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How will we recognize buried impact craters in terrestrial
sedimentary basins?
S.A. Stewart BP plc, Chertsey Road, Sunbury on Thames, Middlesex TW16 7LN, UK

ABSTRACT
Criteria that are deemed critical for recognition of terrestrial impact craters include

features from hand specimens such as shock metamorphic structures. Although these cri-
teria have been selected because they are unique physical products of bolide impact, strict
adherence to these criteria means that we cannot positively identify buried astroblemes
that are tomographically imaged on three-dimensional seismic data, but are undrilled.
Because many of Earth’s deeply buried structures may never be drilled because of pro-
hibitive cost and lack of commercial incentive, a large proportion of as yet-undiscovered
terrestrial astroblemes, including the best-preserved examples, may remain unclassified
and be excluded from impact-structure research. A framework for the identification of
impact structures imaged on three-dimensional seismic data is proposed, on the basis of
geometrical criteria plus additional image-quality and preservation criteria that assign a
level of confidence to the assessment.
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INTRODUCTION
The inventory of known bolide impact

structures on Earth is currently .160
(PASSC, 2002); 70% of these are exposed at
the surface and have been discovered by field
geologists. The preservation potential of im-
pact structures over geologic time scales, how-
ever, like fossils, is highest in sedimentary ba-
sins. Cratering-rate statistics indicate that if all
craters were preserved, 1% of the surface area
of Earth would become cratered per 200 m.y.
(Ward, 2002). If 10% of Earth’s surface is as-
sumed to have preservation potential for cra-
ters at any one time (an estimate of the area
of continental shelves plus other nonoceanic
basins), the statistics translate on a global ba-
sis into several hundred impact craters .1 km
in diameter per 10 m.y. of strata (Ward, 2002).
Even if erosion or exhumation subsequently
destroyed a large proportion of Phanerozoic
astroblemes, the number yet to be found could
be several times greater than the number cur-
rently in the inventory.

In recent decades, proliferation of three-
dimensional seismic data in pursuit of hydro-
carbons has produced unprecedented high-
resolution subsurface images in many
sedimentary basins. But the criteria deemed
critical for recognition of impact structures on
Earth include dynamic metamorphic and geo-
chemical effects that require access to speci-
mens from outcrop or drill core (Rondot,
1994; Norton, 2002). These criteria are differ-
ent from those routinely applied elsewhere in
the solar system. On other planets, the Moon,
and asteroids, identification of impact craters
is based on morphometric criteria applied to
remotely sensed photographic imagery. These
morphometric criteria describe basic crater
characteristics—excavated basin with raised

rim—plus secondary structures such as sec-
ondary craters and distal ejecta (e.g., Pike,
1974). The criteria that are currently used for
identification of terrestrial impact structures
have been chosen principally because they are
dynamic metamorphic effects uniquely asso-
ciated with the high energies that result from
asteroid or comet impact (e.g., Stoffler and
Langenhorst, 1994). However, the develop-
ment of these criteria also reflects a history of
largely field-based exploration of structures
that can be poorly preserved and difficult to
recognize on the basis of large-scale structure
(Rondot, 1994).

Buried astroblemes imaged on high-quality
three-dimensional seismic data can differ from
field examples in two key respects. First, they
may be extremely well imaged, not only in
terms of the cratered paleosurface, but also
tomographically in three dimensions, includ-
ing the internal, adjacent, underlying, and
overlying strata, allowing alternative interpre-
tations to be dismissed. Second, many buried
structures may never yield rock specimens be-
cause of lack of commercial drilling incentive
and prohibitive expense of noncommercial
drilling. This paper presents a set of geomet-
rical criteria designed to distinguish astro-
blemes from other types of circular structures
on seismic data. The intent of this approach is
to allow buried astroblemes that have no sur-
face expression and have not been penetrated
by drilling, but are clearly imaged on seismic
data, to take their place alongside those al-
ready identified on Earth by other means and
those imaged elsewhere in the solar system.

