to impact cratering processes (Ugalde et al.
2005, 2007). Our reconstruction results (Fig. 9) appear to be
in accordance with the latter gravity and petrophysics
analysis. Similar to the Mjølnir and Chicxulub craters, the
post-impact evolution of Bosumtwi crater is closely related to
the impact-disturbed target-rock volume and a brecciated
region of variable thickness and physical properties at depth.
The western part of the reconstructed profile (Fig. 9)
compacted relatively more, as it was underlain by a more
porous impact breccia unit, whereas the central uplift/high

and the eastern depression subsided relatively less, as they
were underlain by less porous, melt-rich breccia related to
structural uplift (Fig. 9) (Ugalde et al. 2005, 2007).

CHANGES IN GEOPHYSICAL
SIGNATURE RESPONSE

A better understanding of crater deformation may be
reached by resolving the lateral changes and the interplay
between target-rock physical properties (porosity, density,
and seismic velocity) during and after impact based on
geophysical data and modeling, and numerical modeling of
cratering mechanics (e.g., Morgan et al. 2000; Shuvalov et al.
2002; Tsikalas et al. 2002a).

At Mjønir, a quantitative model for the porosity change
caused by the impact has been developed using density and
seismic traveltime/velocity distributions and post-impact
sediment deformation (Fig. 10) (Tsikalas et al. 1998c, 2002a).
This model uses well-known equations describing the
interrelation between porosity, density, and seismic velocity
(Wyllie et al. 1956, 1958; Schlumberger Educational Services
1987, 1989). The model integrates the impact-induced
porosity anomaly (Ø) and the corresponding new porosity-
depth function (Ø′) (Fig. 4), as well as post-impact
differential compaction effects (Fig. 5). The integrated
geophysical modeling at Mjølnir demonstrates a close
correspondence of geophysical anomalies to the radially
varying distribution of structural and morphological units,
and to the physical properties distribution. Specifically, the
impact resulted in an extensive, 850–1400 km3 (Tsikalas et al.
1998b), seismically disturbed volume at the impact site
(Fig. 10), which exhibits relatively increased porosities and
decreased densities and velocities in the highly fractured,
brecciated, and collapsed crater periphery. In contrast, the
crater center is characterized by decreased porosities and
increased densities and velocities, as crater floor rebound and
structural uplift processes prevailed (Fig. 10). This setting led
to differential subsidence and compaction faulting within the
structure, reactivated older faults (especially rim faults), and
initiated new ones (Figs. 2, 6, and 10). The extensive post-
impact burial (Fig. 6d) led the brecciated periphery to
compact more than the denser central crater, resulting in the
central high at Mjølnir standing higher than the surrounding
platform (Figs. 2, 6, and 10). In comparison to the dramatic
impact cratering processes, post-impact burial produced more
subtle, long-term alterations which reduced the porosity (and
thus density) contrasts between the crater periphery and the
platform. 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. However, the
observed value for Mjølnir is only −1.5 mGal (Fig. 10),
though this is still within the range of −1 to −11 mGal
determined from a number of craters. Although we recognize

Fig. 9. Reconstruction of the Bosumtwi impact crater along the depth-
converted profile in Fig. 3e by backstripping and fault restoration at the
post-impact stratigraphic level where the impact-induced morphologic
relief was diminished (black triangles in Fig. 3e). a) A uniform
paleowater depth of 75 m was utilized. b) A uniform paleowater depth
of 200 m was utilized. A full spectrum of porosity-depth compaction
relations of impact and post-impact rocks is incorporated (models 1–3).
Ø0 = initial/surface porosity; c = compaction constant. See text for
more comprehensive discussion of the reconstructions.
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that the Mjølnir impact in relatively soft marine sediments
may have led to less pervasive brecciation than in continental
settings, we conclude that the reduced annular gravity low is
also closely connected to the extensive post-impact burial.
Therefore, interaction of impact-induced and post-impact
processes accounts for the lower-than-expected gravity (and
seismic velocity) values, and the corresponding porosity
distributions and levels (Fig. 10).

