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Abstract

Studies of submarine impact craters resulting from impacts of comets or asteroids demonstrate that the presence of water
and the physical properties of target rocks have a major influence on sedimentary processes associated with meteorite
impacts. This results in difference in sedimentary signature of bolide impacts in marine environments compared to subaerial
impact craters. In subaerial impacts, the targets are commonly hard rocks, frequently of igneous and/or metamorphic origin,
whereas in submarine impacts, the targets are mostly unconsolidated or poorly lithified sediments, or sedimentary rocks, with
high volumes of pore water. Such differences result in variability in crater morphology and in sedimentary processes inside
and outside the impact area.

Impacts in shallow-water marine (neritic) environments produced craters with low or absent rims and wide and shallow
brims, as characterize by both the Montagnais (on the Scotian shelf), the Mjolnir (in the Barents Sea), 45 and 40 km in diameter,
respectively, and the Chesapeake Bay (90 km in diameter). Lack of elevated rims is thought to be the result of current reworking
and resurge of the water back into the excavated cavity, as the water in the crater is vaporized. During this process, resurge
gullies can be cut across the rim, while mass- and debris-flows, turbidites, and other gravity deposits are produced as results of
tsunami and crater-wall and central high collapse, during and after the crater excavation stage. Such deposits are found both
within and outside the crater structure.

The only difference between gravity deposits triggered by an impact or other rare events, such as earthquakes, is the
admixture of various melt particles and possible enrichments in iridium in the former.

Impacts near the shelf edge may cause partial collapse of the continental margin as shown by the Montagnais and Chicxulub
impacts. Some of the gravity and debris flows generated by margin collapse may be channelized, with final deposits up to
several hundred meters thick, extending for hundreds of kilometers from the impact site. Other impact features such as shatter
cones, tektites, spherules and Ni-spinels, shocked quartz, isotropication, and partial melts, are common to both submarine and
subaerial impacts.

Theoretical calculations of the destructive forces of mega-tsunami waves triggered by meteorite impact in the ocean greatly
exceed those based on geologic evidence. A dearth of gigantic tsunami evidence for the Chicxulub impact outside of the Gulf of
Mexico, where from theoretical modelling the maximum near bottom orbital velocity of water flow crossing the deep North
Atlantic basin should have been >1 m/s, could be the result of the mitigating effect of the bathymetry of surrounding area,
causing wave diffraction and interference. Calculated maximum horizontal orbital velocity near the seafloor at the shelf for the
Montagnais impact is 22 m/s for a 200-m-high wave, 5.5 m/s for a 50-m-high wave at 500 km, decreasing to 0.5 m/s at 1000
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km, strong enough to scour the deep ocean bottom and produce distinct erosion surfaces and disconformities in marine
sedimentary record. However, lack of cores across impact horizon prevents confirmation of occurrence of such bottom water

flows.
© 2003 Elsevier B.V. All rights reserved.
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1.. Introduction
1.1. General background

A total of 170 meteorite impact craters (and ejecta)
have been found/confirmed on the Earth’s surface
(Fig. 1) (Abels et al., 2002; Grieve et al., 1995;
Gersonde et al., 2002; Whitehead, 2002). Seven of
these remained located in the marine environment,
while 20 originally marine impacts are presently
located on land (Table 1) as a result of subsequent
geologic processes. The submarine impact craters
represent ~ 20% of global craters known, values
much too low given that more than 70% of the Earth
is covered by water. Glikson (1999) estimated that

8104 oceanic craters larger than 20 km should have
formed during the last 3.5 Ga, a large number com-
pared to the 27 craters and ejecta presently confirmed.
This discrepancy is mainly due to plate tectonic
destruction processes, lack of detailed data on mor-
phology and sub-bottom characteristics of deep oce-
anic basins, and long-term erosional processes on the
continents.

Impact cratering processes have been extensively
studied on planetary surfaces and in particular at
subaerial craters on the Earth. A thorough treatment
of the physics of impact cratering is given by Melosh
(1989), with an overview of the cratering processes on
Earth published by Sharpton and Grieve (1990),
Grieve (1998), Grieve et al. (1995), French (1998)

Fig. 1. World map showing locations of impact craters (modified from Grieve, 1998; with Chicxulub (Ch), Chesapeake Bay (CB), Mjelnir (Mj),

Montagnais (Mo) submarine craters and Popigai (Po) highlighted).
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Table 1
Submarine impact craters and bathypelagic impacts

311

Crater Locality Age (million years) Diameter Water depth at impact
(4) Submarine craters (craters formed and remain located in the sea/ocean)

Chesapeak Bay Virginia, USA 355103 90 200-500
Mjelnir Barents Sea, Norway 142+ 2.6 40 200-400
Montagnais Nova Scotia, Canada 50.5+£0.76 45 112

Neugrund Gulf of Finland, Estonia 535 20 50

Ust Kara Kara Sea, Russia 703 £2.2 25 30-200
Bathypelagic-ejecta

Eltanin South Pacific 2to 15 ? 4700

(B) Marine impacts (craters presently exposed on land/subaerial)

Avak Alaska, USA >95 12 <100 m
Chicxulub Yucatan, Mexico 64.98 + 0.05 170-310 <50

Gusev Donets, Russia 49.0+0.2 3 150-200
Granby Link6ping, Sweden 470 3 50-100
Kaluga Kaluga, Russia 3805 15 100-800
Kamensk Donets, Russia 49+0.2 25 150-200

Kara Kara Sea, Russia 703+2.2 65 30-200

Kirdla Hiiumaa, Estonia 455 4 20
Karikkoselka Lési-Suomi Finland 440-450 1.3 ? shallow water
Lockne Ostersund, Sweden >455 13.5 >200
Wetumpka Alabama, USA 81.0x 1.5 7.6 35-100
Possible marine impacts

Gardnos Hallingdal, Norway 650—700 5 ? shallow water
Lumparn Aland, Finland 440-460 9 ? shallow water
Tviren Tviren Bay, Sweden >455 2 100-150
Marine ejecta

Wittenoom Formation Hamersley, V. Australia 2541 ? 200

Eltanin South Pacific 2to 15 ? 4700
Suggested marine impact craters/structures/related deposits

Mulkarra Eromanga, Australia 105 20 ? shallow water
Skiyli Western Kazakhstan 45+5 32 300

Alamo breccia Alamo, NV, USA Frasnian (370) ? ?

Ragozinka Middle Ural, Russia Eocene, 46 + 3 9 ?

Basic data from Abels et al. (2002), Grieve (1998), Grieve et al. (1995), Masaitis (personal communication, 1999), Vishnevsky (personal

communication, 1999), and Kyte et al. (1996).

and criteria for recognition of subaerial impacts dis-
cussed by Rondot (1994). The knowledge of cratering
processes resulting from a bolide impact into the
ocean and its effect on the environment is more
tenuous. It is mostly based on modeling experiments
by Nordyke (1977), Strelitz (1979), Gault and Sonett
(1982), O’Keefe and Ahrens (1982), Roddy et al.
(1987), Melosh (1989), van der Bergh (1989), and
Sonett et al. (1991), extrapolated from submarine
craters now located in a subaerial setting. The latter
has consequently been exposed to weathering and
erosion, which has altered their morphological fea-

tures. Detailed sedimentological and process-oriented
observations/discussions of known marine impacts,
however, are rare. Oceanic impact, considered to be
a growing field of fundamental geoscience, was
recently explored by Gersonde et al. (2002) and
several related contributions published in the Deep
Sea Research II, v. 49 (2002).

Cometary submarine impacts were explored by
Jansa (1993) after discovery of the Montagnais impact
crater on the Canadian shelf (Jansa and Pe-Piper,
1987; Jansa et al., 1989) (Fig. 2); and were recently
reviewed by Orme and Lindstrem (2000). However,
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Fig. 2. The location of the Montagnais Crater, the stratigraphy of the well drilled at the center of the structure, and seismic cross-section of the

Montagnais crater (modified after Jansa et al., 1989).

the latter authors concentrated mainly on the mechan-
ical processes associated with formation of small
submarine craters (<14 km in diameter) found in
recent years in Baltoscandinavia. Even though they
have presented valuable data for these impact craters,
some of their conclusions about sedimentary process-
es differ significantly from ours, reached from the
study of larger submarine impact craters (>40 km in
diameter). We refer to craters 15—-40 km in diameter
as medium size and those >90—100 km as very large.

During the past 10 years, an increased number of
studies have focused on sedimentary processes asso-
ciated with impacts. In particular, the Chicxulub crater
and the K/T boundary studies should be mentioned
(e.g. Smit et al., 1992; Bohor, 1996; Sharpton et al.,
1996; Stinnesbeck and Keller, 1996). Discussions of
several other impact structures, such as the Lockne
crater (Lindstrom et al., 1996; Sturkell and Ormg,
1997, 1998), the Chesapeak Bay crater (Poag, 1996,

1997), and the Precambrian Hamersley Group of
Australia (Simonson and Hassler, 1997; Simonson et
al., 1998), include sedimentological discussion of
resurge, suspension currents, and debris flow deposi-
tion. Only limited attention has been given to effects
of mega-tsunamis generated by impacts (e.g. Bour-
geois et al., 1988; Oberbeck et al., 1993; Smit et al.,
1996; Warme and Sandberg, 1995; Warme and Kueh-
ner, 1998; Poag et al., 1999), and almost none to the
study of margin collapse associated with meteorite
impacts on continental margins and shelves. With the
exception of the Montagnais impact crater, none of the
other large marine impacts such as the Chicxulub
(Sharpton et al., 1996), Chesapeake Bay (Poag,
1997), Kara/Ust Kara (Mashchak, 1990a,b; Seliva-
novskaya et al., 1990), or Mjelnir (Dypvik et al.,
1996; Tsikalas et al., 1998a,b,c) provide a full range
of impact-related data, such as the occurrence, com-
position, and variability of the impact breccias, melts,
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and suevite, or a full spectrum of geophysical data
(reflection seismic profiles, magnetic and gravity
data). But a similar range of data is available from
three smaller, marine impact craters—the 380 Ma old
Kaluga, which is 15 km in diameter (Masaitis, 2002),
the 20 km in diameter Neugrund (Suuroja and Suur-
oja, in press), and the even smaller, 4 km diameter,
455 Ma Kirdla impact crater (Suuroja et al., 2001).