CHARACTERISTICS OF BURIED
CIRCULAR STRUCTURES

Debate about the origin of candidate astro-
blemes buried in terrestrial basins usually cen-

ters on whether they are volcanic or impact in
origin, echoing early twentieth-century dis-
cussion on the origin of lunar circular struc-
tures (see review by Schultz, 1998). If the bur-
ied structure has been identified by
three-dimensional seismic data, there is op-
portunity to constrain the most plausible mode
of origin on the basis of three-dimensional
geometrical characteristics of the feature and
its surroundings. However, ;20 different geo-
logic processes in addition to volcanism and
impact can give rise to structures that are cir-
cular in plan view. A few of these processes
create structures that are unlikely to be con-
fused with astroblemes, but without drilled
samples to provide direct proof, all these al-
ternatives should be excluded to demonstrate
impact origin. Collation of three-dimensional
geometrical characteristics of circular struc-
tures shows that many criteria can be defined
that uniquely identify impact structures based
on three-dimensional mapping alone (Table
1).

Some of the geologic possibilities listed in
Table 1 are likely to be easily ruled out; e.g.,
tectonic pull-aparts have plan-view aspect ra-
tios .1 and are related to strike-slip fault
trends. Other possibilities could be more dif-
ficult to disprove; e.g., glacial kettle holes
share many geometrical characteristics with
small astroblemes, but they are restricted to
specific stratigraphic intervals and geologic
settings and do not contain central peak struc-
tures. One of the more obvious alternatives to
the interpretation of an astrobleme based on
geometry alone is an igneous caldera. A
depth-to-diameter aspect ratio of ,0.3, how-
ever, and lack of relationship to deeper, un-
derlying structure would indicate that an in-
terpretation of an astrobleme was a more
likely interpretation than that of a caldera.

Figure 1 illustrates some of these geomet-
rical criteria. The first example, shown in map
view (Fig. 1A) and cross section (Fig. 1B), is
a positive topographic feature with a large
depth-to-width aspect ratio—an interpreter
could be confident this is not an impact crater.
Figure 1C is a cube showing a set of six crater
structures. The number of these features, their
small size (each ,0.5 km diameter), and their
large depth-to-diameter ratios (.1) indicate
that they are not associated with impact. Fig-
ure 1D shows a crater structure that is sur-
rounded by a number of concentric rings. A
cross section from the three-dimensional seis-
mic volume (Fig. 1E) shows that a differential
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TABLE 1. GEOMETRICAL CHARACTERISTICS OF CIRCULAR STRUCTURES IN SEDIMENTARY BASINS

subsidence basin overlies the central crater
and that there is a prominent central peak bur-
ied within the crater, whereas there is no link
to deep structure. This structure appears to sat-
isfy the geometrical criteria for an astrobleme.
Some of these examples are revisited in the
discussion of Table 2.

DEGREE OF CONFIDENCE
A degree of confidence can be assigned to

any seismic interpretation. The profile of yes,
no, or equivocal categorizations using the cri-
teria of Table 1 gives an indication of the level
of confidence resulting from this interpretation
method. The interpretation should be further
qualified by criteria that address seismic im-
age quality and degree of preservation of the
structure—three are suggested here. A spatial
data-coverage criterion controls the degree of
confidence that the entire structure is circular;
this criterion can be quantified as the propor-
tion of imaged arc relative to 3608.

Data quality is more awkward to assign, be-
cause any structurally complex feature is like-
ly to generate a poorly imaged seismic shad-
ow zone in the underlying strata, even in
otherwise good-quality data. Because the ab-
sence of related structure in the underlying
section is a geometrical criterion (Table 1), as-
sessment of data quality should be based on

the seismic image in this area. Data quality
can be qualitatively bracketed as good, inter-
mediate, or poor. Figure 2 illustrates this
criterion—the data adjacent to the mud diapir
are good quality, but the image of the root
zone below the diapir is not so clear and could
be classified as intermediate quality. A faulted
root zone linking the diapir to deeper struc-
tural levels is, nonetheless, fairly clear and is
one of several criteria indicating that this is
not an impact structure (see also Table 2).

A third criterion affecting the confidence in
interpretation is how much of the structure is
preserved. In practice the degree of erosion,
either prior to burial or due to exhumation,
will probably be difficult to quantify, but a
loose classification along the lines of unerod-
ed, slightly eroded, or deeply eroded should
be straightforward. Rondot (1994) discussed
how impact structures, like most of the other
circular structure types listed in Table 1, vary
in appearance with depth of exposure and
mechanism of erosion.