Based on the methodology developed for Mjølnir (Tsikalas
et al. 2002a), we have produced a preliminary quantitative
model for the porosity changes in the Chesapeake Bay crater
(Fig. 11) using the density distributions of Poag et al. (2004;
their Fig. 4.37B). Compared with the surrounding sediments,
the porosity increased immediately after impact up to 8.5% in
the collapsed and brecciated crater center, whereas porosity
decreased by 2–3% in the peak ring region. The lateral
differentiation of density and porosity, and most probably
seismic velocity, is attributed (as at Mjølnir) to the interaction
and local spatial prevalence of cratering processes, including
brecciation, gravitational collapse, and structural uplift. These
processes were responsible for the large seismically disturbed
rock volume at the impact site (Figs. 3a and 11). Following

impact, the crater was progressively buried by a ∼800 m
(range of 700–950 m) thick overburden (Table 1), which
caused differential compaction of the extensively brecciated
central part of the crater fill. This compaction has
significantly affected the post-impact crater evolution and
decreased the porosity anomaly to values of +6% in the center
and −3 to −4.5% in the peak ring region (Fig. 11). A structure
of the size of Chesapeake Bay crater should produce an
annular gravity low of about −15 mGal (Pilkington and
Grieve 1992). Nonetheless, the observed value of −8 mGal
(Fig.  11)  (e.g., Poag  et  al.  2004)  is  still  within the −7 to
−20 mGal annular gravity anomaly range determined from a
number of craters. We recognize that the Chesapeake Bay
impact may have been smaller in released energy than its final
diameter would indicate based on recent insights from
numerical modeling (Collins and Wünnemann 2005). In
contrast to Mjølnir, the relatively thin pre-impact sedimentary
section at Chesapeake Bay (1–1.5 km; Powars and Bruce 1999;
Poag et al. 2004) above crystalline basement would not
account for less-pervasive, soft sediment brecciation.
Therefore, the moderate Chesapeake Bay gravity signature, in
accordance with a similar behavior of the Mjølnir gravity

Fig. 10. Geophysical type section along a northwest-southeast trending profile at Mjølnir crater. a) Observed free-air gravity and seismic travel
time anomalies and modeled porosity anomaly. b) Interpreted high-resolution single-channel profile. c) Interpreted multi-channel profile (a–
c modified from Tsikalas et al. 1998a–c, 2002a). d) Impact crater model with calculated physical property distribution. The crater model
geometry in (d) is corrected for regional tilt, and the modeled density contrasts are given in kg/m3, the seismic velocities in m/s, and the
porosity anomalies in %. The type section is representative for the structural and morphological radial zonation of Mjølnir crater. Annotations
as in Fig. 1.
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response, may be partly ascribed to lesser, long-term alteration
due to post-impact burial, which reduced the porosity, and thus
density contrasts between the crater structure and the
surrounding undisturbed sediments (Fig. 11).

CORRECTION OF CRATER MORPHOLOGICAL 
AND STRUCTURAL PARAMETERS

Parameters Prone to Post-Impact Burial Modification

The quantitative reconstructions for Mjølnir, Chicxulub,
and Bosumtwi craters, together with studies of other craters
(Table 1; Fig. 3), demonstrate the great importance of long-
term deformation processes operating after impact. As we have
shown, the effects of extensive deformation are cumulative and
may enhance or subdue the underlying crater morphology
(Figs. 2–9), and change the geophysical properties (Figs. 10
and 11).

Peak-ring and inner-ring features are prominent
morphological elements in complex impact craters (e.g.,
Melosh 1989). The peak ring represents the relict transient
crater rim uplift, at the location where the transient crater
diameter reached its maximum possible extent (Fig. 12a).
However, there is no general agreement for the formation
mechanism of rings in multi-ring basins and a variety of
models have been proposed (e.g., Schultz and Merrill 1981;
Melosh 1989; O’Keefe and Ahrens 1999; Grieve and
Therriault 2000). At Chicxulub, the peak-ring formation
(which is considered crucial in understanding the impact
cratering mechanics) is thought to have formed at the region
of interaction between upward and outward mass
displacement through structural uplift and inwards collapse of
the transient cavity (e.g., Morgan et al. 2000). Peak-ring
locations in complex craters are used to differentiate the true
transient crater diameter (Dt), which differs from the apparent
transient crater diameter (Dat, referred also as the excavated
crater diameter) (Fig. 12a). Utilizing the present-day peak-

ring elevation (∼550 m height, Fig. 7a), Morgan et al. (1997)
estimated the true and apparent transient crater diameters for
Chicxulub crater to be ∼118 and ∼100 km, respectively.
These, and other similar estimates, have been incorporated
into cratering mechanics analyses, volume balance (cratering
scaling laws) estimates, and impact-energy calculations for
Chicxulub (e.g., Sharpton et al. 1993, 1996; Hildebrand et al.
1998; Morgan et al. 2000). Our detailed decompaction and
backstripping analysis for Chicxulub crater (Figs. 7 and 8)
indicates considerably less prominent peak-ring and “inner-
ring”/crater-rim features in the original crater morphology.
The presence of an originally less prominent peak-ring
introduces some interesting geometrical relations that may
reduce the estimated extent of both the true and apparent
transient crater diameters (Fig. 12). In particular, the fit and
height of the paraboloid of resolution (which approximates
the form and vertical extent of the transient crater cavity) is
quite different when a less prominent peak ring (relict of the
transient rim uplift) is introduced (Figs. 12b and 12c).
Figure 12 shows that incautious use of the current peak-ring
height without any correction for post-impact burial
enhancement may lead to overestimation of the true and
apparent transient crater diameters.