In this paper, we classify impact structures accord-
ing to the impacting environment:

1. Subaerial impact—meteorite impacts on land, with
target being various continental rocks;

2. Subaqueous/submarine impact—an impact into the
marine environment, which can be either shallow
submarine-neritic occurring predominantly in a
neritic environment (water depth of less than
several hundred meters), but also including impacts
into epeiric seas, with the impact target being
continental rocks and sedimentary sequences of
various thickness; or deep marine-bathyal, when
the impact crater was formed on the ocean floor
with water several kilometers deep and the target
being a thin cover of pelagic sediments underlain
by ocean crust. Up to the present, no such impact
crater has been identified;

3. Deep, open ocean-bathypelagic impact—when no
crater was formed on the ocean bottom, but
evidence for the impact is the presence of spherules
and remnants of the impactor (e.g. Eltanin Impact,
Kyte et al., 1981; Gersonde et al., 1997, 1999,
2002). Simonson (personal communication, 2002)
suggested the need for a fourth category to which
would belong impacts known only from the
occurrence of ejecta; spherule layers (Simonson
and Harnik, 2000), without impact locations.
However, as this contribution is focused on
sedimentological processes occurring in the marine
environment during impacts, we do not discuss
impact spherules, as they can be of both terrestrial
and marine origin.

In this paper, we focus on a comparison of two of
the best known submarine impact craters—the Mon-
tagnais and Mjelnir craters, which have remained
buried in the marine environment, so their origin
cannot be disputed. They are comparable in size and
morphology (see below and Table 2) and both can be

Table 2

Apparent and transient diameters of submarine craters

Crater Apparent Transient D4/Dy
diameter, D diameter, D, ratio

Complex (peak ring) subaerial (terrestrial) craters

Ries 24 20 1.2
Charlevoix 54 28 1.9
Manicougan 100 44 2.3
Sierra Madera 13 6.5 2.0
Gosses Bluff 22 11.5 1.9

Complex (peak ring) submarine craters

Chesapeake Bay 90 35 2.6
Mjelnir 40 16 2.5
Montagnais 45 20 2.3
Neugrund 20 7 2.9

Data from Abels et al. (2002), Wilshire et al. (1972), Stoffler et al.
(1977), Gudlaugsson (1993), Jansa (1993), Rondot (1994), Poag
(1997), and Suuroja and Suuroja (in press).

classified as complex peak ring craters. However, they
differ in the composition of the target area and of the
inferred impactor. This allows us to discuss more
broadly sedimentary processes associated with impact
cratering in a shallow sea or an ocean. We have also
compiled published data from other submarine impact
craters to expand the discussion of sedimentological
processes associated with marine impacts and point to
some differences between impacts on land and in the
marine environment. We conclude with comments on
an unresolved enigma: the substantial difference be-
tween the modeling of the Chicxulub impact generat-
ing mega-tsunami, and the limited geologic evidence
for it.

1.2. Impact crater recognition

The recognition of impact craters is usually based
on a combination of geophysical, geological, petro-
graphical, and geochemical data. The geophysical
evidence comes from seismic signatures, gravity,
and magnetic anomalies, whereas the geological,
petrographic, and geochemical evidence includes the
presence of impact breccias, stishovite and coesite,
microscopic planar deformation features (PDFs) in
quartz and feldspars and their partial isotropization
(Jansa and Pe-Piper, 1987), changes of refractive
index, phase changes (Steffler and Langenhorst,
1994; Koeberl and Reimold, 1999), presence of Ni-
spinels, enrichments in iridium and siderophile ele-
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ments, and the presence of various types of impact
glass and spherules, etc. These criteria are applicable
to both subaqueous and subaerial craters (Jansa, 1993;
Gostin and Therriault, 1997), and presently, no signif-
icant differences in mineralogical, geochemical, and/or
geophysical parameters have been demonstrated be-
tween these two cases. Partial isotropization of grains,
which shows as cloudy extinction on single quartz and
feldspar grains under the microscope (see Fig. 3A),
may be more common in the submarine impacts, but a
wider database is needed to confirm this distinction.

Fig. 3. (A) Isotropization of minerals in metagraywacke clast of
the impact breccia, thin section (crossed polars), Montagnais 1-94,
689 m. Note the extensive fracturing, undecorated shock lamellae
in a quartz grain, and decrease in birefringence (shows as grayish
cloud) in parts of some of the grains. (B) Highly fractured clast of
metaquartzite with quartz melted into the glass along the fracture
boundaries. Note the conchoidal shape of some of the fractures
(Montagnais 1-94, 680 m, thin section, crossed polars).

Other important impact features, such as shatter cones,
have been found in both subaerial impact craters (e.g.
Ries) as well as in submarine impact craters, e.g.
Kara/Ust Kara (Mashchak, 1990a,b; Selivanovskaya
et al., 1990).

Simonson and Harnik (2000) suggested that there
could be significant and systematic differences in the
composition of ejecta from subaerial (continental
crust) vs. submarine (oceanic crust) impacts because
the vast majority of the ejecta mass comes from the
target material. Although these criteria might be
applicable to Archean impacts, such differentiation
is not fully applicable on Phanerozoic impacts, where
all known marine impact craters were formed in
shallow seas on continental crust and composition of
the ejecta is similar for terrestrial and shallow marine
impacts.

Characteristic lithologies, structures, and biota can
assist in the differentiation between submarine and
subaerial meteorite impact settings. Submarine im-
pacts can be inferred from the presence of sedimentary
features resulting from processes not occurring at
subaerial impacts: e.g. formation of mega-tsunamis,
high waves, strong currents, and features resulting
from collapse of the central high and crater rim and
the rush of returning water into excavating crater
(“resurge” activity). Impacts of large bolides into
marine environments will also generate tremor-like
earthquakes, which could lead to fluidization of sedi-
ments, slope instability, slides, slumping, generation of
turbidites, mass- and debris-flows, and avalanches.
Slope instability resulting in slides, slumping, and
debris avalanches can also occur during subaerial
impacts, but not the development of density/suspen-
sion currents. On the other hand, subaerial weathering,
erosion, and vegetation produce effects on subaerial
impact sites that are not found in association with
subaquatic impacts.

2. The Montagnais and Mjelnir submarine impact
craters

Montagnais, located in offshore Nova Scotia, was
one of the first submarine craters found (Jansa et al.,
1989) still located in the ocean. Some years later, the
Mjolnir Crater in the Barents Sea (Gudlaugsson,
1993; Dypvik et al., 1996) was recognized. Other



H. Dypvik, L.F. Jansa / Sedimentary Geology 161 (2003) 309-337 315

submarine impact craters were described in 1982 (Ust
Kara; Masaitis and Mashchak, 1982), 1991 (Chicxu-
lub; Hildebrand et al., 1991), 1994 (Chesapeake Bay;
Poag et al., 1994), and recently the Neugrund impact
crater in the Gulf of Finland (Suuroja and Suuroja, in
press). Several other marine (and possibly marine)
impact craters, such as Lockne, Kédrdla, Granby, and
Tvéren, were formed during the Lower Paleozoic,
impacting Paleozoic basement of the Baltic shield
(Orme and Lindstrem, 2000). All are exposed on
land. The Eltanin impact (Gersonde et al., 1997; Kyte
et al., 1981) is the only documented impact into the
deep ocean. Apparently, no crater formed on the ocean
floor; the evidence comprises only strongly disturbed
sediments and a large number of fragments from the
impactor. At present, the Eltanin impact is the only
known example of a bathypelagic impact where the
bolide did not reach the ocean floor.

2.1. The Montagnais crater

The identification of the Montagnais impact crater
(Fig. 2) (Jansa et al., 1989) was based on multichannel
reflection seismic profiles, gravity and magnetic data,
and detailed petrographical and geochemical studies
of cuttings from an oil exploration borehole located at
the center of the structure (Jansa et al., 1989). The
crater is located on the outer shelf off Nova Scotia,
Canada and is currently buried under 113 m of water
and about 500 m of post-impact marine sediments
(Fig. 2). The excavated crater is 45 km in diameter. It
has a central high 1.8 km high and 11.5 km wide at
the top, which is flat. A positive, circular gravity
anomaly of +8 mGal is associated with the central
high, whereas a negative anomaly of —5 to — 10
m@Gal should be expected according to reigning the-
ories (Pilkington et al., 1995). Magnetic anomalies are
faint to lacking across the Montagnais structure. The
Montagnais crater was formed 50.8 Ma ago (Jansa et
al., 1989). The impact occurred in water 200—600 m
deep by fall of a bolide 2—3 km in diameter near the
shelf edge. At that time, the shelf edge was underlain
by unconsolidated and moderately cemented sedimen-
tary rocks less than 3 km thick, which in turn, overlay
several kilometers of low-grade Cambro-Silurian
metamorphic rocks and Devonian granites.

A 1646-m-deep well (Montagnais 1-94) was drilled
at the top of the central high and penetrated a 510 m

thick Cenozoic succession, overlying 552 m of impact
crater fill. The fill comprises two distinct types of
breccia, enclosing two zones of crystalline melt rocks
and one zone of a suevite, consisting predominately of
glass fragments (Fig. 2). The breccia rests on uplifted
and disturbed metasedimentary basement rocks of
Cambro-Ordovician age, which are highly fractured,
but not displaced. The basement contains shock
metamorphic features, such as quartz grains with
planar lamellae.

The shape of the breccia within the crater, which
surrounds the morphologically higher central uplift,
resembles an 8.5-km-wide donut and is generally not
more than 850 m thick across the inner ring. The
breccia on the central uplift is made up of two
distinct types (Fig. 2). The lower part, 391 m thick,
is a monomict para-autochnous breccia formed by
fragmented Cambro-Ordovician metasedimentary
rocks. A recrystallized melt layer, 71 m thick, is
enclosed near the base of the monomictic breccia. In
the upper 29 m of this lower melt layer is incorpo-
rated a large volume of partially melted and un-
melted particles. The upper part of the fill is a
polymictic, allochtonous breccia 161 m thick that
has a 35 m thick recrystallized melt layer near its
base. In addition to Cambro-Ordovician metasedi-
mentary rock debris, the latter breccia contains frag-
ments of both Jurassic limestones and Cenozoic
sedimentary rocks. It is covered by a 40.5-m-thick
layer of suevite. The structuring of the crater fill
sequence is comparable to that described from the
Ries crater by Stoffler et al. (1977).