EXAMPLES OF A REFLECTION
SEISMIC APPROACH TO
ASTROBLEME IDENTIFICATION

Table 2 collates results of applying this ap-
proach to a number of structures that are cir-
cular in plan view. These interpretations are

used to show how this method can be applied,
and thus they are illustrative rather than defin-
itive, because each criterion merits thorough
discussion that is beyond the scope of this pa-
per. Example 1 is the structure shown in Fig-
ures 1A and 1B and was discussed earlier in
this paper. Several criteria strongly indicate
that this is not an astrobleme, with a high con-
fidence level. Example 2, shown in Figure 2,
has a high level of confidence in the interpre-
tation, which has several criteria siding
strongly against astrobleme interpretation.

Example 3 considers Murshid crater in
Oman (Levell et al., 2002). Murshid crater
meets many criteria in favor of an astrobleme
interpretation, and none unequivocally indi-
cates an alternative interpretation. Several cri-
teria are equivocal; e.g., the carbonate-
platform setting requires regional geologic
knowledge to rule out dissolution collapse,
and the relatively poor quality of the pub-
lished seismic image below the structure ob-
scures the depth-to-diameter ratio and under-
lying structure (Levell et al., 2002). In the
framework discussed in this paper, Murshid
crater can be interpreted as an astrobleme with
a moderate degree of confidence. Example 4
categorizes Silverpit crater (Stewart and Allen,
2002), illustrated here in Figures 1D and 1E.
As discussed earlier in this paper, most of the
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Figure 1. Comparison of some circular features and surrounding strata in three-
dimensional seismic images. A: Map view of domal drape fold (North Sea), color shaded
according to depth (red high, blue low). Overlies B. B: Cross section through salt diapir;
arrows indicate horizon mapped in A. Vertical scale is approximate in all seismic sections.
C: Three-dimensional seismic cube showing set of six circular crater features. One is cut
in cross section on front face of cube. These are collapse features related to dissolution of
underlying salt (Clark et al., 1999). D: Map shows surface shaded according to short-
wavelength structure (steeper dips darker), with concentric rings surrounding central crater.
Line shows location of section E. E: Cross section through structure D (Stewart and Allen,
2002). Arrow shows surface mapped in D.

Figure 2. Three-dimensional seismic cube
cut to show internal, adjacent, and underly-
ing structure of mud diapir from south Cas-
pian Sea. Seismic data are of good quality
adjacent to diapir (flank), but of intermediate
quality in root zone below structure (root).
Vertical scale is in seismic two-way travel-
time (s). Vertical depth exaggeration is
~31.5.

criteria in Table 1 indicate that this structure
is an astrobleme. Stewart and Allen (2002) ar-
gued that dissolution and salt tectonics had no
primary role in creating this structure. The in-
terpretation is supported by good-quality seis-
mic data, even below the structure, so the lev-
el of confidence in astrobleme interpretation is
high.

Example 5 is Upheaval Dome, Utah. It is
exposed at the present-day land surface, but
the degree of subsurface imaging is very lim-
ited (Kanbur et al., 2000). As such, it is in-
cluded here by way of comparison. The few
unequivocal criteria support astrobleme inter-
pretation, but the overall level of confidence
is very low. In this case, outcrop-based evi-
dence is necessary to support the interpreta-
tion. These trials show that, rather than using
the criteria presented in this paper as a check
list or truth table, the criteria represent a
framework for detailed analysis and discus-
sion of a given structure.

CONCLUSIONS
A geometrical approach to identifying as-

troblemes imaged on seismic data is proposed
here. Rather than devaluing the requirement to
produce physical evidence of dynamic meta-
morphism where possible, the geometrical ap-
proach is intended to provide an alternative

for cases where an excellent three-dimensional
tomographic image is available but rock spec-
imens are not. The geometrical criteria set out
here appear to be sufficient to uniquely iden-
tify an astrobleme imaged via three-
dimensional seismic data. Screening criteria
for image quality have also been offered to
qualify any interpretation. It is suggested that
only those structures that meet the criteria out-
lined in Table 1, combined with a high level
of confidence, be accepted as impact struc-
tures. It is acknowledged that the geometrical
scheme shown on Table 1 should be viewed
as a basis for discussion rather than a fully
comprehensive tool in its present form. None-
theless, a method for geometrical identifica-
tion of astroblemes will potentially be a sig-
nificant research resource and bring alignment
with approaches to identifying impact struc-
tures on other planets and satellites in the solar
system.
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