Impact craters in sedimentary rather than crystalline
targets have the advantage that the regular, pre-impact
stratification provides reference horizons for correlation and
mapping of impact-induced structures (e.g., Morgan and
Warner 1999; Tsikalas 2005). At Mjølnir crater, the seismic
profiles provide evidence of reflector segments bending
upward beneath the central high and the annular basin,
indicating elevation of deep strata to shallower levels (Figs. 1
and 10) (Tsikalas et al. 1998b–c; Shuvalov et al. 2002).
Based on such geometries, structural uplift was estimated to
be 1.0–1.5 km, however, these values are low in comparison
with established empirical relations (Tsikalas et al. 1998b).
This is because the impacted sediments at Mjølnir have
compacted significantly under the load of a maximum post-

Fig. 11. Simplified Chesapeake Bay crater structure and residual gravity anomaly (modified from Poag et al. 2004), and calculated current and
immediately-after-impact porosity anomaly using the modeled density distribution.
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impact overburden of 2–2.5 km (Fig. 6) (Tsikalas et al.
1998a). When decompacted, the structural uplift estimates
for Mjølnir become ∼1.5–2.3 km. These values fit with the
predicted structural uplift based on the dimensions of Mjølnir
crater and the well-established empirical relations of
Pilkington and Grieve (1992) and Cintala and Grieve (1994)
that have a best estimate of 2.5 and 2 km, respectively. For
Chicxulub crater, seismic velocity models that were used to
refine the deep crustal structure indicate a lower limit on the
vertical extent of structural uplift of 9 km in the crater center
(Christeson et al. 2001). It is reasonable to consider that the
∼1–1.5 km post-impact overburden and consequent
compaction at Chicxulub considerably reduced any impact-
induced porosity excess in the central crater and that this is
also reflected in increased densities and seismic velocities in
the same area. Therefore, we believe that structural uplift
values based on velocity models for Chicxulub are
overestimated, as they do not account for the influence of
post-impact burial. Both the present-day enhanced peak-ring
morphology and structural uplift estimates for Chicxulub
have provided direct geophysical values to calibrate
numerical modeling of cratering mechanics and released
impact energy, which in turn are used to infer the anticipated
level of environmental perturbation (Schultz and D’Holdt
1996; Pierazzo et al. 1998; Pierazzo and Melosh 1999;
Morgan et al. 2000).

Post-Impact Modification Correction Factor

Several studies (Croft 1985; Melosh 1989, Pilkington
and Grieve 1992; Cintala and Grieve 1994; Grieve and
Pesonen 1996) have used crater structural and morphological
parameters (e.g., estimates of structural uplift, true and
apparent transient crater diameters, peak-ring height, rim-
height, and annular trough/basin depth) to reveal the cratering
processes operating during an impact. The resulting scaling
laws are then utilized to average and calibrate other
parameters, such as the excavated volume, melt production,
and released-energy spectrum. Therefore, overestimation of
morphological and structural features that are prone to post-
impact burial modification may lead to erroneous conclusions
regarding impact-related consequences on a variety of
operational scales.

We propose that the establishment of a “post-impact
modification correction factor” is prerequisite for several
craters. The factor is an estimate of the post-impact
morphological and structural changes discussed above,
geophysical signature changes, and subdued transient cavity
dimensions and structural uplift estimates. Application of the
“post-impact modification correction factor” should lead to
more accurate estimation of the impact-released energy and,
therefore, of related impact consequences. We have made a
preliminary attempt to quantify and average the post-impact
burial deformation at the five craters discussed herein

(Table 2). Based on our integrated analysis and original crater
reconstructions, the post-impact modification correction
factors are on the order of 0.35–0.65, 0.25–0.55, 0.25–0.35,
0.10–0.35, and 0.05–0.15 for Mjølnir, Chicxulub, Montagnais,
Cheseapeake Bay and Bosumtwi craters, respectively (Table 2).
The correction factors (pf) are indicative of the degree of post-
impact burial deformation, and provide a qualitative relation
between modification response and overburden thickness, and
a quantitative correction of crater morphological and structural
parameters utilized in cratering mechanics. These parameters
can be corrected as follows:

(2)

Fig. 12. Schematic diagram of the transient cavity, transient rim
uplift, and excavation cavity reconstructions without (a) and with (b),
(c) considerations of post-impact burial enhancement and relief
exaggeration. Dt = true transient crater diameter; Dat = apparent
transient crater diameter (referred also as the excavated crater
diameter). See text for more detailed description.

original crater
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Existing and future borehole petrophysical data
regarding post-impact deposits at Bosumtwi, Chesapeake,
and Chicxulub will further constrain the post-impact
modification correction factors and their further application
to other impact craters.

CONCLUSIONS

We have examined and exemplified post-impact crater
morphological and structural modifications caused by
sediment loading at five well-preserved impact craters such as
Mjølnir, Cheseapeake Bay, Chicxulub, Montagnais, and
Bosumtwi. In addition, we reconstructed the original crater
morphology for Mjølnir, Chicxulub and Bosumtwi craters by
sediment decompaction and fault restoration at time steps that
correspond to seismically discernible post-impact unit
boundaries. The reconstruction for Mjølnir demonstrates that
due to the thick (originally 2–2.5 km, but most of it later
eroded) post-impact overburden the central high developed
greater prominence, and the peak ring and the cumulative
throw on the rim faults were enhanced. Reconstruction of the
original Chicxulub crater (1–1.5-km-thick post-impact
overburden) indicates that the current ∼700-m-relief of the
“inner ring”/crater rim and the current 535–575 m relief of the
peak ring were originally 300–450 m and 420–570 m,
respectively. In addition, a cumulative relative vertical
movement of ∼250 m took place between the two prominent
structural features during post-impact burial. As a result, the
peak ring stands higher than the “inner ring”/crater rim in the
reconstructed crater. Reconstruction of the original Bosumtwi
crater (0.3 km thick post-impact overburden) revealed that the
current height of the central uplift/high of 101–110 m contrasts
with the original height of 85–110 m. In addition, the depth of
the western part of the depression/annular trough was
decreased more than the eastern part; original depths were 43–
68 m (currently 46 m) and 49–55 m (currently 50 m),
respectively. 

The reconstructions for the Mjølnir, Chicxulub, and
Bosumtwi craters are closely related to the impact disturbed
target-rock volume and a brecciated region that varies
laterally both in thickness and in physical properties with
depth. The lateral changes in physical properties across these
impact craters are the result of several counteracting porosity-
increasing cratering processes (fracturing, brecciation, and
gravitational collapse) and density-increasing ones (crater

floor rebound and structural uplift). A new quantitative model
for the porosity change produced by the Chesapeake Bay
impact uses the modeled density distribution. Compared with
the surrounding undisturbed sediments, the porosity
increased immediately after impact up to 8.5% in the
collapsed and brecciated crater center (currently +6% due to
post-impact compaction), whereas porosity decreased by 2–
3% (currently −3 to −4.5% due to post-impact compaction) in
the peak ring region. The lateral variations in porosity at
Chesapeake Bay crater are compatible with similar porosity
variation in the Mjølnir crater. Furthermore, the moderate
gravity signature in the annular trough at Chesapeake Bay
(measured −8 mGal instead of −15 mGal) may be partly
ascribed to lesser, long-term alteration due to post-impact
burial, decreasing the porosity, and thus, density contrasts
between the crater structure and the surrounding sediments.

The study demonstrates the need to establish a “post-
impact modification correction factor” for all craters that have
experienced post-impact burial. Based on our crater
reconstructions and integrated analysis, the post-impact
modification correction factors are on the order of 0.35–0.65,
0.25–0.55, 0.25–0.35, 0.10–0.35, and 0.05–0.15 for Mjølnir,
Chicxulub, Montagnais, Cheseapeake Bay, and Bosumtwi
craters, respectively. The correction factors provide a
qualitative measure of modification response to increasing
overburden and a quantitative means of correcting crater
morphological and structural parameters utilized in cratering
mechanics and impact-related consequences at various scales.
The study substantiates that post-impact structural and
morphological crater modification due to sediment loading,
though generally overlooked, is an important process that
may subdue or amplify crater features for millions of years
following an impact. The improved quantification of the
amplitude, spatial distribution, and mode of post-impact
deformation and their effects on crater structure and
morphology should lead to a better understanding of the
mechanics of cratering in sedimentary or two-layer targets.
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