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ABSTRACT

Impact craters contain ecosystems that are often very different from the ecosystems that surround them. On
Earth over 150 impact craters have been identified in a wide diversity of biomes. All natural events that can
cause localized disruption of ecosystems have quite distinct patterns of recovery. Impact events are unique
in that they are the only extraterrestrial mechanism capable of disrupting an ecosystem locally in space and
time. Thus, elucidating the chronological sequence of change at the sites of impacts is of ecological interest.
In this synthetic review we use the existing literature, coupled with our own observations at the Haughton
impact structure, Devon Island, Nunavut, Canada to consider the patterns of biological recovery at the site
of impact craters and the ecological characteristics of impact craters. Three phases of recovery are suggested.
The Phase of Thermal Biology, a phase associated with the localized, ephemeral thermal anomaly generated
by an impact event. The Phase of Impact Succession and Climax, a phase marked by multiple primary and
secondary succession events both in the aquatic realm (impact crater-lakes) and terrestrial realm
(colonization of paleolacustrine deposits and impact-generated substrata) that are followed by periods of
climax ecology. In the case of large-scale impact events (> 10* Mt), this latter phase may also be influenced
by successional changes in the global environment. Finally, during the Phase of Ecological Assimilation, the
disappearance of the surface geological expression of an impact structure results in a concomitant loss of
ecological distinctiveness. In extreme cases, the impact structure is buried. Impact succession displays
similarities and differences to succession following other agents of ecological disturbance, particularly
volcanism.
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I. INTRODUCTION - THE SIGNIFICANCE OF
IMPACT CRATER BIOLOGY

Impact events can be regarded as biologically
‘resetting’ events because they render the immediate
area of the impact sterile as a result of the intense
heat (up to approximately 15000 K) and pressures
(several hundred GPa) reached at the point of
contact of the impactor with the target planet
(Melosh, 1989). Large-scale impacts probably alter
the global environment, in particular by generating
stratospheric dust and/or soot loading with ensuing
global environmental effects (e.g. Toon et al., 1997).
Other alterations, which range from ozone depletion
to acid rain, might also affect the global environment
(Toon et al., 1997). Such profound disruption of
ecological balance might have resulted in dramatic
shifts in biological evolution, manifested in the fossil
record as extinction boundaries. However, events at
such scales are relatively rare. The impact interval is
of the order of 10"~10°® years for impactors that might
result in a 10°-107 Mt explosion (see Fig. 1). Events
that result in only localized alterations to the
environment are more frequent. The impact interval
is approximately 10 years for impactors causing a
10®* Mt explosion, well within the threshold for
regional effects (Toon et al., 1997). These events will
result in a localized destruction of the biota such as
that proposed for Meteor Crater, Arizona
(35°02"N, 111°01" W) (Kring, 1997), a 1.2 km
diameter structure formed approximately 5x 10*
years ago. The boundary between global and
regional effects is ill defined. At the 23 km-wide
Haughton Impact Structure, Devon Island,
Canada, (75°22"N, 89°41” W), complete steriliz-

ation probably occurred only in the immediate

vicinity of the impact site with material in the
impact spall zone being a possible exception.

While the biological and ecological effects of
impacts on the global environment are often dis-
cussed, the patterns of biological change at the site
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Fig. 1. Time interval between impact events of given
energies based on analyses reviewed in Toon et al. (1997).
The hatched area represents the range of energies
associated with the transition between local and global
effects. The energy of transition is poorly defined as it
depends upon what environmental effect is being con-
sidered. The graph illustrates the greater frequency of
events that only cause localized destruction. Note that
impact energies are often described as equivalent megaton
quantities of TNT. 1 Megaton of TNT is equivalent to
4.2 x 10" J.
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Table 1. Asteroid and comet impact craters discussed in this paper listed in alphabetical order

Impact structure name Location Diameter (km) Age (Ma) Biome

Acraman Australia 90 > 450 Chaparral/desert
(32°01” S, 135° 27" E)

Amguid Algeria 0.45 < 0.1 Desert
(26° 05" N, 4° 23" E)

Aourunga Chad 12.6 < 345 Desert
(19°06" N, 19° 15" E)

Avak Alaska 12 > 95 Tundra/polar desert
(71° 15" N, 156° 38" W)

Beaverhead USA 60 600 Temperate deciduous forest
(44° 36" N, 113° 00" W

Bigach Kazakhstan 7 613 Temperate deciduous forest
(48° 30" N, 82° 00" E)

Boltysh Ukraine 24 88+3 Grassland
(48° 45" N, 32° 10" E)

Bosumtwi Ghana 10.5 1.03+0.02  Tropical rainforest
(6°30"N, 1°25" W)

Boxhole Australia 0.17 0.03+0.0005 Desert
(22°37° S, 135° 12" E)

Brent Ontario, Canada 3.8 450+ 30 Temperate deciduous forest
(46° 05" N, 78° 29" W)

Campo del Cielo Argentina 0.05 < 0.004 Grassland
(27° 38 S, 61° 42" W)

Clearwater (East and West) Quebec, Canada 26 290+ 20 Taiga
(56° 5" N, 74° 7" W)

Connolly Australia 9 <60 Desert
(23° 32" S, 124° 45" E)

Crooked Creek USA 7 320+ 80 Temperate deciduous forest
(37° 50" N, 91° 23" W)

Deep Bay Saskatchewan, Canada 13 100+ 50 Taiga
(56° 24" N, 102° 59" W)

Des Plaines USA 8 < 280 Grassland
(42° 03" N, 87° 52" W)

El'gygytgyn Russia 18 3.5+0.5 Tundra/polar desert
(67° 30" N, 172° 05" E)

Glover Bluff USA 8 < 500 Temperate deciduous forest
(43° 58" N, 89° 32" W)

Gosses Bluff Australia 22 142.540.8  Desert
(23°50” S, 132° 19" E)

Gow Saskatchewan, Canada 5 < 250 Taiga
(56° 27" N, 104° 29" W)

Haughton Nunavut, Canada 24 224+1.4 Tundra/polar desert
(75° 22" N, 89° 41" W)

Haviland USA 0.015 < 0.001 Grassland
(37° 35" N, 99° 10" W)

Henbury Australia 0.157 < 0.005 Desert
(24° 34" S, 133° 8" E)

Holleford Canada 2.35 550+ 100 Temperate deciduous forest
(44° 28" N, 76° 38" W)

Tlumetsy Estonia 0.08 > 0.002 Temperate deciduous forest
(57° 58" N, 27° 25" E)

Kaali Estonia 0.11 0.00440.001 Temperate deciduous forest

(58° 24’ N, 22° 40" E)
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Impact structure name Location Diameter (km) Age (Ma) Biome
Kaluga Russia 15 380+ 10 Grassland/temperate
(54° 30" N, 36° 15" E) deciduous forest
Kelly West Australia 10 > 550 Desert
(19°56” S, 133° 57" E)
Kentland USA 13 <97 Grassland
(40° 45" N, 87° 24’ W)
Lappajirvi Finland 23 77.3+0.4 Taiga
(63° 12" N, 23° 42" E)
Lonar India 1.83 0.05240.006 Tropical rainforest
(19° 58" N, 76° 31" E)
Manicouagan Quebec, Canada 100 21441 Taiga
(51° 23" N, 68° 42" W)
Manson USA 35 73.8+£0.3 Grassland
(42° 35" N, 94° 33" W)
Meteor (Barringer) USA 1.19 0.04940.003 Desert
(35° 02" N, 111° 01" W)
Middlesboro USA 6 < 300 Temperate deciduous forest
(36° 37" N, 83° 44" W)
Montagnais Nova Scotia, Canada 45 50.504+0.76 Underwater
(42° 53" N, 64° 13" W)
Monturaqui Chile 0.46 <1 Mountain zone
(23°56” S, 68° 17" W)
Morasko Poland 0.1 0.01 Temperate deciduous forest
(52° 29" N, 16° 54" E)
Morokweng South Africa 70 1454+0.8 Desert/grassland
(26° 28" S, 23° 32" )
New Quebec Quebec, Canada 3.44 1.440.1 Tundra
(61° 17" N, 73° 40" W)
Nicholson Canada 12.5 < 400 Taiga
(62° 40" N, 102° 41" W)
Obolon Ukraine 15 215425 Grassland
(49° 30" N, 32° 55" E)
Odessa USA 0.168 < 0.05 Desert/grassland
(31° 45" N, 102° 29" W)
Ries Germany 24 15+1 Temperate deciduous forest
(48° 53" N, 10° 37" E)
Rio Cuarto Argentina 4.5 < 0.1 Grassland
(32° 52 S, 64° 14" W)
Rochechouart France 23 214+8 Temperate deciduous forest
(45° 50" N, 0° 45" E)
Roter Kamm Namibia 2.5 3.74+0.3 Desert
(27°46” S, 16° 18" E)
Serra da Cangalha Brazil 12 < 300 Tropical rainforest/grassland
(8°05” S, 46° 52" W)
Siljan Sweden 52 368+ 1.1 Taiga
(61° 02" N, 14° 52" E)
Slate Ontario, Canada 30 ~ 450 Taiga
(48° 40" N, 87° 00" W)
Steinheim Germany 3.8 15+1 Temperate deciduous forest
(48° 41" N, 10° 04" E)
Sudbury Canada 250 1850+ 3 Taiga

(46° 36" N, 81° 11" W)
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Impact structure name Location

Diameter (km) Age (Ma)

Biome

Tswaing South Africa

(25° 247 S, 28° 04" E)
Veevers Australia

(22°58" S, 125° 22" N)
Vredefort South Africa

(27°00” S, 27° 30" E)
Wolfe Creek Australia

(19°10” S, 127° 48" E)
Zhamanshin Kazakhstan

(48° 20" N, 60° 58’ E))

300

1.13 0.2204+0.052 Grassland

0.08 <1 Desert
2023 +4 Grassland
0.875 < 0.3 Desert
13.5 0.940.1 Mountain zone

Ma, million years ago.
Ages are given with uncertainties (as of August 2001).

of impact craters themselves have received little
attention. There are now over 150 identified
terrestrial impact craters (R. A. I'. Grieve, personal
communication) in biomes that range from arctic
polar desert to the equatorial forests of Brazil.
Impact craters have for some time been recognized
to be sites of unusual ecosystems. Often, the circular
or concentric vegetation anomalies have been the
initial indication of the presence of an impact
structure. In some cases, detailed ecological investi-
gations of impact craters have been undertaken (e.g.
Bouchard, 1989 ; Gronlund et al., 1990; Burba, 1997;
Partridge, 1999), but no synthetic study is yet
available in the literature. Although impact craters
are found in many biomes and regions of the world,
they share some basic ecological characteristics that
are driven by their specific mechanisms of formation
and their physical characteristics. Overlain on these
general similarities are the effects of the specific
climatic regimes and biomes in which the crater
happens to have formed and resides, providing
interesting insights into how the ecology of specific
impact craters can be influenced by their location.
All catastrophic events that can cause the form-
ation of primary succession habitats (habitats that
are completely bare for recolonization) ; for example
high intensity fires, volcanism, and also glacial
scouring, have their own unique patterns of recovery.
The concepts of succession that occur after these
events are directly applicable to ecological recovery
at the site of asteroid and comet impacts (Cockell et
al., 20015). Because of the significant differences
between impact events and other mechanisms that
cause local ecological disturbance, the patterns of
biological recovery and change at the site of impact
craters merit separate analysis. Here, we review

some of the biological and ecological characteristics
of impact craters and we propose a generalized
sequence of post-impact succession.