The maximum theoretical structural uplift of beds
at the central high of impact craters should be 0.10 Dy
(Grieve et al., 1981), and the width of the structural
uplift approximately 0.20—0.25 D, (Pike, 1985),
where D, =the apparent crater diameter. As the ap-
parent diameter of the Montagnais impact crater is 45
km, these models suggest a central high with theoret-
ical uplift of ~ 3 km and a width of ~ 9-11 km.
Correlation of regional seismic reflectors across the
Montagnais impact site indicates that structural uplift
of the central high is about 2.5 km (Jansa et al., 1989),
close in size to conventional impact crater modeling.
The top of the central uplift is only slightly wider than
indicated by terrestrial crater modeling.

The impact breccias which fill much of the Mon-
tagnais crater and blanket uplifted basement rocks of
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the central high contain grains with shock deformation
features of different intensities, diagnostic of a 35—50
GPa shock level (Jansa et al., 1989). Planar features
have been observed in quartz and feldspar grains and
different degrees of isotropization have been seen in
numerous grains. Various degrees of melting and
grain transformation into glass have also been found
(Jansa, 1993) (Fig. 3). The crystallized melt of the
Montagnais Crater is enriched in iridium, with con-
centrations up to 0.32 ppb, in contrast to the target
rock, where the iridium content is much lower (0.016
ppb). No other siderophile or platinum element
enrichments have been documented in the breccia
and/or melts. Low Ir enrichments together with lack
of enrichments in siderophile elements are considered
by Bazilevskiy et al. (1984) as characteristics of
comets. Therefore, the Montagnais impactor was
probably an old cometary nucleus.

The rim geometry is probably one of the most
easily observable differences between subaerial and
submarine impacts. The Montagnais impact crater
lacks an uplifted rimwall and a continuos elevated
rim, which are typical morphological features of
subaerial impact craters. Submarine craters such as
Montagnais, Mjelnir, and Kérdla (Puura and Suur-
oja, 1992) probably had short lived rims during the
initial phase of crater excavation. The rims and
central highs were eroded and beveled by powerful
currents generated at the impact time and in the
aftermath by a surge of water back into the exca-
vating cavity. As the temperature within the exca-
vating cavity may exceed 1000 °C, the first
returning water into the cavity would immediately
evaporate, resulting in a strong current back flow.
Orme and Miyamoto (2002) have modeled the water
back-flow following marine impacts. For the Lockne
crater and the 200- and 500-m water depth models,
they computed average flow velocities of 27.5 and
55 ms~ ', respectively. Locally, the presence of
remnants of a low rim can be indicated on the
seismic profiles (Tsikalas and Faleide, in press;
Tsikalas et al., 1998b; Jansa et al., 1989). The rim
and its weaker zones helped to channelize flow of
the return water, forming resurge gullies. Currents
generated by the tsunami and subsequent submarine
crater collapse (Pilkington et al., 1995) may have
further modified the crater rim morphology and the
nature of the crater fill.

2.2. The Mjolnir crater

Knowledge of the Mjolnir crater is based on
geophysical data (multichannel reflection seismic,
gravity and magnetic measurements) and increasing
amounts of geological information. The geophysical
data are augmented by geological data of a shallow
core (7430/10-U-01) drilled 30 km outside the crater
(Gudlaugsson, 1993; Dypvik and Attrep, 1999; Dyp-
vik and Ferrel, 1998; Dypvik et al., 1996; Tsikalas et
al., 1998a,b,c, 1999, 2002) and by the Mjelnir core
(7329/3-U-1) drilled on the flank of the central uplift
(Meork et al., 2000; Smelror et al., 2001).

The Mjolnir submarine crater, located in the
Barents Sea, is 40 km in diameter (Fig. 4). It is
presently covered by 350 m of water and 50—-400
m of younger sedimentary strata. The crater has a
central high, 8 km wide at the base, which protrudes
250 m above the crater floor (Tsikalas et al., 1998a).
The estimated depth of the transient cavity is 4.5 km.
The crater has only a minor upraised rim, which shows
the presence of several terraces down into the crater.
The terraces are bordered by faults and the outermost
terrace has a rimwall about 70 m high (Gudlaugsson,
1993; Tsikalas et al., 1998b). Based on the seismic
reconstructions, several depressions that cross the rim-
wall radially may result from post-impact gullying. The
crater is filled by a 1 km thick breccia unit (Tsikalas et
al., 1998a,b). It is interpreted as formed by an impact of
an asteroid, or iron meteorite 1.5—2 km in diameter
(Tsikalas et al., 1998b; Dypvik and Attrep, 1999) into a
200—-400 m deep epicontinental paleo-Barents Sea.
Based on seismic reflector correlation, the impact
occurred at the beginning of the Cretaceous, during
the Late Volgian—Early Berriasian (Tsikalas et al.,
1998c¢). Micropaleontological, palynological, and mac-
ropaleontological studies from the 7430/10-U-01 core
indicate an Early Berriasian age (Berriasiella jacobi
zone) for the impact layer (Dypvik et al., 1996; Smelror
etal., 2001). The target area consisted of a more or less
soft sedimentary sequence of Devonian to Jurassic age,
at least 6 km thick, overlying older, well-lithified
sedimentary strata.

Morphologically, the crater has the shape similar to
an “inverted sombrero’, with an 8 km wide inner
zone and a 12 km wide outer zone (Fig. 4). The crater
is characterized by a negative gravity anomaly across
the annular basin (— 1.5 mGal; —0.03 to —0.04 g/
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cm?) and a weak positive anomaly across the central
high (+2.5 mGal; +0.025 g/em®) (Tsikalas et al.,
1998c). The weak gravity anomalies may reflect less
brecciation in the Mjelnir Crater compared to impacts
into crystalline rocks, but it might also indicate an
uplift of denser underlying strata to higher crustal
levels. Mjolnir is also characterized by low level
magnetic anomalies. The central uplift shows no
discernible magnetic anomaly and only low amplitude
positive and negative anomalies are present near the
transition to the annular basin. This magnetic signa-
ture can be attributed either to localized dispersed
impact melts in the peripheral regions, or to disloca-
tion of weakly magnetized platform sediments (Tsi-
kalas et al., 1998c).

The sedimentary succession in the 7430/10-U-01
core consists of black and gray partly laminated
claystones which are interrupted by a single con-

glomerate bed 19 cm thick (Dypvik et al., 1996).
The conglomerate has an erosional base and inter-
nally consists of three upwards fining successions.
Clay clasts are found along the base of the con-
glomerate and shock metamorphosed quartz grains
are present throughout. This “basal conglomerate”
(level: 47.6—47.4 m) most probably represents
reworked fall-out ejecta modified by density cur-
rents, or oscillating wave surges (Dypvik and Ferrel,
1998), or by mega-tsunami waves. The main ejecta
layer, which is 80 cm thick, is located at core level
47.6—46.8 m where shocked quartz and possibly also
shocked feldspar, along with enrichments of ele-
ments as Ir, Cr, and Ni, have been found (Dypvik
et al., 1996; Dypvik and Attrep, 1999). Dypvik and
Ferrel (1998) and Dypvik and Attrep (1999) from an
appearance of smectite and geochemical parameters,
suggested that the total thickness of the impact
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Fig. 5. The Mjelnir core log and core photograph of post-impact suspension deposits. The Klippfisk and Hekkingen Formations represent post-
impact deposits, while the Ragnarok Formation consists of gravity flows and slump deposits.

related bed is 3.2 m (core-level 50—46.8 m), which
is less than half as predicted by model calculations
(based on Melosh, 1989). Increase in iridium in
correlative beds at the Svalbard Archipelago, about
400 km northwest of the Mjelnir Crater, is consid-
ered to be evidence for impact ejecta (Dypvik et al.,

in preparation). Also, Zakharov et al. (1993) found
an Ir peak at the Jurassic—Cretaceous boundary in
the Nordvik area of Siberia which is currently
located about 2500 km to the east from the Mjelnir
impact site. This iridium anomaly could be result of
the Mjelnir impact (Smelror et al., 2001).
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The 121-m-long Mjelnir core (7329/03-U-1) (Fig.
5) was drilled near the center of the Mjolnir crater.
The upper part of the core comprises of 50 m of
Quaternary strata, overlying 24 m of post-impact
sediments and 97 m of partly chaotic, impactite
deposits. The core provides evidence only about the
uppermost part of the crater fill at the flank of the
central high where partly fluidized chaotic sediments
alternate with thinner, more continuous units of less
altered shales and sandstones (Fig. 5).

3. Comparisons of Mjelnir and Montagnais
together with other known impact sites

3.1. Crater configuration and morphology

Submarine impact craters generally display config-
urations similar to those of larger subaerial impacts,
but with several major differences as discussed below.
Presently, no simple, bowl-shaped submarine crater
has been found. Even a small impact crater, like
Kérdla, which is 4 km in the diameter, has the
character of a complex crater with a central peak
(Suuroja et al., 2001). According to Melosh (1989),
typical marine impact craters should have a deeper
inner zone and a shallow brim forming the outer zone
(see the Mjolnir cross-section in Fig. 4).