II. IDENTIFYING COMMON PATTERNS IN
POST-IMPACT BIOLOGICAL CHANGES

(1) Existing studies

Knowledge of the patterns of biological recovery at
the site of impact events is still sparse. In order to
begin to understand the trends that occur, we first
undertook a review of the existing literature. The
craters discussed are shown in Table 1. Previous
studies of the present-day biota of the New Quebec
impact crater-lake, Canada (61° 17" N, 73° 40" W)
guided us in considering the biology of impact lakes
(Gronlund et al., 1990), which we supplemented
with the data of Maltais and Vincent (1997) on the
Clearwater  crater-lakes, Canada  (56°5" N,
74°7"W) and the data of Ashton (1999 and
references therein) on the lake of the Tswaing impact
crater, South Africa (25°24"S, 28° 04" E). We also
supplemented our discussions with the considerable
data that exist on volcanic lakes. On land, the work
of Burba (1997) on the present-day ecology of four
impact structures, together with the work of Kring
(1997) on the present-day biology of Meteor Crater,
USA (35°02"N, 111°01"W) guided us in con-
sidering possible successional patterns in the ter-
restrial realm and the characteristics of present-day
impact crater biology.

(2) The Haughton impact structure

We considered the above work in the context of our
on-going biological studies at the Haughton impact
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Fig. 2. (A) Map of the arctic showing the location of the Haughton impact structure, Devon Island, Nunavut Canada
(modified from Long, 1999). (B) Map of impact faults and major geologic units of the Haughton crater (adapted
from Hickey et al., 1988).
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Fig. 3. Synthetic Aperture Radar image of the Haughton impact structure, Nunavut, Canada (Canadian Geological

Survey).

structure, Devon Island, Canada during the 1997-
2000 summer field seasons.

The Haughton impact structure is situated on
Devon Island in the Canadian Arctic Archipelago
(Figs 2 and 3). It was formed 22.4 4+ 1.4 million years
ago (Ma) in the early Miocene (Omar et al., 1987).
Its impact origin was proposed by Dence (1972)
from airphoto and cartographic interpretation, and
confirmed by Robertson and Mason (1975) on the
basis of field observations. Subsequent studies made
under the auspices of the Haughton Impact Struc-
ture Study (HISS) Project provided more detailed
characterization of the structure (Grieve, 1988 and
references therein). The gravity low associated with
fractured impact rocks defines the diameter of the
structure as 24 km (Todd, 1978; Pohl, Eckstaller
and Roberston, 1988).

The Haughton crater was formed in target rocks
dominated by a subhorizontal sequence of Paleozoic
sedimentary rocks, mostly carbonates, underlain by
a basement of Precambrian granites and gneisses.

The formation of the crater was accompanied by the
emplacement of an allochthonous impact breccia
unit, which can still be found at the site in a well-
preserved state (Grieve, 1988; Redeker and Stoffler,
1988). The breccia is a polymict assemblage of target
rock clasts, hence composed predominantly of
carbonates. Following impact, the breccia unit
covered most of the crater floor.

The biological characteristics of the Haughton
impact structure are rather unique among known
impact structures because of its exceptional high
arctic setting. This setting has promoted the good
preservation of distinctive geologic features such as
the allochthonous breccia unit and paleosediments
from a post-impact lake, formations that are often
quickly eroded or buried at other impact sites
because of their inherent erodibility and/or location
in topographic lows. Moreover, the relatively low
biological diversity, and the low rates of high arctic
plant growth, characteristic of polar desert environ-
ments (Chapin, 1980) make Haughton particularly
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Impact Event

Phase of Thermal Biology

Phase of Impact Succession
and Climax
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Major events associated with each phase

Quasi-complete sterilization of impact site
occurs during event.

General features

Sites of hydrothermal activity at crater with associated
microbial ecology.

General features

Formation and colonization of impact crater lake.
Possible departure of lake waters after breach of crater rim lake(s)
and/or evaporation and recolonization of paleolacustrine sediments.
Where lake does not form, colonization can occur.
on impact-generated substrata, e.g. impact breccia. In many biomes
colononization of crater by vegetation can result in intracrater
‘oasis’, because of hydrologic depression.
At each of these stages the crater may reach a

y

Phase of Ecological
Assimilation

stage of climax ecology, which may be transitory.

General features

Crater is eroded or infilled. On land this results
in loss of hydrologic depression. Impact crater ecosystems
become indistinguishable from outlying regions.

In extreme assimilation, crater becomes heavily
eroded or completely buried.

Fig. 4. The major phases of post-impact recovery at the site of impact craters that are distinguished in this review.

Details are described in the text.

useful as a simplified biological system for studying
impact crater recolonization.

There are a number of other reasons for the
interest in Haughton. Firstly, as well as allowing its
present-day biology to be examined in an analogous
way to other biological studies of impact structures
(Bouchard, 1989; Gronlund et al., 1990, Burba,
1997), the good paleobiological record preserved at
Haughton has provided unique insights into the past
biological characteristics of the crater’s region
(Frisch and Thorsteinsson, 1978; Roberston and
Sweeney 1983; Roberston et al., 1986; Hickey,
Johnson and Dawson, 1988). Secondly, the unusual
ecology of impact craters has been characterized in
both the aquatic realm (e.g. Bouchard, 1989;
Gronlund et al., 1990) and the terrestrial realm
(Burba, 1997). Haughton combines both. Like some
other impact craters, Haughton was once dominated

by aquatic succession during the period in which it
possessed impact lake(s). It is now an impact
ecosystem dominated by land processes. Thirdly, the
previous geological characterization of the crater
(Grieve, 1988; Robertson and Sweeney, 1983, and
references therein) together with the on-going
geological work under the auspices of the NASA
Haughton—Mars Project (Lee et al., 1998) allowed us
to develop a perspective on the potential biological
attributes of craters after impact that underscores
their exobiological significance.

The observations have some obvious limitations.
The biota we observe in Haughton today is post-
Miocene, post-glacial (in common with some other
Canadian impact structures such as New Quebec
that were glaciated before the end of the Last Glacial
Maximum approximately 8000-10000 years ago),
not merely post-impact. However, comparisons
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between the biota on impact-processed substrata
such as the breccia and on non-impact substrata
such as the alluvial and fluvio-glacial terraces of the
Haughton River, allow us to comment on potential
generalized mechanisms for the recolonization of an
impact substratum (Cockell et al., 20015) that can
be compared with successional mechanisms fol-
lowing other types of ecological disturbance.

In addition to our observations at Haughton, we
supplemented this study with direct biological
observations that we have made at other impact
craters, including the Tswaing impact crater, South
Africa (Cockell et al. 2001a), and also Barringer
Crater (Meteor Crater), Arizona; the Beaverhead
impact structure, Montana; Brent Crater, Ontario;
the Henbury craters, Australia; Monturaqui Crater,
Chile; Odessa Crater, Texas; the Sudbury impact
structure, Ontario, and the Vredefort impact struc-
ture, South Africa.

Necessarily, some of the discussion presented in
this review is based on inference and deduction from
other, similar, ecological agents of disturbance. In
the absence of a very recent impact crater (< 100
years) that would allow for successional and eco-
logical studies from a time point immediately
following impact, the biological attributes of existing
impact craters must be used as judiciously as possible.
The Tunguska impact event of 1908 in Siberia,
Russia (approximate epicentre 61° N, 102° E) po-
tentially offers some insights into post-impact eco-
logical processes, particularly secondary succession
after the airburst-induced destruction of the forest in
this case, but the lack of a crater makes it of less
interest from the point of view of our focus here.

In the present review, we distinguish three phases,
which we term the Phase of Thermal Biology, the
Phase of Impact Succession and Climax, and the
Phase of Ecological Assimilation (Fig. 4). We use
these three general divisions to order the discussion
in this review, but more importantly because they
emerge as representing three key distinct stages in
the patterns of post-impact biology and ecologic
recovery at impact sites.

III. THE CHRONOLOGICAL SEQUENCE OF
POST-IMPACT ECOLOGY

(1) Phase of Thermal Biology

(a) Physical constraints

At the site of a large impact event, pressures and
temperatures of the order of several hundred GPa
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and 15000 K are achieved, leading to rock vaporiz-
ation in both the impactor and the target (Melosh,
1989). Once formed, the crater presents a regional
thermal anomaly resulting from two effects: (1)
conversion of part of the projectile’s kinetic energy
into heat, and (2) the upward mobilization of hot
target material from depth, which in the case of
larger craters and considering a normal initial
geothermal gradient, may result in a significant
source of additional heat at the impact site. However,
any heat made available from these two effects will
be transient, as the warmed target rocks will
eventually cool in the absence of a sustained source
of heat. Cooling will occur mainly by conduction
through subsurface rock, radiation at free rock
surfaces, and convection through contacting water
and air (Melosh, 1989). Groundwater circulation,
while being presented with a local opportunity for
hydrothermal cycling, will promote faster cooling
overall.

The phase of thermal biology may be defined as
that during which the thermal anomaly associated
with a recently-formed impact crater sustains bio-
logical activity of a nature or at a level requiring
warmer environmental conditions than would be
available in the same area had the impact event not
occurred.

The duration of the phase of thermal biology is
difficult to estimate in any detail, but will generally
be extremely short compared to the normal geologic
lifetime of an impact structure. In the case of a
24 km-diameter crater such as Haughton, assuming
simple conductive cooling and no groundwater
circulation, thermal readjustment of the bulk of the
crater basement to a mean temperature of < 50 °C
is estimated to be achieved after several thousand
years (Osinski, Spray and Lee, 2001). Similar time
periods were estimated for the cooling of the 200 m
suevite layer in the Ries impact crater, Germany
(Pohletal., 1977). Because of the ubiquitous presence
of groundwater on Earth, convective cooling usually
plays an important role as well, resulting in the
formation of impact-induced sites of hydrothermal
activity. Degassing pipes and clay alteration phases
have been found at the 27 km-diameter Ries crater,
Germany that attest clearly to hydrothermal activity
(Newsom et al., 1986). At the Ries, temperatures in
excess of 500 °C presided over the formation of the
degassing pipes in the suevite deposits, while hy-
drothermal alteration of these deposits occurred at
or below 100-130 °C (Newsom ¢t al., 1986). Hy-
drothermal signatures can also be found at relatively
small craters. Such signatures have been identified at
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the 2.5 km-diameter Roter Kamm crater, Namibia
(27° 46" S, 16° 18" E) where hydrothermally altered
melt breccias have been reported (Koeberl et al.,
1989). In the case of the Boltysh impact crater in the
Ukraine, hydrothermal heating appears to have
continued well after the formation of the crater-lake,
since the heated water may have caused secondary
alteration of minerals through silicate dissolution
and other processes. Eventually, when the water
cooled, precipitation of minerals such as clynoptilo-
lite occurred (Gurov, 1996). In general, the mag-
nitude and duration of any phase of thermal biology
at an impact crater will scale with the dimensions of
the structure: the more energetic the impact, the
more heat delivered and the longer the duration of
any thermal phase. No impact crater on Earth at
present is experiencing its initial phase of thermal
biology.

The issue of impact-induced volcanism, which is
often considered in discussions of larger structures
such as Sudbury and Vredefort and could also
represent an opportunity for impact-induced ther-
mal biology, remains controversial (Melosh, 1989).
The controversy lies in the question of whether the
volcanic activity is triggered by the impact event
itself or whether it would occur anyway and is
merely locally “hosted” by the impact structure. In
the case of the Moon for instance, impact basins have
served as topographic depressions with fractured
basements, which were used as hosts and partially
filled by magmatic outflows resulting from volcanic
activity that took place long after the basins
themselves formed.

While in some instances comparisons between
impacts and volcanism are useful, there are signifi-
cant differences. With respect to ecology, impacts
and volcanism present three main differences: (1)
after the heavy bombardment phase early in Earth’s
history, impacts on our planet have been mostly
isolated events of extremely limited duration. On
geological timescales, impacts represent short pulses
of delivered energy. Volcanism by contrast, is often
characterized by energy release sustained over long
periods of time, particularly in the case of con-
tinental-scale events (Rampino, Self and Stothers,
1988), albeit often through a succession of pulses
(eruptions). (2) The geologic disruption induced by
impacts is typically more localized than that as-
sociated with volcanism. While impacts may affect
the terrestrial environment on global scales, the
volume of material actually subjected to significant
heating, shock, disruption, and ejection is generally
limited to the crater and ejecta blanket. Volcanism,
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by contrast can result in substantial volumes of
material experiencing heating. Some large-scale
volcanic events can result in the formation of basalt
flood plains that extend over many thousands of
square kilometers, such as the Indian Deccan traps
that cover approximately 0.5 million square kilo-
meters (Subbarao, 1999). (3) Materials affected and
processed by impacts can be of any nature, as
impacts are fundamentally an exogenous process.
Volcanism in contrast, will produce materials that
are significantly more homogenous and uniform in
composition: by definition, volcanic rocks and
volcanically altered materials. Impacts into targets
composed of volcanic rocks present a situation where
the biological effects of the two processes may be
compared with one fewer variable. The Lonar crater,
India, (19° 58" N, 76° 31" E), was formed in Deccan
traps basalts (Fredriksson et al., 1973) and offers a
rare opportunity to explore issues of biological
contrast between the effects of volcanism strictly and
impacts. Table 2 discusses some of the differences
and similarities between impact events and vol-
canism.

(b) Hydrothermal biology

Can biological activity be sustained at an impact site
during this initial thermal phase, and what might
the nature of this activity be? There are at present no
published data presenting clear evidence for life at
an impact site associated strictly with the so-called
Phase of Thermal Biology. There is, however,
reasonable basis for hypothesizing such life. The
establishment of a transient hydrothermal system at
a freshly formed crater might provide a temporary
habitat for associated microbiological communities.
Provided the duration of the thermal phase is
sufficient, such a habitat could host thermophilic
communities  (optimum  temperature  growth
& 80 °C) similar to those observed in volcanic and
other geothermal hot springs (Segerer et al., 1993)
with their associated diversity (Barnes et al., 1994).
The existence of thermophilic organisms on early
Earth has been suggested to be correlated with their
ability to survive impact events (Sleep et al., 1989).
Thermophilic organisms are metabolically versatile
and as well as being able to use the various oxidation
states of sulphur, they can make use of ferric iron and
other substrates as alternative energy sources
(Segerer et al., 1993; Schonheit and Schafer 1995).
Ecosystems of thermophilic organisms might prosper
at freshly-formed impact craters, perhaps similarly
to the hydrothermal volcanic vents on the summit of



Table 2. Some geological features of impact craters and the consequences for their biological characteristics. A comparison is made with volcanism to illustrate
the similarities between some aspects of these events

Physical feature of impact event

Biological consequence

Associated with sites of volcanic activity?

Sites of impact-induced
hydrothermal activity

Crater rim/crater islands

Crater lake

Paleolacustrine deposits

Impact-generated substratum

Rocks modified by impact
metamorphism

Basin deeper than surrounding
land (impact-induced oasis)

Provides habitats for thermophilic, mesophilic, psychrophilic or -
trophic organisms depending on duration of hydrothermal activity
and latitude of impact

Endemism of enclosed biota. Known for impact lakes (e.g. New
Quebec). Not demonstrated for terrestrial habitats (such as
isolation of organisms within impact uplift ring)

Succession in lacustrine environment. Possible isolation of enclosed
biota

Paleolacustrine deposits from ancient crater lake can provide
biologically enriched areas in otherwise depauperate regions, for
example in polar regions (e.g., Haughton)

Results in large areas of impact basin covered by oligotrophic
impact-generated substrata, which may be different in its
mineralogical and pH characteristics compared to non-impact
substrata (may also include extraterrestrial input of materials)

Provides habitats for chasmolithic and sublithic organisms and
possibly endoliths in some substrates. Water flow in rocks allows
for enhanced biological productivity (see ‘sites of impact-induced
hydrothermal activity’)

May provide advantages in drainage for plants and microbial
communities in crater. In some cases may be a disadvantage to
biological communities inside crater if salt deposits or sands collect

Yes

Yes, in some volcanic crater lakes

Yes

Can occur if crater lake breaches

Can occur with volcanic breccia, but no
pressure effect during breccia formation and
not necessarily localized within area of crater

Not as extensively as impact craters

Yes
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Loihi Seamont, Hawaii, in which iron-oxidizing
bacteria are a major constituent (Karl, Brittain and
Tilbrook, 1989).

How might the hypothesized post-impact thermal
biology leave a trace? It is already apparent that
ancient thermal spring deposits leave a record of
microbial communities in the form of stromatolites,
microfossils, isotope patterns and remnant bio-
markers (Walter, 1996). Photosynthetic organisms
are known to be able to leave paleobiological
signatures at the site of impact craters. Microbial
tufa deposits built by the green alga Cladophorites are
embedded in the carbonate facies of the Ries crater.
The tufa deposits were built when the basin was
filled with a crater-lake approximately 14 Ma ago
(Riding, 1979). Although they are not associated
with the phase of thermal biology, but rather a later
phase of recolonization, they provide an excellent
example of biomineralization at the site of impact
craters resulting from organisms specific to the
impact site. Warm water outflows at the surface of a
crater would allow aerobic phototrophic communi-
ties to develop with their associated consortia of
organisms as is seen in other hydrothermal settings
such as volcanic crater-lakes (Dymond, Collier and
Watmood, 1989) and geothermal environments
(Nold and Ward, 1995) where cyanobacterial mats
often grow in the outflows of water vents.

In the case of pelagic impacts, underwater
hydrothermal venting might favour the localized
growth of some genera of organisms similar to those
associated with sub-sea hydrothermal vents (Prieur,
Erauso and Jeanthon, 1995).

Finally, the phase of thermal biology, through its
microbial activity and water availability, could
support higher trophic levels such as plants, inverte-
brates and vertebrates that become associated with
the enhanced primary productivity of the site.

(¢) Planetary and exobiological significance

In spite of the current lack of definitive data, the
phase of thermal biology is of tantalizing interest
with respect to planetary sciences and exobiology as
impacts represent a significant source of heat in cold
extraterrestrial environments, if only locally and
transiently (Newsom et al., 1996).

Impact craters on Mars may have experienced
interactions with liquid water, either from impact-
induced melting of near-surface ice and/or because
the craters formed in epochs when liquid water was
more readily available on Mars (e.g. Cabrol and
Grin, 1995). The possibility of the prolonged
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existence of liquid water on Mars is a subject of
particular exobiological interest (e.g. McKay and
Davis, 1991). Newsom e al. (1996) investigated the
survival time of impact crater-lakes on Mars with
water being contributed by penetrated aquifers and
the associated gradual thickening of an ice cover.
They concluded that large impact craters on Mars
(>65km in diameter) could have sustained ice
covered lakes for approximately 10°~10* years.

No terrestrial impact craters have yet been
established to have formed in ground-ice-rich target
rocks. The El'gygytgyn crater, Russia (67° 30" N,
172°05" E), might be a case where such a cir-
cumstance occurred. The crater is presently located
in the zone of continuous permafrost in north-
eastern Siberia and formed only 3.5 million years
ago, in late Cenozoic times, when permafrost was
probably present at the site. This is not the case for
Haughton, which formed in the early Miocene, i.c.
during a period of more clement conditions in the
High Arctic prior to Tertiary cooling. The target
rocks at Haughton were probably not underlain by
significant permafrost at the time of impact (Leo
Hickey, personal communication). Relict permafrost
at greater depth also appears unlikely, as the
Oligocene, which preceded the Miocene, was glo-
bally warmer still.