Modeling experiments (Nordyke, 1977; Strelitz,
1979; Gault and Sonett, 1982) further suggest that
marine craters should be wider than terrestrial ones
when formed under comparable conditions. An in-
crease of the crater width of about 20% has been
postulated by Strelitz (1979) and Melosh (1989). The
width of marine impact craters should be further
increased by rim erosion, due to return water-flow
(resurge). This resurge may not only reduce rim
height, it could almost completely obliterate the raised
crater rim. Table 2 compares diameter ratios of com-
plex marine craters and some subaerial craters. The
apparent diameter (D,) we use is the brim to brim
distance including the outer zone of the crater, where-
as the “transient” diameter (D,) is the diameter of an
annular basin including the central high area (Fig. 6).
Overall, a larger (D/D,) ratio seems to characterize
the marine impacts, indicating a higher degree of
rimwall collapse during excavation of submarine
impact craters, as predicted by Strelitz (1979) and

Melosh (1989). The increase in the diameter of the
crater could be the result of several processes, such as
wave and current erosion, the instability of unlithified
and water-saturated sediments exposed at the crater
walls, and subaqueous slides and slumps. In keeping
with these suggestions, D /D, for the Mjelnir crater is
somewhat larger than that for Montagnais (Table 2).
The target material in the Mjolnir area consisted of a
thicker succession of soft sediments, compared to
lithified limestones and basement metamorphics that
were excavated to form the Montagnais crater.

Studies of planetary surfaces in the Solar System
show common presence of craters with a single
massive central peak, rugged and sharp at the top
(Hale and Head, 1979). Both Mjelnir and Montagnais
have simple, central highs which are flat on top. On
seismic profiles, the central high of Montagnais
resembles a guyot. This indicates that the top of the
central high was located within reach of waves, where
reworking and retransportation of the breccia resulted
in development of a flat surface. Such reworking will
also expand the size of the “platform” of the central
high as noted at the Montagnais structure. At the
Mjelnir Crater, Tsikalas et al. (1998b) suggested, from
the study of reflection seismic profiles, that the flat
surface of the central peak resulted from post-impact
erosion. This surface is mostly a result of syn- to early
post-depositional reworking by waves, like that of the
Montagnais structure. Development of flat-topped
central uplifts has been predicted from modeling
experiments by Gault and Sonett (1982) for shallow-
marine impacts. We consider this to be an additional
structural feature for recognition of shallow submarine
impacts.

Roddy et al. (1987) estimated that an impact of a
10-km-wide meteorite into a 5-km-deep ocean would
form a higher rim uplift in the water surface than
subaerial impacts. They also stated that 70% of the
ejecta would come to rest within an area three times
the transient crater diameter. In those calculations,
however, oceanic crust of mantle composition was
used as the target composition in the models, a
condition satisfied only in minor parts of the present
oceanic basins. The authors further concluded that
differences in the strength of target materials (oceanic/
mantle rocks vs. granite) were more important than
the oceanic vs. land (subaerial) conditions. Their
modeling experiments demonstrate that crater exca-
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vation in both continental and marine impacts should
result in the formation of sharp, uplifted rims on the
transient cavity. With the rapid expansion of the
transient cavity, the transient uplift of the rim decayed,
but was still noticeable at the end of the modeling run,
120 s after impact (Roddy et al., 1987).

Both the Montagnais and Mjelnir craters display
erosional remnants (mounds) of elevated rims (Fig. 3
in Jansa et al., 1989), but a continuous elevated rim, as
seen on subaerial impact structures, is lacking (Fig. 7).
Resurge channels have been identified cutting the
rims of the Montagnais and Mjelnir craters (Edwards,
1989; Tsikalas and Faleide, in press). The Mjelnir
crater shows a general low relief rim, possibly due to
extensive post-impact crater erosion. Remnants of the
rim were also noted at the Chesapeake Bay crater
(Poag, 1996). We consider the lack of a continuous
elevated rim to be one of most distinctive features of
submarine impacts.

The rims of the Lockne, Kamensk, Gusev, Kérdla,
and Kara craters are dissected by resurge gullies
(Mashchak, 1990a,b; Lindstrom et al., 1996; Stur-
kell, 1998; Sturkell and Orme, 1997; von Dalwigk
and Orme, 1999). In contrast to Montagnais and
Mjelnir impact craters, the Neugrund, Kérdla, and
Tvdren craters display elevated rims (Puura and
Suuroja, 1992; Lindstrem et al., 1994; Plado et al,,
1996; Poag, 1996; Suuroja and Suuroja, in press).
All of these <10 km in diameter craters were
formed in a target area where the water was very
shallow, interpreted by the above authors as ranging
from ~ 20 to 100 m, and the crystalline basement
was covered by a very thin blanket of sediments. As
strong currents and large tsunamis could not be
generated due to very shallow water depths in the
impact areas, the cratering processes were similar to
those of subaerial impacts. This interpretation is
corroborated by the presence of uplifted rims of
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Fig. 7. Reflection seismic section oriented from the central peak of the Montagnais impact crater toward the shelf edge and deep North Atlantic
ocean basin (multichannel reflection seismic line #Petro-Canada 3208-82A). Note that the outer rim is missing as well as all Late Cretaceous
sedimentary sequences as result of the outer continental margin collapse. The decollement occurred at the top of Early Cretaceous carbonate
platform, with the overlying Late Cretaceous sedimentary pile slumped into the deep oceanic basin.

the crystalline basement at the above-mentioned
impact sites. Such morphological features indicate
that processes differ between very shallow (several
tens of meters) seas and neritic (several hundred
meters deep) seas.

3.2. Melt rocks

The relative amounts of melted and unmelted
material depend on factors such as projectile size,
density, velocity, and on target properties such as
density and volatile content (Melosh, 1989; O’Keefe
and Ahrens, 1982) The melted material is represented
by a melt pool located at the base of the transient
cavity, whereas ejected melted material is found as
tektites, suevite, and tagamite. When comparing sub-
marine and subaerial impact craters, Orme (1998) and
Orme and Lindstrem (2000) claim the former gener-
ally have smaller amounts of melt and melt-products.
This hypothesis is not supported by data from Mon-
tagnais impact crater, which contains two thick recrys-
tallized melt pools. Tagamite and suevite are present
in several of the submarine craters (Montagnais,
Lockne, Avak, Tviren, Kérdla, and Neugrund).

As documented by impact craters on the Moon and
corroborated by subaerial impact craters on the Earth,
the impact energy associated with the formation of
craters smaller than ~ 20-25 km in diameter is
insufficient to form a melt pool. The small amounts
of melts generated in such craters are normally incor-
porated into various solid ejecta, e.g. in the fallback
suevite layer in the Ries crater (Steffler et al., 1977)
and a related dispersed ejecta (moldavites).

In the Montagnais crater, two melt-zones, 35 and
71 m thick, respectively, were penetrated by the drill
hole. In addition, a 40-m-thick suevite layer overlies
the impact breccias on the central uplift (Jansa et al.,
1989). At the Chicxulub crater, suevite is also under-
lain by melt rocks (Sharpton et al., 1996) of presently
unknown thickness, as they were not fully penetrated
by drilling. The presence of minor amounts of melt
rocks is reported from the Kara crater (Mashchak,
1990a,b). Single melt particles have been described
from Kérdla and Neugrund craters (Plado et al., 1996;
Suuroja and Suuroja, in press). In the Lockne crater,
Tornberg (1999) suggested that the paucity of melt
and suevite formation is due to explosive expansion of
vapor. However, the Lockne crater is only 13.5 km in
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diameter, therefore below the indicated size for for-
mation of melt pools. In the Kara (65 km)/Ust Kara
(25 km) impact-couple, Koeberl et al. (1990), Mash-
chak (1990a,b), and Selivanovskaya et al. (1990)
suggested that high porosities in the impacted sedi-
ments resulted in fast damping of the shock wave.
Consequently, higher levels of glass formation may be
expected in crystalline target rock units than in im-
pacted sediments. In the Kamensk crater (25 km in
diameter), only small amounts of glass have been
found, which Masaitis et al. (1991) attributed to the
presence of water-saturated material, causing less
diaplectic quartz to be formed by shock waves.

In the Mjolnir crater melt rocks are unknown.Tsi-
kalas et al. (1998b) concluded from geophysical
investigations that large melt-bodies are most likely
lacking. The 7430/10-U-01 core from 30 km outside
the crater contains smectite, a possible alteration
product of impact glass (Dypvik and Ferrel, 1998;
Dypvik and Attrep, 1999). As hypothesized by some
of the above authors, it may appear that impacts into
water-saturated targets tend to produce less melt than
those in terrestrial targets; but this is not supported by
the Montagnais submarine impact.

Tektites, microtektites, and spherules represent
melt material jettisoned from the impact site. Melt
ejecta vary in size (um—cm) and shape, ranging from
bombs to glass droplets. The latter can attain wide
global distributions and in some cases can geochem-
ically be correlated to the original impact crater
(Koeberl, 1993). In some cases, the presence of
tektites and/or microtektites may be the only evidence
of a meteorite impact, and like Ir anomalies, may
represent a useful geological marker for meteorite
impact recognition. Spherules and Ir-enrichments,
possibly recording impact events, have been found
in the Precambrian Wittenoom Formation of the
Hamersley Basin of Western Australia (Simonson,
1992; Simonson and Hassler, 1997; Simonson et al.,
1998) and in South Africa (Koeberl et al., 1993).
Impact spherules related to the Chicxulub impact are
found around the globe. Around the Gulf of Mexico,
they are commonly found along the base of fining
upwards suspension deposits (Bohor, 1996; Smit et
al., 1996).

The North American strewn field is a younger,
smaller, but still extensive occurrence, of tektites and
microtektites (Glass, 1986; Glass and Koeberl, 1999).

Even though tektites are of similar age ~ 35-36 Ma,
geochemical compositional differences are evident
(Koeberl, 1993). There are two large known impact
craters of that age, Popigai ( ~ 100 km) in northern
Siberia (Masaitis, 1994) and Chesapeake Bay (90 km)
in southeastern Virginia, USA (Poag, 1997). Both are
potential sources for the two Upper Eocene ejecta
layers.

Tektites or microtektites related to the Montagnais
impact are unknown, as no Cenozoic rocks are pre-
served onshore in eastern Canada. Neither tektites nor
microtektites related to the Mjelnir impact have yet
been located. However, geochemical anomalies (e.g.
Ir) appear in synchronous sedimentary strata in the
Janusfjellet section of the Janusfjellet Subgroup at
Svalbard (Dypvik et al., in preparation) and in Nord-
vik, Siberia (Zakharov et al., 1993).