In the case of Saturn’s moon Titan, impacts could
result in transient melt pools of liquid H,O (or
H,O+NH,) in which aqueous organic chemistry
could take place (Thompson and Sagan, 1992).
Craters approximately 10 km in diameter have been
estimated to be able to maintain such melt pools for
approximately 10* years (Thompson and Sagan,
1992). In the absence of any significant source of
internal heating, such impacts might provide unique
opportunities for prebiotic chemical complexifi-
cation on Titan. It has been suggested that on early
Earth cometary impacts may have led to organic
enrichment, either by direct input or by shock
synthesis (Clarke 1988; Chyba et al., 1990).

Europa is another case where impacts could result
in transient melt pools in which aqueous organic
chemistry could take place. However, internal
heating of tidal origin is a dominant resurfacing
process on this jovian satellite, possibly sustaining a
present subsurface ocean (Reynolds, McKay and
Kasting 1987). The contribution of impacts to any
prebiotic chemistry on Europa would likely be
secondary.

Thus, in cold extraterrestrial environments such
as the surfaces of Mars, Europa or Titan, impacts
may offer, through their ephemeral thermal phase,
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episodic opportunities for enhanced chemical ac-
tivity of relevance to biology.

Note: impacts into gaseous planets may be
important as well from the standpoint of affording
opportunities for the synthesis of chemical com-
pounds of significance to prebiotic chemistry and
possibly biology, but as no impact crater is formed in
this case, the topic lies outside the scope of the
present review.

(2) Phase of Impact Succession and Climax

Impact events offer remarkable examples of allo-
genic succession, i.e. succession in which factors
other than the biota direct the course of successional
change. Once the area of the impact has begun to
cool, a process of invasion or recolonization by the
outlying biota can occur that depends in large part
upon the geological characteristics of the impact
crater. The gross nature of this process will firstly
depend upon whether a crater-lake forms within the
impact basin. If the crater rim is partially breached,
the formation of an impact crater-lake may be
impeded. In the case of the Haughton crater, a lake
(Hickey et al., 1988) or possibly several small lakes
formed almost immediately after impact. The lake
will not only have important ecological implications
for the direction of succession in the aftermath of the
phase of thermal biology, but as will be discussed,
the lacustrine deposits may continue to influence
ecological development for a considerable time after
the departure of lake waters.

(a) The impact crater-lake
(1) Impact crater-lake arrangements

Intracrater-lakes can present simple to complex
configurations depending on the crater’s topography
and the local abundance of water. The New Quebec
crater, Canada, offers an example of a simple crater
lake whereas the Brent crater, Ontario, Canada
(46° 05" N, 78°29" W), with its two large water
bodies separated by a raised ridge within its
perimeter, is an example of a more complex
configuration. Intracrater lakes can also be con-
nected to outside water bodies in places where the
impact crater lies near rivers or in coastal regions.
Thus, distinctive mixed water/land topographies
arise, as seen in a number of impact craters. Some
excellent examples are found in Canada (Robertson
and Grieve, 1975), including the Clearwater West
crater, Quebec, which is now an impact lake
containing an internal island ring surrounding the
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water-filled centre of the structure; Gow crater,
Saskatchewan, (56° 27" N, 104° 29" W), which has a
central uplift region surrounded by a lake which
connects to outlying lake bodies; and Manicouagan,
Quebec (51°23" N, 68° 42" W), a 100 km diameter
impact structure, which has a circumferential water
moat connected to outlying water sources (Fig. 5).
In the case of Manicouagan, however, this con-
figuration is largely due to hydroelectric damming.
The Slate Islands, Ontario, Canada, (48°40" N,
87°00” W), correspond to the central uplift of an
impact structure now submerged under the northern
portion of Lake Superior. In some cases, a cluster
of lakes can result from multiple impacts. Six of
the eight Morasko craters, Poland (52°29" N,
16° 54" E), are small shallow lakes found in beech
forest (Classen, 1978).

Depending upon the location of the crater and the
climatic regimen, some of these lakes are seasonal
and only prevalent during periods of precipitation
such as the Acraman crater-lake, Australia
(32°01° S, 185° 27" E). The floors of this structure
are occupied by high-albedo saline playas (Williams,
1994). Highly saline but perennial bodies of water
result where evaporation is less extreme, as in the
case of the briny lake at Lonar crater, India, which
is located under a subtropical climate (Fredriksson et
al., 1973). Conversely, the water table may be
currently low enough that water ponding is not
experienced at present although it was in the past.
Barringer Crater (Meteor Crater), Arizona, and
Wolfe Creek Crater, Australia, are examples of such
situations.

(12) Microbial profiles of impact crater-lakes

In crater-lakes, recolonization and succession will
occur as microorganisms are transported in from
outlying regions. Studies on the microbiology of the
267 m-deep lake at New Quebec crater, Canada
(Fig. 5B), a 3.4 km wide crater (1.4 Ma) show that
many of the species are wind-borne, originating from
outside the crater rim (Gronlund et al., 1990). The
process of post-impact limnological colonization
could potentially be quite rapid. Colonization of
newly formed water bodies in the blast zone of the
Mount St. Helens volcano, Oregon, some associated
with warm benthic springs, occurred within three to
four months after the eruption in 1980 (Ward et al.,
1983). This is similar to the role proposed for the
hydrothermal-upwelling-induced growth of micro-
organisms in the volcanic Crater-lake, Oregon
(Dymond et al., 1989). Thus, in these situations,
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Fig. 5. Three lake-filled impact craters. Manicouagan (A) is 100 km in diameter. The annular ring was caused by
the erosion of impact-brecciated rock during the last glaciation. The formation of a lake in the ring is caused by
damming, illustrating an involvement of human activity in the characteristics of impact craters (photo, NASA). New
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recolonization of the lake may partly be a function of
the phase of thermal biology since the proliferation
of the recolonizing microbial communities could be
enhanced by impact-induced heat lingering from the
impact event.

A limitation in examining modern day lakes is
that their biota may not reflect the biota that
immediately invaded the lake after the impact event.
However, the modern day lakes may still bear some
of the key characteristics of the original lake(s),
many of which are directly the result of a crater’s
structure itself, and can give instructive insights into
some of the ecological attributes of the lakes
throughout their successional history. For example,
impact crater lakes are often characterized by steep
sidewalls, e.g. the Deep Bay impact structure,
Saskatchewan, Canada (56° 24" N, 102° 59 W) and
the New Quebec crater (sides are 25-35°), relative to
lakes formed by other processes. In these impact
crater-lakes, the littoral zone is of very limited
extent, resulting in a relatively oligotrophic (nutri-
ent-poor) water body (Gronlund et al., 1990). In the
New Quebec crater-lake, epiphytic diatoms are of
low abundance because of the limited littoral zone
(Gronlund et al., 1990). By contrast, the Clearwater
lakes were found to have rich periphyton diversity,
dominated by cyanobacteria such as Gloeocapsa and
Calothrix spp. (Maltais and Vincent, 1997). These
lakes are less deep than New Quebec (maximum
depth of the Eastern Clearwater lake was 178 m and
the mean depth is 60 m compared to the 267 m
maximum depth of New Quebec), but they cover a
much greater area (approximately 30 km diameter
for the Eastern lake compared to 3.4 km diameter for
New Quebec) and have irregular channels and
islands along their edges, perhaps creating greater
opportunity for littoral zone organisms compared to
the more morphologically regular New Quebec
crater.

A comparison between the biota of two impact
crater-lakes can help us understand the importance
of local geological, biological and climatic conditions
on determining the characteristics of their lakes.
Two well-characterized lakes are the New Quebec
and Tswaing impact crater-lakes (Delisle, Bouchard
and Andre, 1986; Gronlund et al., 1990 ; Ashton and
Schoeman, 1988; Schoeman and Ashton, 1982).
The New Quebec crater-lake is almost perfectly
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circular and holds a volume of 0.9 km?. The diameter
of the structure is 3.4 km. The lake waters are clear
(19% of incident light reaches 87 m) and tempera-
tures are relatively constant at approximately
2.5-3 °C down to the bottom (267 m) of the lake.
The mean depth is 200 m. The cold arctic conditions,
short growing season and the slightly acidic lake
water (pH approximately 6.0), together with the
impact-basin-induced oligotrophy has resulted in a
biota specific to the lake that is dominated by
acidophilous and arctic species of diatoms such as
Eunotia arctica, Cyclotella stelligera and  Tabellaria
flocculosa and the arcellacean Difflugia oblonga. There
are also various morphologically anomalous forms of
diatoms. This is attributed to the harsh physical
conditions and oligotrophy associated with the lake.
Many of the diatoms are smaller than European
counterparts. The zooplankton diversity is also very
low (Delisle et al., 1986). Only briefly in early post-
glacial times did the lake establish contact with
neighbouring lakes (Bouchard and Saarnisto, 1989),
which may account for the presence of the lake’s
arctic char population. Using samples recovered
from the bottom of the New Quebec crater,
Gronlund et al. (1990) showed that the chemical
profile of the lake waters has remained similar for
approximately 5000 years.

By contrast the Tswaing impact crater has a very
different microbiology. Set in the South African
bushveld (Fig. 5C), the 1.13 km diameter structure
is filled with vegetation, primarily Acacia and
Combretum spp. The area is characterized by erratic
rainfall (between 400-750 mm a year) and summer
temperatures that vary between a mean minimum
and maximum of 14.2 °C and 35.2 °C, respectively.
In the center of the crater is a saline lake with a mean
depth of 0.49 m and a maximum depth of 2.85 m at
high water level. Na® concentrations range from
29 ¢ 17" to 103 g 17! from the surface to the bottom of
the lake. In the summer, the midday surface
temperature of the lake can rise as high as 33.8 °C,
and stll up to 19.7 °C in winter. The planktonic
algae and bacteria (primarily Spirulina and Anabaena
spp. and Halobacter spp. respectively) inhabit the
surface water and productivity is high (2.0—
5.0 gCm™2 day™!). A plate of photosynthetic sulphur
bacteria occupies a zone below the zone of maximum
temperature. Light transmission is reduced to prac-

Quebec impact lake (B), a 3.3 km impact lake. The poor littoral zone, caused by the steep sides of the impact crater,
is evident in the image. It contributes towards the oligotrophic nature of the lake. Tswaing impact crater (C) is a
1.1 km diameter impact structure situated in South African bushveld containing a hypersaline lake in its centre

(photograph, Charles Cockell).
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tically zero at a depth of 40 cm. The Secchi disk
depth in the summer was 7 cm (a Secchi disk is a
20 cm disk with alternating black and white quad-
rants. It is lowered into the water of a lake until the
observer can no longer see it. This depth of
disappearance, called the Secchi depth, is a measure
of the transparency of the water). This depth can be
compared to 19, transmittance at 87 m in the New
Quebec structure. The low Secchi disk depth in the
Tswaing impact crater is because of the rich
phytoplankton populations and the humic sub-
stances that leach into the lake from the crater
vegetation.

The large diversity in the microbiology of impact
lakes that is inferred from the limited knowledge of
the few that have been studied is expected. Volcanic
crater-lakes show huge global diversity in their
microbiota, which may be determined, among other
parameters, by salinity, temperature, dissolved oxy-
gen concentrations, and dissolved inorganic and
organic carbon (e.g. Green, Moghraby and Ali,
1979; Southern et al., 1986; Banderas Tarabay,
Gonzalez Villela and De la Lauza Espino, 1991;
Kizito et al., 1993).

Furthermore, it is important to note that these
microbial systems are by no means constant over
time. The Bosumtwi impact crater-lake in Ghana
(6° 30" N, 1°25" W) is characterized by an anoxic
bottom layer and a more oxygenated biologically
richer top layer (Turner ¢t al., 1996). However, the
geochemistry was observed to have altered over a
relatively short period of time (decades) due to
changes in lake levels (Turner ef al., 1996). Similar
variations in lake salinity over time have been
proposed from evidence in the paleolacustrine
deposits at the Ries impact crater, Germany (Dehm
et al., 1977). Thus, changes in the lakes themselves
may drive changes in the biota over time. In cases
where more than one unconnected lake forms, it is
possible that the impact basin may play host to quite
different biotas, depending upon local chemistry.

(121) Impact crater-lakes and the significance of their
paleobiological record

Impact crater-lakes are sites of great scientific value
as they may provide otherwise unavailable de-
positional environments in which the flora and fauna
from surrounding biomes are collected and become
preserved. Indeed, there are cases where intracrater
paleolacustrine sediments provide a unique record of
a region’s paleobiology.

At Haughton for instance, after impact a crater-
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lake, or possibly several crater-lakes, formed that
rapidly led to the deposition of sediments on top of
the breccia (Frisch and Thorsteinsson, 1978;
Roberston and Sweeney, 1983; Roberston et al.,
1986; Hickey et al., 1988). The biostratigraphical
record within these paleolacustrine sediments (the
Haughton Formation) has provided valuable in-
sights into the ecology of the region at the time
immediately following impact (Hickey et al., 1988;
Whitlock and Dawson, 1990). They are unique
because no other formations have been identified
that reveal the ecology of the early Miocene in the
High Arctic prior to the onset of Tertiary cooling in
the Pliocene (Hickey et al., 1988). At the time of
impact, the region in which the crater formed had a
mean annual temperature of between 8 and 12 °C
and a growing season of between 120 and 200 days.
Palynomorphs (pollen samples) have provided cor-
related climatic and ecological data attesting that at
the time of impact, the timberline was as far north as
Devon Island (Hickey et al., 1988; Whitlock and
Dawson, 1990). The flora of the Haughton Form-
ation suggests that the ecological setting at the time
was equivalent to the present-day mixed conifer/
northern hardwood forests that lie between the
southern deciduous forests and the more northern
circumboreal forests (Hickey et al., 1988; Whitlock
and Dawson, 1990). Although the climate was more
clement than at present, it was still a low arctic
climate. The evidence is supported by fossil fish
remains from the Haughton Formation that are
species of trout (Fosalmo spp.) and smelt-like fish (cf.
Osmerus spp.), which are characteristically cool water
fishes (Whitlock and Dawson, 1990). Included in the
paleolacustrine deposits at Haughton are early
Miocene rabbits, rhinoceroids, fish, shrews and other
highly endemic and derived faunal remains (Hickey
et al., 1988; Whitlock and Dawson, 1990). These
records therefore provide insights into the ecological
characteristics during the initial succession period.

Following possibly a breach in the rim of
Haughton crater, the post-impact lake waters
drained, and since that time much of the original
lacustrine sediments have been subject to erosion,
leaving at present only a patchy distribution of
sedimentary veneers. The largest and thickest re-
maining outcrop of the Haughton Formation covers
approximately 7 km® and lies in the north-western
portion of the crater, between the Rhinoceros and
Cataclastic creeks (Hickey ef al., 1988).

In the New Quebec crater-lake, the bottom
sediments have escaped glacial erosion during the
Cenozoic glaciations and thus hold a unique bio-
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stratigraphical record associated with the glacial and
interglacial cycles of the Cenozoic (Gronlund et al.,
1990).

Other examples of craters with examined paleo-
lake deposits, some of which are submerged at
present, include the Ries crater, Germany (Pohl et
al., 1977; Hoefling et al., 1977; Dehm et al., 1977),
the Brent crater, Canada (Lozej and Beals, 1975),
the Lake Kaali structure, Estonia (58°24" N,
22°40" E) (Saarse et al., 1991), the Lappajirvi
impact structure, Finland (63° 12" N, 23°42"E)
(Uutela, 1990; Salonen, Eriksson and Gronlund,
1992), the Tswaing crater, South Africa (Partridge et
al., 1993), the Steinheim crater, Germany
(48° 41" N, 10°04" E) (Schweigert, 1993) and the
Bosumtwi crater, Ghana (e.g. Hall, Swaine and
Talbot, 1978). Often these paleolacustrine records
are unique in that they owe their existence to the
anomalous topographic basin represented by the
impact craters.

(1) Intracrater-lake biology and the potential exobiological
relevance

The possibility of finding minerological evidence of
life on Mars and the locations where such evidence
might be found are of considerable exobiological
interest (e.g. Robbins and Iberall, 1991 ; Scott, Rice
and Dohm, 1991; Farmer, 1995). As locations that
may have experienced ponded water in the past,
impact craters are among key candidate sites to be
targeted. The identification of playa deposits in
impact craters is of broad planetary interest. On
Mars, ‘White Rock’ is the first and most conspicuous
intracrater feature of relatively high albedo for
which a saline playa interpretation was proposed
(Ward, 1979). A number of additional candidate
saline playas have been suggested subsequently, in
particular in the Tyrrhenia highlands (Lee, 1993).
Recently, Ruff ¢t al. (2000) reported on the basis of
Mars Global Surveyor (MGS) Thermal Emission
Spectrometer (TES) data that White Rock is
probably not a playa deposit as no spectral signature
associated with halite or other common salts was
found. But other candidate salts cannot yet be ruled
out and clay mixtures should also be considered.
Other putative paleolacustrine sedimentary deposits
associated with impact craters also hold strong
exobiological promise (Cabrol and Grin, 1995). In
particular,  Gusev  crater (Mars, 14°42"S,
184° 30" W) and its associated deltaic-like floor
formations have received attention as potential sites

of study (Cabrol, Grin and Dawidowicz, 1996).
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In terms of developing a sequential protocol for
the search for fossilized microbial communities in
impact craters on Earth which might possibly be
applied to a search for past life on Mars, four
priorities can be recognised that represent successive
levels of logistical difficulty. Firstly, exposed mi-
crobial fossils associated with the crater rim and
putative ancient lake shores could be sought. The
14 Ma-old algal tufa deposits of the Ries impact
crater, Germany (Riding, 1979) are an example of
phototrophic algal biotas associated with impact
lake edges. The tufa formations are relatively well
exposed and easily accessible because they were
associated with some of the highest water marks at
the edges of the impact basin, where they remain
today. Secondly, thicker sections of exposed playas
and paleolacustrine sediments can be examined for
biominerological signatures of life. If the playa/
sediment surfaces do not show demonstrable signs of
biomineralization, then a third step might be taken:
the paleolacustrine deposits might be cored. An
excellent analog for this approach is the work
undertaken at Lappajdrvi, Finland. Proterozoic
acritarch microfossils were identified in drill cores
from the lowest pre-impact sedimentary layers of the
77 Ma-old Lappajarvi impact structure at a drill
depth of between 74.35 and 92.40 m (Uutela, 1990).
They are well preserved compared to the micro-
fossils in the deeper target gneiss that underlies the
impact structure. Simple 7416 um Leiosphaeridia
spp. dominate the low diversity fossils. At Haughton
also, the permafrosted paleolacustrine deposits were
successfully drilled in several locations down to
approximately 10 m depth in the course of a
technology demonstration for drilling on Mars. Well
preserved core samples were extracted which capture
the varve-forms preserved in the post-impact fill
sequence. Similar shallow drilling methodologies
might be used to core impact sites on Mars. Finally,
if this strategy also proves unsuccessful then
as a fourth step, deep drilling might be used to
search for biological signatures possibly associated
with the phase of thermal biology at the contact
interface between the lake deposits and the under-
lying heated target rock as described in earlier
sections. At Haughton, because the preserved paleo-
lakebeds are relatively thin, the contact between the
sediments and the allochthonous ‘breccia’ unit
was encountered in the course of even the shallow
drilling performed in 1998. Rather than a clear-
cut contact, a disturbed mixing boundary was
found that spanned a vertical thickness in excess
of 1 m.
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(b) Recolonization on land
(1) The hydrologic impact oasts

The topographic depression and enclosure associated
with an impact structure in many cases results in a
richer biota inside the crater. There are two principal
reasons for this. Firstly, water is preferentially
trapped in the crater, providing vegetation with an
advantage compared to vegetation outside the
crater. This occurs following rain or snowmelt or it
can result from episodic variations in the level of the
groundwater table, as has been suggested for Wolfe
Creek crater, Australia (19° 10" S, 127° 48" E) (Shoe-
maker and Shoemaker, 1988). Secondly, the crater
basin provides a shelter for organisms, protecting
plants from wind and creating some shade in
instances where the basin is deep enough.

Thus, the vegetation cover in a crater is often
significantly greater than in outlying regions, par-
ticularly in biomes that are inherently depauperate
immediately outside the crater. This results in an
‘impact oasis’. The expression of the impact oasis
will depend upon the topographical characteristics
of the crater. Thus, some craters will show a
concentric circular pattern such as Zhamanshin
crater, Kazakhstan (48° 20" N, 60° 58" E) in which
the vegetation and soil types are in well-defined
locations according to the various internal structures
and drainage network patterns (Burba, 1997).
Where several small craters are involved, such as at
the Henbury crater cluster, Australia, several distinct
crater floor oases may be created. Other larger,
complex, structures such as Haughton, where fluvial
and glacial erosion of the paleolacustrine deposits
are superposed to current meanderings of meltwater
streams and the presence of irregular ‘breccia’ units,
will tend to possess a more non-uniform ecological
arrangement (Cockell et al., 20014 ). Indeed, more so
than topography per se, one of the most important
factors determining the sequence and character of
succession will be the characteristics of the exposed
substratum in the impact basin. Vegetation anom-
alies may also be created outside craters. They will
be discussed later.