Shaw and Wasserburg (1982) showed that tektites
and impactites have geochemical compositions
reflecting target compositions and tektite origins.
They pointed out that sanidine spherules could be
formed by oceanic impacts where both the basaltic
oceanic crust and overlying sediments and seawater
are involved in their formation. During the only
known bathypelagic impact Eltanin, the asteroid most
likely have not struck the ocean floor. The Eltanin
tektites are therefore composed mostly of melted
projectile material (Kyte et al., 1981; Gersonde et
al., 1997; Kyte, 2002).

3.3. Mineralogical features

Glass and grains of shock metamorphic quartz (and
in some cases feldspar) with typical planar deforma-
tion features (PDF) and planar features (PF) have been
observed in both Mjelnir and Montagnais, as in most
of the other submarine craters (Chicxulub, Chesa-
peake Bay, Lockne, Avak, Neugrund, Ust Kara)
(Hildebrand and Boynton, 1990; Koeberl et al.,
1990, 1993; Kirschner et al., 1992; Selivanovskaya
et al., 1990; Lindstrom and Strukell, 1992; Lindstrem
et al.,, 1996; Sharpton et al.,, 1996; Suuroja and
Suuroja, in press). In some cases, the quartz grains
also show changes in refractive index, birefringence,
isotropization, and phase changes. Such structural
modifications of mineral grains are present in both
subaerial and submarine impacts, and grains carrying
these features have been found both within and
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outside of the studied craters. Jansa (1993) suggested
that the common occurrence of decreased birefrin-
gence in quartz and partial melting of grains could be
one of the characteristic features of subaqueous
impacts, but not enough data are yet available to
confirm or refute this hypothesis.

3.4. Geochemical changes

Meteorites, asteroids, and comets can leave their
geochemical signature in the impacted sediments. In
both the Mjolnir and the Montagnais craters, Ir anoma-
lies are present. The melt rock in the Montagnais Crater
shows only a minor increase in Ir concentration (0.1—
0.3 ppb), above a depleted background value of 0.016
ppb (Jansa et al., 1989). For the Mjolnir Crater, ejecta
30 km outside the crater rim display an Ir peak of 1 ppb
(Dypvik and Attrep, 1999; Dypvik et al., 1996). Based
on the mutual presence of siderophile elements at the
latter site and the large differences in Ir concentrations
between the Mjelnir and Montagnais craters, differ-
ences in the two impactors should be expected; a comet
in the Montagnais and an asteroid or (?iron meteorite?)
in the Mjelnir case (Jansa, 1993; Dypvik and Attrep,
1999). Much closer identification of the impactor
composition was obtained by geochemical and petro-
graphic analyses of the Eltanin meteorite fragments
(Kyte, 2002). These indicate that the bolide was most
likely composed of a fine-grained polymictic breccia,
with debris similar in composition to howardites and
mesosiderites.

In a Na-rich marine environment, impact glass
should alter to smectitic clays. This has been docu-
mented by alteration of Chicxulub impact glass in the
Gulf of Mexico (Sigurdsson et al., 1991) and sug-
gested for smectite enrichment associated with the
Mjelnir impact (Dypvik and Ferrel, 1998). Based on
lower Na activities and higher K activities in terres-
trial compared to marine environments, terrestrial
glass alteration would most probably proceed to more
illitic clay minerals. Impact-melts are almost instantly
buried under collapsing material from crater walls and
central high and by fall-back and wash-back breccias.
Therefore, the impact glass exposure to marine water
will be minimal and early diagenetic changes slowed,
as indicated by the Montagnais impact site, where still
some fresh glass is present (Jansa and Pe-Piper, 1987).
Pore water circulation and increasing burial with

increase in pressure and temperature could cause late
diagenetic alteration of the original glass into clay
minerals and zeolites.

More generally, Gerasimov et al. (1999) pointed
out that water could play a significant role in the
processing of silicate material during marine impacts.
Together with the shock-induced decomposition of
water-bearing silicates and physical vaporization of
ocean water, several chemical effects are involved,
such as destruction of water molecules, formation of
hydrous silicate structures, and synthesis of new
phases by chemical reactions involving hydrogen
and oxygen. For biological extinctions, it is important
that increase in oxygen in the presence of sulphur and
water vapor can result in direct formation of H,SO, in
the vapor cloud. Gerasimov (1999) and Gerasimov et
al. (1999) further indicated that increasing the water
content of sediments in the target area may increase
the geochemical reduction of carbon, and thereby
contribute to increased production of elementary car-
bon and synthesis of complex hydrocarbons. This
might be the explanation for the high amounts of
elementary carbon present, e.g. in the Gardnos impac-
tite (French et al., 1997).

3.5. Impact breccias

The breccias filling impact craters result from
combinations of various processes active during
and after crater excavation, including the ballistic
ejection of excavated material and its reworking back
into the crater by slides, slumps, waves, and currents.
Five breccia types associated with marine impact
craters have been recognized from detailed sedimen-
tological studies: (a) breccia formed during the
excavation stage in a transient crater (monomictic,
autochthonous), (b) fall-out breccia (polymictic,
allochtonous), (c¢) fall-back breccia (polymictic, pa-
ra-autochthonous), (d) slump-back breccia from cra-
ter walls and central highs (polymictic, para-
autochthonous), and (e) retransported breccia from
outside of the crater (polymictic allochtonous). More
detailed impactite classifications have been presented
by French (1998) and Masaitis (1999). In the Mon-
tagnais impact structure, the monomictic, autochtho-
nous breccia at the bottom of the structure is overlain
by a polymictic, allochtonous breccia, which most
probably represents a mixture of fall-back and
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retransported material. It is overlain by a fall-back
polymictic para-autochthonous breccia represented
by the suevite. In the surroundings of the Mjelnir
crater, reworked fall-out ejecta have been identified
in a core located 30 km beyond the crater. The
reworked ejecta (19 cm in thickness) occur as three
fining-upwards beds representing deposition from
turbidity currents (Dypvik et al., 1996). Breccias
were also drilled at the flank of the central high
(Fig. 5) (the Mjglnir core).

The Mjelnir core (totaling 121 m), drilled along
the flanks of the central high, shows more than 30 m
of post-impact sediments overlying 83 m of chaotic,
slumped, and folded Mesozoic sediments deposited
on the crater floor. The latter consists of slumped
and fractured Upper Triassic to Lower Jurassic sedi-
ments uplifted along with the central high. The
succeeding 14 m was deposited by debris flows,
mud flows, and turbidity flows, triggered and moved
along the slopes of the central high. Twenty-four
meters of Lower Cretaceous post-impact sediments
covers the crater-related sediments, thereafter the
Quaternary strata.

Based on detailed geophysical analyses, Tsikalas et
al. (1998b) indicated that the Mjelnir structure may
have been filled by two different breccia units: an upper
allochtonous breccia, 1.1—1.3 km thick, consisting of
fallback and wash-back/resurge material; and a lower
autochthonous breccia up to about 2—3 km thick.

Theoretically, the maximum thickness of a breccia
lens filling an impact crater is roughly half of the rim
to floor depth of the crater itself (Melosh, 1989).
Comparisons suggest that the crater-filling breccias
within subaerial craters are thinner than those in
marine impact craters. In the Montagnais crater, the
breccia overlying the central uplift is 552 m thick,
whereas it is more than 850 m of thickness at the
inner ring. The breccia on the central high is inter-
calated with several layers of recrystallized melt and
has an overall thickness which is greater than in
subaerial impact craters of comparable size (Jansa,
1993; Jansa et al., 1989; Grieve, personal communi-
cation). This difference arises because resurge cur-
rents transport excavated material back into the cavity
from outside the crater. This process does not occur
during terrestrial impacts. This provides another cri-
terion for distinguishing terrestrial from marine im-
pact craters.

4. The sedimentology of bolide impacts

Catastrophic event deposits, including those gen-
erated by a tsunami, caused by an asteroid impact into
a marine environment were the subject of a Special
Issue of Sedimentary Geology (Vol. 104, 1996). More
recently, Shiki et al. (2000) discussed some of the
recognition criteria for tsunami deposits. However,
descriptions of sedimentological features generated by
impact-triggered tsunamis are rare. Hartley et al.
(2001) have described a convincing Pliocene example
from Chile, which Felton and Crook (2003) suggest
may have been generated by the Eltanin impact event
in the SE Pacific.

4.1. Sedimentation within the crater

Avalanches, slides, and slumps are generated from
the central highs and the walls of an expanding crater
during excavation of the impact cavity. The majority
of the ejecta in subaerial impacts is transported solely
by air, whereas in marine impact craters, air-borne
ejecta are often reworked by currents along the sea
bed, or within the excavating cavity. The presence of
autochthonous breccia dispersed within melt horizons
at the Montagnais crater indicates that debris was
transported down to the cavity floor by avalanches
and debris flows from the walls of the excavating
crater before hitting the final rise of the central high.
The overlying para-autochthonous, polymict breccia
and suevite provide evidence for incorporation into
the cavity of ballistically ejected particles and fall-
back breccia during later periods of cavity excavation.
In the Mjolnir Crater, about 14 m of chaotic sedi-
ments, most probably resulting from submarine
slumps, debris flows, and/or suspension currents,
occurs in the upper part of the crater fill succession
(Mork et al., 2000). These were derived and trans-
ported from the central high into the surrounding
crater. Tsikalas et al. (2002) developed a quantitative
model for porosity changes resulting from the Mjelnir
impact. From density and travel time distribution, they
concluded that the porosity in the crater increase by
6.3% immediately after the impact, but was reduced
by 2.5% after the crater was buried.