(11) Recolonization on a paleo-lacustrine substratum

In cases where an impact lake initially formed in the
crater, there will be two distinct phases of post-
impact succession. Firstly, the recolonization in the
lake itself, and a second phase of primary succession
in exposed lake sediments following the disappear-
ance of the lake, for instance subsequent to impact

Charles S. Cockell and Pascal Lee

rim breaching, as might have occurred at Haughton
(Hickey et al., 1988).

As 1n volcanic succession, seeds, rhizomes and
vegetative parts of plants might not be readily
available at the impact site and would have to be
blown in, washed in, or brought into the sediments
by outlying fauna. However, following the departure
of lake waters, paleolacustrine sediments will typi-
cally provide a rich substratum for vegetation that as
a result of the previous overlying water column and
limnetically derived sedimentation may be organi-
cally richer than many volcanic substrata (Del
Moral and Wood, 1993).

Similarly to plants that colonize volcanic substrata
(Uhe, 1988; Shiro and Roger, 1995), the paleola-
custrine substratum is likely to be colonized by
plants with effective dispersal mechanisms and a
high stress tolerance for the new substratum con-
ditions. On some volcanic substrata, succession
displays a microbial and cryptogamic (lichens,
mosses, etc.) phase prior to plant succession, since
these more simple organisms may help in amelio-
rating and moditying the soils, for example on the
Kula volcano in Turkey (Oner and Oflas, 1977),
which showed distinctive phases of cryptogamic
succession. However, it is likely that the organically
enriched paleolacustrine deposits in certain impact
craters will support plants at the earliest stages of
succession that are blown in from outlying biomes.
This will be analogous to volcanic succession on
substrata where organic aeolian fall-out can support
vascular plants prior to microbial enrichment, such
as regions of the Mount St. Helens fall-out zone (Del
Moral and Wood, 1988)

In some biomes, the process of competition for
light begins with small shrubby plants leading to
taller plants and eventually trees with higher
canopies in arborescent biomes (e.g. Attiwill, 1994;
Vester and Cleef, 1998). Such a temporal sequence
of succession, which is typical for arborescent biomes,
is found in the volcanically active Krakatau group of
islands in Indonesia (Tagawa et al., 1985) and may
have occurred in some impact craters such as at the
tree-filled Brent Crater, Ontario, Canada.

The biologically productive areas of the paleola-
custrine sediments (Haughton Formation) at Haugh-
ton Crater represent a paleolacustrine oasis (in-
formally named the ‘Lowell Oasis’). Because of the
climatic changes that have occurred at Haughton
since the formation of the lake (Hickey et al., 1988)
it is unlikely that the present-day vegetation can
provide true insights into the climax vegetation that
resulted from succession after lake breach. However,
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its biological productivity does provide some insights
into the potential of some lacustrine sediments as
substrata for recolonization, particularly when they
are also associated with an impact-induced hydro-
logic depression.

The Haughton impact structure today lies in a
typical High Arctic setting, well above the timber-
line. The mean annual temperature averages — 16 to
—19 °C with mid-June to mid-August temperatures
averaging 3-6 °C (e.g. Bliss et al., 1994). The
Haughton Formation is a lowland area within the
impact structure. The area lies approximately 200 m
below the upland surface, which is defined by the
subhorizontal surface of the plateau (Allen Bay
Formation) surrounding the crater. Because of its
situation on the crater floor, the crater basin receives
meltwater run-off during spring and summer arctic
thaw. This provides the area with more favorable
hydrological conditions compared to other high
arctic sites, similarly to the improved hydrologic
regime associated with some arctic oases (unrelated
to impact craters) on Devon and Ellesmere Islands
(Svoboda and Freedman, 1981; Bliss, Svoboda and
Bliss, 1984; Thomas and MacDonald, 1985; Muc,
Freedman and Svoboda, 1989; Bliss et al., 1994).
Grass and sedge meadow type areas are a typical
feature of the Lowell Oasis area at Haughton and in
terms of vegetation, many areas resemble the
Truelove lowlands of eastern Devon Island (Bliss,
1977). The vegetation cover across much of the
formation lies between 20 and 90 9,. From our 1997
and 1998 field observations, it is clear that these
Haughton meadows can support microtine pop-
ulations, particularly collared lemmings (Dicrostonyx
groenlandicus). Larger vertebrates include musk-ox
(Ovibos moschatos), Perry caribou (Rangifer tarandus),
and arctic hare (Lepus arcticus), birds such as rock
ptarmigan (Lagopus mutus), snow bunting (Plectro-
phenax nivalis) and snowy owl (Nictea scandiaca),
and charismatic megafauna such as polar bears
(Ursus maritimus). This main paleolake sediment
outcrop area is conspicuously more productive than
other regions outside the crater and might tentatively
be defined as a polar oasis.

(111) The salt pan oasis

While impact craters generally serve as hydrological
basins, those in arid environments may experience
significant evaporation and/or underground drain-
age as well. The departure of an intracrater-lake
then results in the formation of a playa deposit.
Such deposits may be found resting on top of a
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sequence of intracrater sediments, or they may be
interbedded in the latter if more than one lacustrine
episode with an evaporative phase occurred. In the
Tswaing crater, South Africa, a 1.13 km diameter
impact crater, a playa deposit is exposed around the
edges of the hypersaline impact crater-lake. The lake
has a salinity of 10409, depending on depth
(Ashton, 1999) and around the edges of the lake are
microbial mats. A salt-tolerant sedge, Scirpus mari-
tima, grows in and around the feeder streams into the
lake (Ashton, 1999). Hot desert conditions generally
make good examples of impact craters with intra-
crater salt pans and associated vegetation stands.
The Australian Outback, for instance, holds several
craters with playa units on their floors (Shoemaker
and Shoemaker, 1988). At Wolfe Creek crater (Fig.
6A) stands of vegetation occur inside a 0.87 km-
diameter crater on the crater’s playa deposit that are
richer than in some of the outlying regions (Reeves
and Chalmers, 1949; Cassidy, 1954). Numerous run-
off gullies carved by water draining into the crater
can be seen along the crater rim. Crater number 7 at
the Henbury craters, Australia (24° 34’ S, 13° 38" E)
is the largest of this cluster of craters (180 m x 140 m)
and also possesses a small playa exhibiting small
stands of conspicuous vegetation (Fig. 6A). Drainage
around the Connolly Basin, Australia (23° 32" S,
124° 45" E), converges radially towards the center of
the basin where spiny spinafex grows (Hodge, 1994).
Impact craters in deserts on other continents display
similar features. The Monturaqui crater, Chile
(23°56" S, 68° 17" W) located in the hills lining the
southern end of the Atacama desert has gullied walls
and a bright, off-centre clay and silt playa deposit on
its floor (Sanchez and Cassidy, 1966). The few
brushes that grow on the crater floor are associated
with the playa deposit, probably because this
particular location experiences preferential water
collection. The salt-pan impact oasis can be con-
sidered a rather specialized impact ecosystem as-
sociated with arid desert-like environments subjected
to short periods of precipitation. Often, the salt
gradient created in simple craters with significant
evaporation will display strongly concentric charac-
teristics.

(1v) Recolonization on impact-generated and other non-
lacustrine substrata

In cases where a crater-lake does not form, non-
lacustrine intracrater substrata can still support a

vegetation anomaly at the crater. Two of the
Ilumetsy craters, Estonia (57° 58" N, 27° 25" E) have
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Fig. 6. The 0.87 km diameter Wolfe Creck impact structure in Australia (A). The impact crater is the site of a salt
and clay rich playa. Henbury crater number 7 (B), less than a quarter of a kilometre in diameter, is an example of
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Fig. 7. “‘Micro-oases’ on impact breccia (A) and alluvial
terraces (B). The micro-oases are small features of high
biological productivity in the otherwise depauperate polar
desert of the Haughton impact structure. The formation of
the features on the breccia represents a generalized process
for the colonization of an impact substratum that bears
some similarities to observed processes of colonization on
Mount St. Helens volcano involving burrowing animals.
The size of the bars is 60 cm (photographs, Charles
Cockell).

become infilled with large amounts of peat, in
contrast to their immediate surroundings. Some
craters may accumulate aeolian or glacial drift,
which may or may not result in an intracrater
substratum attractive to vegetation. In cases where
sand does not favour vegetation (because of the
sand’s composition or the constant acolian activity),
the crater may actually become slightly more
depauperate than the outlying regions. Such appears
to be the case of Amguid, Algeria (26° 05" N,
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4° 23" E), which is filled with fine white sand, and
also of Roter Kamm, Namibia, which is filled with
sand from the Namib Desert (Fudali, 1973). In the
case of smaller craters where an initially pronounced
topographic anomaly reduces to a subdued pedo-
logic disturbance, a local anomaly in the vegetation
cover may become the clearest surface expression of
the craters themselves. An interesting example of
vegetative recolonization in such a case may be
found at the Rio Cuarto structures, Argentina
(32° 52" S, 64° 14" W). There, several oblong depres-
sions, some of which are a few kilometres long and
approximately 250 meters wide, are interpreted as
resulting from a multiple side glancing impact event
(Schultz and Lianza, 1992). For some of these
craters, the main distinguishing feature at present is
a vegetation anomaly, probably due to reworking of
the topsoil and perhaps a different nutrient content
(Schulz and Llianza, 1992) associated with the
hydrologic basin factor.

Sometimes the crater rim gives rise to stands of
thicker vegetation, in some cases even thicker than at
the center of the structure. Two possible causes can
be invoked. Higher concentrations of evaporitic salts
near the center may make the area less attractive
biologically to halophobic species, and/or the topo-
graphic high represented by a crater rim may make
it a site favoured by enhanced aeolian deposition or
by landing birds whose droppings can then enrich
rim materials in nutrients. At Meteor Crater for
instance, in addition to a scattering of juniper trees
that may be up to 700 years old on the crater floor
and the rim area (Smith, 1996), a 40° arc of cedar
trees also lines the crater’s south-southeastern rim.
The presence of these conifers is rendered possible by
the local accumulation of windblown sand. En-
hanced rim vegetation is also seen at Boxhole crater,
Australia (22°37"S, 135° 12" E). At the Veevers
structure, a small 0.08 km-diameter impact crater
also in Australia (22° 58" S, 125° 22" N), small trees
have preferentially grown along the edges of the
crater wall in an otherwise desolate environment
(photographic observations).