In the Lockne crater, slump deposits and turbidites
are present within the 200 m thick sedimentary
succession filling the crater, where reworked ejecta



H. Dypvik, L.F. Jansa / Sedimentary Geology 161 (2003) 309-337 325

are mixed with impactites, fractured and melted target
rocks and fragments of marine background sediments
(Lindstrem et al., 1996; Orme and Miyamoto, 2002).
In other marine impact craters, e.g. the Avak (Kirsch-
ner et al., 1992), Chesapeake Bay (Poag, 1997; Poag
et al.,, 1994), Chicxulub (Sharpton et al., 1996),
Kérdla (Puura and Suuroja, 1992), and Neugrund
(Suuroja and Suuroja, in press), turbidites and sedi-
ments deposited by slumps, debris flows, and suspen-
sion flows have also been identified. At the Chicxulub
Crater, an impact breccia up to 500 m thick was
penetrated in several wells drilled in the outer ring,
150 km from the center of the crater (Sharpton et al.,
1996; Ward et al., 1995). This breccia is poorly sorted
and composed of sand to gravel sized, angular to
subrounded fragments of dolostone, anhydrite, lime-
stone, melt rocks, and altered glass. It was interpreted
by Ward et al. (1995) as a debris flow deposit. In the
Chesapeake Bay Crater, the Exmore Breccia is about
250 m thick (Poag, 1996), comparable in thickness to
the sedimentary formations interpreted as resurge
sediments in the Lockne Crater (Lindstrom et al.,
1996; Orme and Lindstrem, 1999).

4.2. Sedimentation outside the crater

Shock-generated sea waves, gigantic tsunamis, and
resurge currents all result in transport and reworking
of marine surface sediments together with ballistically
transported ejecta. Consequently, suspension, turbidi-
ty currents, grain flows, mud flows, debris flows, and
resuspension of finer particles deposits can occur
depending on the geographic location of the impact
site: i.e. on the shelf, nearshore, or proximal to the
shelf edge, in a shallow sea, or in the deep bathyal
ocean. [vanov (1999) indicated that a cometary impact
may generate currents that can reach velocities up to
100 m/s at a distance of 20 km from the impact site. A
19 cm thick composite turbidite related to the Mjolnir
impact has been identified in core 7430/10-U-01.
Similar sedimentary facies from the Chicxulub crater
excavation have been found at Arroyo el Mimbral
(Mexico), Beloc (Haiti), and several other localities
around the Gulf of Mexico (Smit et al., 1996), where a
siliciclastic unit is composed of a mixture of replaced
impact spherules and sand. This unit, previously
interpreted as a tsunami-like impact-wave deposit
(Smit et al., 1992), was reinterpreted by Bohor

(1996) as a succession of gravity deposits channelized
through incised canyons. Turbidity currents and grav-
ity flows generated by the Chicxulub impact in
northeastern Mexico were also described by Adette
et al. (1996) and recently discussed by Bahlburg and
Claeys (1999). Yancey (1997), in a study of Creta-
ceous—Tertiary boundary at Brazos River, Texas,
documented structures at the top of the K/7 boundary
layer indicating deposition under conditions of wan-
ing wave activity. At the Montagnais impact site, such
deposits have not been identified, since only drill bit
cuttings have been recovered from the Montagnais
drill site as well as from the other nearest oil-explor-
atory drill site located 50 km to the southeast of the
Montagnais.

Turbidites, debris flows, or any other marine gravity
deposits triggered by seismic events, tsunamis, slope
failures, or by a meteorite impact are sedimentologi-
cally similar, despite having different trigger mecha-
nisms. The only distinguishing criteria are the presence
of either impact-produced sedimentary particles, such
as various forms of melts, impact spherules, and
minerals such as quartz with planar deformation fea-
tures and a distinctive geochemical composition, such
as an iridium anomaly.

Along the crater margin and outside the crater rim,
resurge sediments may be present. At the Montagnais
impact site, deep incisions and channels cutting the
rim have been interpreted from the seismic data by
Edwards (1989) and Jansa et al. (1989). These chan-
nels can be followed up to 22 km northwest from the
crater rim, with their depths decreasing in that direc-
tion. They are resurge gullies; however, as they
demonstrate several periods of erosion, it is uncertain
how much their shapes were modified by later, post-
impact bottom current activity. Orme and Lindstrem
(1999) note that resurge gullies should be common in
marine impacts as they can be recognized in the
Lockne Crater and the Kamensk structure. Across
the rim of the Mjolnir crater, depressions seen on
the reflection seismic profiles may represent resurge
gullies modified by later compaction (Tsikalas and
Faleide, in press).

Impact-generated suspension currents, mass flows,
and tsunamis can alter the sea bed as well as the
morphology of neighbouring coastal areas. The effects
would, however, vary according to impact location,
regional geology and topography, water depth and
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impactor size, its composition, and velocity. Even if
the bolide itself does not reach the sea bed (e.g. the
Eltanin impact, Gersonde et al., 1997), impact-gener-
ated waves could severely disturb the sea floor in
shallow-water areas. The most severe disturbances
should be expected on shelves, as impacts that can
disturb deep ocean floor may be rare.

Modeling of the interaction of a typical stony
asteroid (density of 3.32 g/em® and velocity of 20
km/s) with the atmosphere indicates that a bolide of
300 m to 1 km in diameter will impact the Earth surface
every 1000—300,000 years (Shoemaker et al., 1990;
Toon et al., 1994; Crawford and Mader, 1998). Bolides
larger than 1 km in diameter will excavate sea floor in
5000 m deep ocean (Crawford and Mader, 1998; Ward
and Asphaug, 2002). The latter authors calculated that a
1.1-km diameter asteroid travelling at 17.8 km/s would
blow a cavity 19 km in diameter at the sea floor at a 5-
km-deep ocean. Therefore, there is a high probability
for at least three large impacts within any 1 million year
time window, some of which inadvertently would be in
deep ocean. Since impacts of such bolides are known to
occur in the shelf areas and shallow seas, the lack of
impact structures in the abyssal ocean is most probably
due to the young age of the ocean floor and our lack of
detailed knowledge of its morphology, rather than lack
of impact structures.

4.3. Impact-induced tsunami deposits

A gigantic tsunami can result from the impact of a
bolide into the ocean. Ahrens and O’Keefe (1983)
calculated that the tsunami will contain kinetic and
gravitational energy amounting to some 7—9% of the
impact energy. An event of the size of the K/T impact
is expected to generate tsunami effects about 10°
times more intense than those of the largest historic
earthquakes. Modeling experiments have conclusively
demonstrated that at least two, or even three, “tsuna-
mi-like”” waves would be generated by an impact into
an ocean (Gault and Sonett, 1982). Additional tsuna-
mi-like waves could be triggered by slumps and slides
along the crater highs and margins. The depositional
outcome will be a stratigraphic unit with a complex
lithological composition and structure. It may include
multiple erosional surfaces and most likely be com-
prised of several beds. According to the calculations
of Ahrens and O’Keefe (1983), a mega-tsunami,

generated by “K/T type” bolide impact, would decay
to a height of 150 m half-way around the world and
would attain a maximum speed of about 0.2 km/s.
According to those estimates, the mega-tsunami
would inundate the low lying coastal areas on the
Earth within 27 h. Therefore, any gigantic tsunami
deposit generated by a bolide impact will be deposited
within a very short time interval of minutes to hours,
rarely of days. van der Bergh (1989) suggested that an
impact forming a 150 km in diameter wide crater in 5
km of water-depth would create a 1300-m-high tsu-
nami within a 300-km radius decreasing to a 100-m-
high tsunami within a 10,000-km radius of the impact.
It should be noted that the possibility for information
of such waves is highly discussed.

According to Jansa (1993), the Montagnais impact
created a 200-m-high wave 300 km from the crater,
whereas Tsikalas et al. (1998b) suggested that the
Mjelnir impact formed a 30—60 m high wave at a
distance of 50 km from the impact site. If the Mjelnir
dimensions are applied to the equations of van der
Bergh (1989), however, similar values as those found
for the Montagnais cratering are achieved (Dypvik and
Attrep, 1999). The search for direct tsunami-related
sedimentation caused by the Mjelnir and Montagnais
impacts has so far proven unsuccessful, even though
such gigantic tsunami waves should result in a maxi-
mum horizontal orbital velocity of 21 m/s of water near
the sea floor at the shelf, and a velocity of ~ 57 cm/s at
distance of 1000 km in 5000 m deep ocean (see below).
Therefore, based on cited calculation these impacts
should produce recognizable erosion on sea floor and
disconformities at the shelf area. The effects may be
subdued due to poorly consolidated, water-saturated
sediments on the sea floor.

The gigantic tsunamis formed by the five times
larger Chicxulub impact must have generated suspen-
sion currents, turbidites, mass flows, and debris flows
in combination with slumping and sliding across the
200-km-wide Gulf of Mexico and in the surrounding
depositional areas (Bohor, 1996; Ocampo et al., 1996;
Smit et al., 1992, 1996). The K/T boundary deposits in
Mexico and around the Gulf of Mexico are charac-
terized by the presence of coarse-grained, basal beds
rich in spherules and mud flakes. The basal unit
grades into fining upward sandstone sequences, which
are commonly capped by rippled sandstones and
siltstones carrying both Ir enrichments and Ni-rich
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spinels (Adette et al., 1996; Bohor, 1996; Rocchia et
al., 1996; Smit et al., 1996; Stinnesbeck and Keller,
1996). Impact-related deposits at the K/7 boundary
consisting of a mixture of chalk clasts and normally
graded sandstones were identified in Deep Sea Dril-
ling Sites in the Gulf of Mexico, Caribbean, and Blake
Nose (Alvarez et al., 1992; Smit et al., 1996; Bralower
et al., 1998; Moore et al., 1998). The sandstone beds,
which have a complex architecture, accumulated at
neritic to upper bathyal depth. Smit et al. (1996) and
Smit (1999a,b) came to the conclusion that although
these beds locally differ, they appear to form a
consistent depositional sequence within the K/T sand-
stone complexes. The characteristics of the deposits at
a distance <800 km from the Chicxulub impact
structure are a sharp erosional base and poorly sorted
coarse-grained pebbly sandstone containing recrystal-
lized spherules with vesicles (interpreted as impact
ejecta). The overlying, upward fining fine-grained
sandstones and siltstones contain increased concen-
trations of iridium. According to the above authors,
redeposition by a series of large tsunami waves is the
most likely explanation for the organisation of the K/T
sandstones.

Impact-generated gigantic tsunamis may erode the
sea-bottom in shelf regions and result in the formation
of mud-clast conglomerates or breccias in shelf envi-
ronments, as documented by Bourgeois et al. (1988)
at the Cretaceous—Tertiary boundary near the Brazos
River, Texas. Such beds may contain older rocks and
ejecta in addition to reworked contemporary sedi-
ments. Giant tsunami shelf deposits could contain
pelagic and deep benthic microfauna intermixed with
neritic forms and exotic material transported by back-
flow from coastal erosion. Such a possible tsunami-
generated deposit at the Cretaceous—Tertiary bound-
ary was identified in Pernambuco, northeastern Brazil
(Albertao and Martins, 1996). It is a graded bioclastic/
intraclastic packstone with an erosive base, which
contains microtectites and shock-metamorphosed
quartz grains. It is overlain by a 2 cm thick marly
bed with increased iridium concentrations of 0.69 ppb.

A possible impact-generated tsunami breccia was
described from the Upper Devonian in southern
Nevada by Warme and Sandberg (1995). It is the
Alamo Breccia, over 50 m thick, with megaclasts 500
m long and 90 m high at the base and covers an area
of 10,000 km?. The breccia consists of up to five

graded units of shallow water carbonate with gravel-
size clasts near the base and mud-size particles at the
top. Warme and Kuehner (1998) reinterpreted the
Alamo Breccia as encompassing a within- or near-
crater breccia, with the thinner outer sequence result-
ing from the uprush of tsunamis that transported
breccia material from deeper water. The presence of
shocked quartz and spherules supports a bolide impact
origin.

4.4. The mega-tsunami dilemma

From both modeling experiments and theoretical
calculations, the effects of mega-tsunamis generated
by a “K/T-type bolide” should be recognizable at
oceanic depths half-way around the world (Ahrens
and O’Keefe, 1983; van der Bergh, 1989). The
wavelength of a typical tsunami exceeds 200 km;
therefore, it represents a so-called ‘“‘shallow-water
wave”’, the speed of which is determined by water
depth. Such waves move at high speed across the
open ocean, well over 700 km/h. A velocity of 720
km/h has been suggested for the K/T impact-generated
mega-tsunami wave by Ahrens and O’Keefe (1983).
From marine impact modeling, the latter authors and
van der Bergh (1989) suggested that mega-tsunami
waves generated by “K/T size” bolides will have
heights of 100—150 m half-way around the world.
The maximum horizontal orbital velocity (u,,) near
the sea-floor for the water movement associated with
a “shallow wave” assuming a 200 km wave-length at
the depth of 5000 m can be calculated by the equation
given by Pickering et al. (1991):

Hce
“m = on
where c=(gh)"> = shallow water wave speed; g = grav-
itational acceleration; /4 =water depth;, H=wave
height.

For a tsunami height of 100 m, the near bottom
velocity at the depth of 5000 m would be 2.21 m/s,
which is much higher than the critical velocity needed
for erosion of carbonate ooze (15-35 cm/s), or
unconsolidated clay and silt grains (10-20 cm/s;
Postma, 1967). Far more destructive conditions will
occur as such a wave approaches a shelf edge.
Assuming the same wave height as above and water
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depth at the shelf edge of 200 m, the velocity of the
approaching wave near the sea bottom will increase to
11 m/s, with the ability not only to erode but also to
move boulders and blocks. As mega-tsunami waves
approach the coast, the abrupt shoaling of water depth
will cause further dramatic increase in wave ampli-
tude, as the uniformly distributed wave energy is
compressed and released (Pickering et al., 1991).
Secondary water movement, such as that generated
by back flow from shallow-water and coastal run-up,
together with offshore-directed surges and associated
sediment gravity flows (e.g. turbidity currents), will
be capable of generating a wide range of bed forms.

Mega-tsunamis can thus leave a varied deposition-
al imprint of their passage. This is characterized by
chaotic mixing of sediments from different coastal
environments and of diverse grain sizes. Intuitively, it
seems likely that back flow surges would be of
sufficient magnitude to move all normally available
grain sizes. Goff et al. (2001), who summarized
diagnostic characteristic of tsunamis, noted that
blocks up to 750 m® can be moved as well as sand
and mud. Even larger objects could have been moved
by K/T mega-tsunami.

So, why has so little evidence for the K/T mega-
tsunami been found around the North Atlantic and none
in the deep ocean basins, except for the Gulf of
Mexico? The only undisputable evidences for a distal
tsunami deposit generated at the K/T boundary are the
coarse grained sedimentary beds sandwiched within
the shaly strata deposited on the shelf at Braggs and
Brazos River, Texas (Bourgeois et al., 1988) and in
northeastern Brazil (Albertao and Martins, 1996). We
can suggest several reasons for the lack of evidence of
the K/T mega-tsunami outside of the Gulf of Mexico.
Strelitz (1979) has indicated that the complexities may
arise from manifested nonlinearity of the waves and
conversion of the coherent energy into turbulence,
which tends to greatly reduce catastrophic run-up.
Another probably more important factor is the physi-
ography of the impact target region. The theoretical
calculations for impact-generated tsunami were made
for the deep open ocean, but the Chicxulub impact
occurred on a shallow carbonate shelf, rimmed by a reef
barrier at the shelf edge, and adjacent to the deep basin
of the Gulf of Mexico. The latter basin was at that time
partially restricted by a shallow water carbonate plat-
form barrier to the northeast, by the Cuba/Hispanola

volcanic arc to the south, and by land to the west (Fig.
8). These morphological constraints would result in
wave refraction and interference leading to a decrease
in wave energy outside of this region.

Some confirmation of this hypothesis is provided
by the Deep Sea Drilling Program around the Baha-
mas. There, Austin et al. (1988) reported the com-
monly occurring unconformities associated with
coarse-grained and pebbly beds separating Early Ter-
tiary and Late Cretaceous units. They interpreted these
as talus or sediment gravity deposits derived from the
Bahama Bank. However, they did not consider that
such major and widespread erosion and sediment
reworking might be the result of a Chicxulub mega-
tsunami, as we intuitively suggest.

A third reason for the difference between observa-
tions and the modeled mega-tsunami is the large differ-
ences in published model results. How good is our
knowledge, for example, Crawford and Mader (1998)
note that in the literature, a 1-km asteroid travelling at
20 km/s has been estimated to generate a 200-m-high
tsunami after a 1000 km run out. But Crawford and
Mader (1998), using the same parameters, modeled the
tsunami wave amplitude using the same parameters as
only 6 m.

An impact-generated mega-tsunami on a shelf
might be better modeled by examining the effects of
submarine volcanic eruptions. Historic records of such
eruptions (Krakatoa, Santorini) show that the damage
was limited to sites near the eruptive source (Cita et al.,
1996).

4.5. Continental margin edge failures

Based on studies of the Montagnais impact crater,
Jansa (1993) suggested that continental margin-edge
failures, collapse, and related faunal mixing could be
caused by large bolide impacts onto the shelf. Mor-
phologically, the shelf edge seaward from the Mon-
tagnais Crater shows a large semi-circular reentrant
where the slope is gentler than in the surrounding
area, accompanied by a sedimentary bulge at the toe
of the continental slope (Bathymetric map 801-A,
Canadian Hydrographic Service, Ottawa, 1990). Both
features suggest collapse of the shelf edge triggered
by the impact-generated shock waves. Once disturbed,
the material could have moved downslope, being
redeposited by slides, slumps, avalanches, and debris
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Fig. 8. Insert shows the location of Deep Sea Drilling Sites in the Gulf of Mexico and generalized location of K/7 megabreccia in Cuba. The
schematic section across the Gulf of Mexico from the Campeche to Florida Escarpment is based on a reflection seismic line interpreted by
Schlager et al. (1984). The trough on flank of which Site 535 is located was interpreted by Schlager et al. (1984, Fig. 4) as a half graben or
graben. In contrast, we interpret the “trough” as a locality were the K/7 megabreccia was channelized by erosion of the trough (note that most of
the Upper Cretaceous pelagic sedimentary strata underlying the trough are missing. MCU = Mid-Cretaceous Unconformity of Schlager et al.

(1984), here reinterpreted as K/T boundary unconformity).

flows. This hypothesis remains untested as the deep
basin off the Montagnais structure has not been
drilled, but some support is provided by reflection
seismic data collected in the crater vicinity. The
seismic line (Fig. 7) shows that the crater rim is
missing at the shelf-edge, together with all Upper
Cretaceous strata down to the top of the Lower
Cretaceous carbonate platform. The seaward-dipping
surface at the top of the carbonate platform most
probably represents the decollement surface.

Better documented is the continental shelf edge
failure triggered by impact-induced seismic activity in
the Gulf of Mexico and Caribbean (Pszczolkowski,
1986; Alvarez et al., 1992; Bralower et al., 1998;
Grajales-Nishimyra et al., 2000; Takayama et al.,
2000). Remobilized sediments of approximately K/T
boundary age were recovered in the Gulf of Mexico
during DSDP Legs 10 and 77. Pszczolkowski (1986)
suggested that K/T deposits at sites 97 and 540 might
bear on the impact hypothesis. Bralower et al. (1998)

noted that the K/7 boundary in the Gulf of Mexico and
Caribbean is normally marked by a bed a few tens of
centimeters thick with mixture of lithologies, which
they named “the Cretaceous—Tertiary boundary cock-
tail”. They suggested that this was deposited by a
gravity flow, apparently triggered by the collapse of
continental margins around the Gulf of Mexico.
Alvarez et al. (1992) restudied cores from sites 536
and 540, which are 93 km apart (Fig. 8) and located in
the deep-water entrance to the Gulf of Mexico,
between Yucatan and Florida. The 45-m-thick se-
quence of coarse-grained deposits at Sites 536 and
540, according to Alvarez et al. (1992), consists of
poorly sorted pebbly mudstone containing chalk,
mudstone, and bioclastic limestone clasts (unit 2). It
is overlain by cross-bedded sandstone with angular
clasts of chalk and bioclastic limestone (unit 3) that
grades up into chalk (unit 4). Units 3 and 4 contain
spherules, shocked quartz, and glass fragments, and
increased iridium concentrations.
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Alvarez et al. (1992) interpreted the cross-bedded
sandstone (unit 3) as the result of reworking of the
ejecta on the deep sea-floor by the tsunami. Both
Alvarez et al. (1992) and Bralower et al. (1998)
accepted the interpretation of Schlager et al. (1984)
that the Albian to Cenomanian 100-m-thick limestone
sequence at Site 536 (Unit 1) represents an autoch-
thonous substratum. Unit 1 is lithologically distinctly
different from the underlying strata, composed of pre-
Aptian brown dolomite.