The patterns of vegetation on land in an impact
crater can additionally be strongly influenced by
the presence of impact-generated lithic substrata

the preferential growth of vegetation in the hydrologic depression caused by a crater. (C) The breccia hills of the
24 km diameter Haughton impact structure near to the base camp (1997-1999) of the Haughton-Mars Project were
the subject of microbiology and vegetation studies described in the text (Cockell et al., 20014) (photograph, Charles

Cockell).
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such as impact breccia or impact melt. On exposed
impact-generated units the patterns of ecological
succession are unlikely to be similar to those
associated with lacustrine deposits. There are two
principal physical reasons for this. Firstly, the impact
event will tend to destroy the organic and nutrient-
rich topsoil that might have existed at the target site
before the impact. As well as the resulting bulk
displacement of the target materials, the impact-
generated crater fill will also be rendered biologically
oligotrophic by the heat of impact. This will occur
by the impact-volatilization of biologically import-
ant nutrients and minerals. Many important bio-
logical minerals will volatilize at temperatures well
below those encountered during impact. For in-
stance; nitrogen, 200 °C; organic phosphorus,
350 °C; inorganic phosphorus, 750 °C; sulphur,
450 °C; potassium, 570 °C; sodium, 880 °C. In this
respect there are interesting parallels with soil
impoverishment processes associated with fire ecol-
ogy, particularly at the site of high-intensity forest
fires where volatilization of essential biological
minerals occurs (e.g. Agee, 1993). Secondly, patterns
of zonation in vegetation often follow geological
patterns, because of the associated pH and nutrients
of underlying soils. In the case of Haughton, the
target rocks are dominated by carbonates, which are
alkaline. Thus, although the impact breccia unit at
Haughton contains some quantities of basement
gneisses and other excavated rocks, the carbonates
determine the impact-generated unit’s pH charac-
teristics. IFor this reason, the impact breccia at
Haughton is colonized by Salix spp., Saxifraga spp.,
grasses and other flora that are similar to those found
in outlying areas inside and outside of the crater
(Cockell et al., 20015), but in covers much smaller
than over the paleolacustrine units of the Haughton
Formation.

The degree of thermal processing experienced by
impacted rocks will affect colonization. Where melt
layers are exposed, recolonization by plants will be
rendered more difficult where the igneous rocks are
denser.

The impact breccia found in the Haughton impact
structure is of particular interest with respect to the
mechanisms of post-impact succession (Fig. 7)
(Cockell et al., 2001 ). In most regions of the crater,
the low nutrient composition of the soils, the
periglacial processes and extreme winter and sum-
mer temperatures render the ground biologically
depauperate. The mean vegetation cover on the
breccia was 0.1 9, compared to 6.1 9, on the alluvial
terraces of the Haughton River (Cockell et al.,
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20014). The lower vegetation cover on the breccia
compared to the river terraces was attributed to the
coarse structure of the breccia and the high breccia
hills, which more readily loose moisture than the
river terraces that are fed with water from the
Haughton River.

The allochthonous impact breccia ecologically
now resembles typical polar desert/semi-desert (Fig.
6C). The low nitrogen and phosphorus content of
the breccia is typical of soils of the High Arctic (e.g.
Walker and Peters, 1977; Bliss et al., 1984; Henry
et al., 1986; and references therein). The breccia is
inhabited by rather low diversity flora (typical
species richness of 5) which include isolated colonies
of Papava radicatum, Eriphorum spp., Salix spp., Draba
spp., Saxifraga spp., and some grasses such as POA
spp. and Alopecurus spp. which are typical for this
region (Shulten, 1975).

An input of organics or nutrients may provide the
mechanism for a localized increase in biological
productivity. This is observed in small ‘micro-oases’
(typical sizes < 400 cm in diameter) that are found
on the alluvial terraces and breccia deposits within
the impact structure (Fig. 7). Many of them have
developed into lemming mats, similarly to those
observed on beach ridges elsewhere on Devon Island
(Mallory and Boots, 1983). In the micro-oases at
Haughton, a high vegetation cover, between 2 and
989, cover, attracts collared lemmings and birds,
which provide further nutrient input (Cockell et al.,
20014). A positive feedback process is generated
resulting in a localized area of enhanced pro-
ductivity. The formation of these areas is assisted by
some physical processes such as the presence of
ground stabilizing rocks, similarly to the role that
rocks can play in providing habitats for seedlings on
volcanic substrata (Wood and Morris, 1990). Simi-
larly to the polar desert, the breccia micro-oases
have a lower vegetation cover compared to the
alluvial terrace micro-oases.

The processes observed at Haughton are similar to
the re-invasion of the volcanic tephra produced by
the 1980 eruption of Mount St. Helens in the USA.
In this case, northern pocket gophers (7homomys
talpoides) formed mounds on the volcanic tephra
which resulted in areas of greatly enhanced plant
productivity, presumably due to re-working of the
old soil to the top (Andersen and McMahon, 1985).
Thus, as with volcanic primary succession, the
lemmings of Haughton suggest a potentially im-
portant role for burrowing animals in accelerating
succession on impact substrates (Cockell et al.,

920015).
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(v) Climax ecology

Ultimately, the biota in a crater will reach some type
of equilibrium that is recognized as a ‘climax
ecosystem’, where species turnover is substantially
reduced and the number of fugitive species is also
reduced compared to the first stages of colonization
(of course, as with all discussions on this subject it
should be understood by the reader that the concept
of a post-impact ‘climax’ is specious, because in
reality turnover of species can be occurring at all
times. Nevertheless the climax period is a useful
concept broadly to separate the period when the
crater is undergoing rapid change and species
replacement after the impact event as new substrata
become available, and the periods when the ecology
is relatively stable). The crater may well remain very
distinct from the outlying biomes (such as with the
Lowell Oasis on the Haughton Formation and its
ecology). Thus, this stage of climax is distinguished
from ecological assimilation, which is discussed in
Section II1.3. Climax ecology will occur when the
biological patterns of change and geological re-
arrangements occurring inside the structure have
stabilized, but geological features of the crater (such
as the presence of a hydrological depression or the
exposure of impact breccia) still make the ecology
different from areas outside the crater. Although the
climax ecosystem may be long-lived (greater than
millions of years), a further geological re-arrange-
ment, for example the breach of a crater rim
resulting in the drainage of a crater lake or the
erosion of a breccia unit to the target rock below it
can initiate a new phase of recolonization and
impact succession. Thus, the climax ecosystem may
be transitory.

(vi) Impact-induced fertilization?

Whilst recolonization of vegetation will depend
critically upon water availability and the charac-
teristics of the substratum, it is possible that impact
processes may alter the recovery of vegetation in the
immediate area around the impact site by changing
the nitrogen cycle. Shock-induced gas-phase re-
actions in the atmosphere during bolide entry can
synthesize nitric oxide, which in turn may react with
atmospheric oxygen to form fertilizing nitrogen
compounds (Melosh, 1989; Zahnle, 1990). Fol-
lowing the 1908 Tunguska event, where an estimated
3 x 10" kg of nitric oxide was produced by the shock
wave accompanying the meteor (Turco et al., 1982),
forests surrounding the event site experienced un-
precedented rates of growth (e.g. Boslough, 1991).
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These increases in growth rates are reflected in tree
ring widths (Longo, Galli and Serra, 1996). Al-
though the fires in the region might have opened
canopy space and improved growth rates, a nitrogen
isotope anomaly at the Tunguska site does suggest
an abiotic nitrogen input into the region at the time
of impact (Kolesnikova et al., 1996).

As well as impact-induced nitric acid formation,
fires with surface temperatures exceeding 200 °C
also volatilize nitrogen (as could direct impact-
induced heating in the area of the impact crater).
Although high-severity fires can cause net reductions
in nitrogen capital through volatilization, they also
tend to increase the concentrations of biologically
available ammonium-nitrogen and more mobile
nitrate-nitrogen (Agee, 1993). Thus, it is conceivable
that at the site of impact, shock-induced synthesis of
nitric acid and fire processes could cause a transient
increase in growth rates coupled through the
nitrogen cycle. For ecosystems in which plants are
nitrogen limited, this process will clearly be of
importance for determining patterns of post-impact
growth, although in biomes where plants are not
nitrogen limited, then the effect of an increase in
biologically available compounds would be limited.
The generality of this process is not known, but it
represents a potentially important impact-induced
ecological effect.

(¢) The ecotone surrounding the impact site

Although this review primarily concentrates on the
impact crater, it is important to remember that the
area around the impact crater may also become a
site of primary or secondary succession, the latter
being the case for less disturbed areas further from
the site. In Section III1.2b(iv), rim area effects were
discussed. More distant effects are possible, however.
In ecosystems with high fuel loading, such as shrubby
ecosystems in arid regions, impact ejecta could ignite
fires in the local area around the site, which would
be exacerbated by direct impact heating. Further-
more, the airburst and intense surface blast wave
believed to accompany impacts will also affect the
biota. Kring (1997) estimates that severe damage to
forests may have occurred up to 20 km from the site
of the Meteor Crater in present-day Arizona and
animal fatality may have occurred up to 4 km from
the site. Dead trees and animals would provide
nutrients for new vegetation. Grass and some low-
lying plants might survive in some areas around the
site and in general, the topsoil will be preserved.
However, together with impact fires, a charred
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ecotone of alteration will occur around the site of the
impact event with decreasing severity of ecological
change further from the impact site. The radial
distance of this ecotone will of course depend upon
the energy of the event, which can be approximated
using scaling methods (e.g. Glasstone and Dolan,

1977).