We have restudied data from the above DSDP Legs
which, in combination with the result of field studies
of the Cretaceous strata in Cuba by one of the authors
(Jansa), lead us to further modify the interpretations of
Buffler et al. (1984), Schlager et al. (1984), Alvarez et
al. (1992), and Bralower et al. (1998). At site 536,
only 4% of one core was recovered from the Lower
Cretaceous limestone sequence (Unit 1). It was inter-
preted by Schlager et al. (1984) as a drilling breccia,
composed of clasts of shallow water limestones, well-
sorted grainstones, radiolarian mudstone, and nanno-
fossil chalk. The coarse material in the limestones
consists of gravel-size fragments of rudists and debris
of corals, gastropods, dasycladacean and codiacean
algae, and a few benthic foraminifera. This shallow
water fauna led Buffler et al. (1984) to interpret the
sequence as carbonate platform talus, shed downslope
into deep-water environments, which was the most
logical explanation at that time.

A mega-breccia, in part similar in texture and
composition to the breccia in Site 536, outcrops in
Sierra del Rosario, Cuba. It is up to 400 m thick and
can be followed for almost 800 km from western
Cuba to near Penalvar, east of Havana. The thickness
and grain-size decrease eastwards. The lower part of
the mega-breccia at Sierra Rosario is massive, boulder
to pebble size, unsorted, and clast supported with
clasts containing frequent rudists, corals, orbitoid
foraminifera, benthic foraminifera, echinoderms, and
algae (Fig. 9A) that provide undisputable evidence for
derivation from a shallow water carbonate platform
rimmed by rudist reefs. Overall, the breccia consists
of a mixture of shallow water limestones and angular
clasts of greenish, altered volcaniclastic rocks and
mainly green and black chert (Fig. 9B), locally up
to several meters across (Pszczolkowski, 1994).
Quartz grains, microcline, benthic foraminifera, radio-
laria test, and micrite are common components of the

breccia matrix. The presence of quartz and microcline
grains strongly suggests that the breccia has been
derived from a continental margin and not from the
Cuban volcanic arc as suggested by Takayama et al.
(2000). The basal breccia grades upward into a coarse
calcirudite, which in turn grades into coarse grain-
stones capped by fine silt-size grainstone containing
planktonic foraminifera. Takayama et al. (2000) found
vesicular glass and shocked quartz in the upper part of
a correlative mega-bed near Havana (the Penalver
Formation). Their biostratigraphic study restricts the
age of Penalvar Formation as overlying Late Maas-
trichtian age strata and underlying Danian strata. The
mega bed at Sierra Rosario most likely represents a
single depositional event triggered by Chicxulub me-
teorite impact, as suggested by Pszczolkowski (1994).
The seismic tremors resulted in a collapse of the part
of the Yucatan outer shelf edge, with submarine
avalanches became channelized into debris flows
which scoured and eroded the oceanic floor. A reflec-
tion seismic profile shot between Campeche Platform
and Bahamas (Fig. 9; line SF-15, in Buffler et al.,
1984) shows a deep sea channel, almost 10 km wide,
where Middle to Upper Cretaceous strata were re-
moved by erosion. The Sierra Rosario breccia con-
tains a high percentage of angular clasts of radiolarite
lithologically similar to Albian—Cenomanian radio-
larites exposed in Sierra Rosario. Therefore, we con-
clude that the “channel” may have been scoured by
the southeastward-directed Chicxulub debris flow.
The limestone breccia at the base of Campeche
Escarpment, which was penetrated at Site 536 (Unit
1 of Alvarez et al., 1992), most probably represents a
landward-directed edge of one of the debris flows
triggered by the impact, which came to rest at the base
of the Campeche escarpment.

A different deposit resulting from seismic waves
propagation, or by a tsunami wave generated by
Chicxulub impact, was recently recognized on the edge
ofthe Blake Plateau (Norris etal., 1999, 2001). Drilling
during ODP Leg 171B and seismic evidence recorded
slumping of Upper Cretaceous beds on the continental
slope. A 10-cm-thick layer of green spherules contain-
ing fragments of chalk, limestone, chert, mica, schist,
as well as shocked quartz, was penetrated at Site 1049.
The upper part of the bed contains an iridium anomaly.
The first Paleocene planktonic foraminifera and cal-
careous nanofossil species were recorded immediately
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Fig. 9. Composition of K/T megaturbidite bed from the Los Cayos Member, exposed in Miracielo, western Cuba. Hammer for scale. (A) Close
up view of clast-supported breccia. It shows poor sorting, clasts do not show any preferential orientation and are mainly angular. Some shallow-
water limestone clasts enclose rudist fragments; some of the chert clasts are thinly laminated. The coin is 2 cm in diameter. (B) Block of the
limestone breccia showing angular limestone clasts (gray), black chert clasts, and rare igneous rocks clasts (green).

above the spherule bed (Norris et al., 1999), represent-
ing Chicxulub impact ejecta. The slumped beds can be
seismically correlated with Horizon A* (Tucholke,
1979), which can be recognized as far as 1000 km east
of the eastern North America shelf. This seismic
reflector has been correlated with the Crescent Peaks
Member (Jansa et al., 1979), which is an olive grey
marly chalk in places intercalated with claystones. Its
thickness varies from several meters to several tens of
meters. The chalk is enclosed within a pelagic reddish

clay sequence (the Plantagenat Formation) and was
considered to indicate a major drop in the carbon
dissolution level (Jansa et al., 1979). However, drilling
at Blake Nose showed that the Crescent Peaks chalk is
correlative with the K/T boundary disturbance. Thus,
the Crescent Peaks chalk is best interpreted as derived
from pelagic carbonate deposited on the eastern North
American shelf that was remobilized due to liquefac-
tion by seismic tremors, triggered by the Chicxulub
impact. A plume would generate transport of the
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carbonate ooze offshore. Turbidite currents could also
have been triggered by the same event, as suggested by
Norris et al. (1999), transporting fine-grained pelagic
carbonate far into the deep basin. A mega-tsunami may
have played an important role in the Blake Plateau shelf
scouring, opening a deep-water passage from the
Yucatan toward the Blake Nose.

5. Conclusions

The physics of impacts into consolidated, well
cemented, and crystalline target rocks is known to
some extent. In contrast, the knowledge of impacts
into successions of wet, unconsolidated sediments
covered by a water blanket has not been very much
studied. Comparison of two of the best known sub-
marine impact craters, the Montagnais and the Mjelnir
craters, allows a more detailed assessment of process-
es specific to marine environments. Initially, as the
water returns to the excavating cavity, where at the
time of the impact the initial temperature is in a range
of several thousand degrees centigrade, it changes into
steam that expels more ejecta. Return water flow into
the excavating cavity generates currents that rework
and retransport previously ejected material, returning
it to the excavated impact crater cavity. As a conse-
quence, the regional distribution of fall-out breccia in
marine impacts is generally more restricted than in
land impacts and a thicker impact breccia accumula-
tion within the impact crater may result. Resurge
gullies are another feature specific to subaqueous
craters. Such erosional features result from submarine
erosion which bevels off the crater rim, causing lower,
more subtle rims or almost complete removal of a rim.
In contrast, impacts on land always have well-devel-
oped elevated crater rims prior to long-term erosion.
In shallow submarine impacts, the top of the central
peak is flat as a result of scouring and reworking of
impact deposits by waves and shallow currents. This
is an additional criterion recognizing neritic impact
structures.

Some geochemical (Ir), mineralogical (e.g.
shocked quartz, Ni-spinels), and macroscopic (shatter
cones) impact markers are common to both subaerial
and subaqueous impact craters. However, partial iso-
tropization of quartz and feldspar grains seems to be
more frequent in subaqueous than on land impacts.

Among the sedimentological features characteristic
of submarine impacts, we include the generation of
extensive debris flows and turbidites resulting in the
formation of sedimentary sequences with complex
architecture and multiple erosion surfaces. This has
been documented for the Chicxulub impact, as is the
fact that large impacts may result in partial collapse of
the outer continental margin. The channelized debris
flow from the collapse of the Yucatan continental
margin may have traveled for several thousand kilo-
meters, eroding the bathyal ocean floor, and deposited
a chaotic mixture of shallow water carbonate and
bathyally deposited sedimentary rocks debris in a
single, 400 m thick megaturbidite bed, which can be
followed for 800 km from western to eastern Cuba.
However, the only evidence for the impact origin of
these gravity deposits is the presence of various forms
of melts and increases in iridium.

Lack of undisputable gigantic tsunami deposits
resulting from an impact of a large Chicxulub-type
of a bolide outside of Gulf of Mexico indicates that
the transfer of energy could be regionally restricted by
the bathymetry of the surrounding area, or as result of
nonlinearity of waves and the conversion of the
coherent energy into turbulence (Strelitz, 1979). A
Chicxulub impact-triggered earthquake, perhaps joint-
ly with a mega-tsunami, liquefied pelagic carbonate
shelf deposits of the eastern North American margin,
with the sediment in suspension being redeposited in
the adjacent deep western North Atlantic basin (Norris
et al., 1999). Such chalks (the Crescent Peaks Mem-
ber, Jansa et al., 1979) were previously considered to
originate by the change in the CCD.

Ancient marine sedimentary records contain ample
amounts of erosion surfaces and disconformities of an
unknown origin, some of which could have been
caused by a bolide impact-generated mega-tsunami.
Meteorites of 30—1000 m in radius strike the Earth
every 1000—300,000 years (Shoemaker et al., 1990;
Toon et al., 1994; Ward and Asphaug, 2000), and
some of them would impact the ocean. However, an
asteroid greater than 2 km in diameter would be
required to generate a mega-tsunami, presenting haz-
ard throughout the entire Atlantic (Crawford and
Mader, 1998).

Our knowledge of marine impacts is not limited
because they were rare in the past. It is due to oceanic
plate subduction, our insufficient knowledge of de-
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tailed ocean bottom morphology and of the criteria for
recognizing such events in the ancient rock records.
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