(d) Recolonization and succession in pelagic impact events

In the case of pelagic impact events the destruction
of the benthic biota will initiate a period of
recolonization and succession involving algae, mar-
ine invertebrates and eventual invasion by marine
vertebrates which may be similar to other natural
and human-generated benthic disturbance events
(Rosenberg, 1976; Arntz and Rumohr, 1986). As in
the case of land impacts, the disturbance of benthic
marine sediments and the resulting nutrient and
mineral arrangements will determine the patterns of
ecological succession. A good example of a shallow-
water marine impact is the Montagnais impact
crater, Canada (42° 53" N, 64° 13" W), which oc-
curred in water of approximately 600 m depth.
Examination of the site shows that the crater rim
may have been significantly eroded since the impact
51 Ma ago (Jansa and Pe-Piper, 1987; Jansa, 1993).
Much of the associated reformed breccia-like ma-
terial is re-worked into the crater by return water
flow into the cavity where it forms thicker layers
than in land settings. Because of the return water
flow into the crater, sedimentary deposition into the
basin will continuously cover benthic habitats for a
period of time after impact, but by the same token,
this process will also eventually bury the site of
impact. Over time, an ocean bottom habitat much
like the surrounding areas is restored. Indeed,
Montagnais is at present in the assimilated phase
(see below).

(e) Dependence on geological epoch

The nature of the Phase of Impact Succession will
also depend upon the geologic epoch in which the
impact occurs. An impact occurring in the Pre-
cambrian such as Beaverhead, Montana, USA
(44° 26" N, 113°00° W), or Sudbury, Ontario,
Canada (46° 36" N, 81°11" W), would be subject
only to microbial recolonization.

A terrestrial impact in the early Devonian approxi-
mately 320 Ma ago, e.g. Crooked Creek, USA
(37°50" N, 91° 23" W) would be limited to plant and
insect recolonization on exposed land, but a pelagic
impact in the same epoch would be subject to
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patterns of succession involving vertebrates. Thus,
patterns of succession in impact craters must have
depended upon geologic epoch.

Large-scale impacts capable of altering the en-
vironment on a global scale may themselves herald a
new geologic epoch. While the exact mechanism
whereby the dinosaurs and other genera became
extinct at the Cretaceous—Tertiary boundary re-
mains unclear, the geologic transition itself may
have been triggered by the Chicxulub, Mexico,
impact event (e.g. Hildebrand et al. 1991).

(f) Recolonization after changes in the global
environment

After large-scale impact events (approximately
> 10°-10° Mt), the biota surrounding the impact
crater will itself be disturbed, not through the impact
directly, but through the indirect effects of global
environmental disturbance. Reductions in insolation
and temperature have been proposed as global
environmental effects of large-scale impacts (e.g.
Toon et al., 1997; Cockell and Stokes, 1999). Global
wildfires, tsunamis and increases in UV-B radiation
following dust and soot clearing might also com-
pound the biological stress. Following these effects a
global phase of succession will occur. The outlying
process of succession might itself affect, for instance
delay, the recolonization of the impact crater.

(g) The impact crater as a biogeographical island

Some features of impact craters conform to ideas of
insularity and characterize the impact crater in some
respects as a biogeographical island. In the case of
impact craters with lakes, once autotrophic com-
munities have been established in the lakes, higher
trophic levels such as fish populations become
established that, because of physical and genetic
isolation, become highly derived and eventually
completely endemic to the crater-lake. This has been
reported at the EI'gygytgyn crater, Russia (Skopets,
1992). It was also reported that this was the case at
the New Quebec crater, Canada, although a single
population of arctic char (Salvelinus alpinus) inhabits
the lake (Gronlund et al., 1990, Richard, Bouchard
and Gangloff, 1991) that does not appear to be
endemic (although it could plausibly be distinguish-
able by genetic fingerprint analysis from outlying
populations). The same phenomenon is also sug-
gested from the remains of endemic trout and smelt-
like fish found in the Haughton Formation (Hickey
et al., 1988; Whitlock and Dawson, 1990), although
the extent to which the Miocene fish at Haughton
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might have differed from Miocene fish found in the
High Arctic outside the crater cannot be assessed
because there is no other record of the Miocene.
Similar paleobiological evidence of endemism is
found in the Gyraulus spp. snails of the Steinheim
impact crater sediments (Reif, 1983; Gorthner,
1992).

As well as endemism in the aquatic realm, some
physical features of craters offer potential for
isolation in the terrestrial realm. A few impact
structures possess small islands within the intra-
crater-lake. The islands are generally expressions of
either a central uplift (e.g. Gow crater, Saskat-
chewan) or an uplifted inner ring (e.g. Clearwater
West, Quebec). As for any island, impact crater
islands might possess biotas that are genetically
distinguishable from outlying regions.

The biogeographical boundary of the crater rim
might be a significant isolation factor for small
flightless terrestrial invertebrates and vertebrates,
and possibly also for plant communities with
inefficient dispersal mechanisms. The Serra da
Cangalha impact structure, Brazil (8°05"S,
46° 52" W), in which an almost perfectly circular
ring of uplifted hills some 250 m high isolates a
‘hidden valley’ at the center of the structure, and
Gosses Bluft, Australia (23° 50" S, 132° 19" E), which
is similarly outlined by a ring-shaped mountain
range, represent two candidate examples worthy of
examination.

The evolution of species that are endemic only to
the impact crater habitat is unlikely, unlike the case
with volcanism. Because volcanism may be sustained
in particular locations for long periods of time, some
organisms specifically evolve to fit the post-volcanic
primary succession habitat. It is estimated that there
has been exposed new lava flows and post-volcanic
forest in Hawaii at any one time somewhere in the
islands for the past 70 million years (Thornton,
1984; Thornton et al., 1990). Some species of
arthropods inhabit lava fields, living off’ aeolian
biological fall-out. Once vegetational succession
begins, these species become extinct in the habitat,
suggesting specific adaptation to the post-volcanic
environment (Thornton et al., 1990). They, as for
forest animals, transfer from island to island over
geologic time periods, living in newly available
volcanic primary succession habitat. By contrast, the
temporal spacing of impact events and their spatial
distribution across the surface of the Earth in many
biomes means that it is improbable, and perhaps
even impossible, that a functional niche exists for a
species that exclusively utilized the post-impact
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succession environment. Most species that recolonize
impact craters will be opportunistic species from the
immediate outlying regions. Of course, on early
Earth, when the impact flux was higher, craters may
have been a more common habitat. Transfer of
microbes, such as those that opportunistically take
advantage of hydrothermal environments (which
are now confined to volcanic geothermal areas such
as Yellowstone National Park, USA), may have
been more common.

(h) Human interactions — an unusual type of
recolonization and succession event

For completeness the interactions of humans with
impact craters should not be overlooked as human
settlement is a form of biological incursion. Many
human interactions with impact structures have not
been documented in the scientific literature and
hence much of the evidence available is anecdotal.
Here, a selection of interactions is described that
have relevance to the biological processes described
in this paper.

The use of impact craters by humans has gone
back millennia. The Tswaing impact crater in South
Africa appears to have been visited, albeit not
permanently settled, since the event itself. Stone
tools in the crater provide evidence that Middle
Stone Age people visited the crater between 150000
and 30000 years ago, perhaps to collect salt
(Reimold et al., 1999). The crater ring wall of the
Lake Kaali structure was inhabited by Bronze Age
man approximately 4000 years ago (Saarse et al.,
1991).

Because of the hydrologic advantages and, in
many cases, the paleolacustrine deposits they offer,
impact craters have often been attractive to humans
for their agricultural potential. Preferential agri-
cultural activity has occurred in the 3.8 km-wide
Steinheim crater in Germany, compared to outside
(e.g. Reif, 1983). Farms take advantage of the
sediments and flat land of the Bigach impact crater
in Kazakhstan (48° 30" N, 82° 00" E). Although now
ploughed over for farming, in 1925 the Haviland
crater, Kansas, USA (37° 35" N, 99° 10" W), a small
15 m diameter crater, was used as a drinking hole for
farm animals because the crater held water for
longer than many of the buffalo wallows in the local
area. The 23 km diameter Lappajdrvi impact lake,
Finland (63° 12" N, 23° 42" E) has been surrounded
by many fertile farms which farm rye, wheat and
potatoes. The 24 km Ries impact structure, Ger-
many is covered in prosperous farms and offers yet
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another outstanding example of human activity.
The walled city of Nordlingen, which was built in
the basin, has a church constructed from impact
breccia, similarly for the manor house in the
Rochechouart impact structure, France (45° 50" N,
0° 45" E). In some cases, impact structures have been
a hindrance to agriculture. An example is the Rio
Cuarto side-glancing impact structures in Argentina,
where the depressions and rough edges have actually
been avoided by farmers (Schultz and Lianza, 1992).

Throughout history, humans have often built
towns and cities in strategically and economically
attractive places. The agricultural richness of impact
basins and the often flat, plain-like characteristics of
the central areas of the structure make impact basins
attractive as locations for long-term settlement. The
Middlesboro impact structure, Kentucky, USA
(36° 37" N, 83°44” W), is a conspicuously flat area
amidst the surrounding mountains and steep stream
valleys (Englund and Roen, 1962). As a result of this
topography it now hosts the city of Middlesboro.
The lake and tourist activity is the reason for the
existence and growth of the town of Lappajarvi,
Finland. The south-ecast of the Lappajdrvi impact
structure rim is steep and has been used for a ski
resort. A ski lift is constructed on the impact rim.
Both Middlesboro and Lappajirvi are two of the few
examples of cities that have developed and grown as
a direct result of advantages offered to humans by an
asteroid or comet impact crater.

The geological disturbances associated with
craters often result in the exposure of rocks that have
commercial value (Grieve and Masaitis, 1994). The
three central uplift hills of the Glover Bluff impact
structure, USA (43° 58" N, 89° 32" W) have been
used to mine dolomite of lower Ordovician age, the
hills providing easier access. Quarrying has also
occurred in the Kentland impact structure, Indiana,
USA (40° 45" N, 87° 24" W). The Sudbury impact
structure, Ontario, Canada contains the world’s
largest nickel-copper sulphide deposits and is thus of
considerable economic importance. Over 15 million
tons of nickel and copper have been mined from the
structure. The Vredefort structure, South Africa
(27°00” S, 27° 30" E) is associated with one of the
world’s largest gold depositories.

Other economic benefits can be derived from
impact structures. The Odessa impact structure,
Texas, USA (31°45" N, 102° 29" W), was seen to
have commercial advantage by the local council,
who apparently used it as a local dump. Great
commercial value has been obtained from the salt
deposits of the Tswaing impact crater. Reimold et al.
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(1999) provide a nice review of the history of
Tswaing and its salt deposits.

The possibility of natural gas being trapped in the
disturbed rocks of impact craters was spectacularly
demonstrated one night in November 1956 when a
drill rig built in the Holleford impact structure,
Canada (44° 28" N, 76° 38" W) exploded when the
borehole reached 60 m. The release of gas changed
the pressures and hydrology beneath the impact
structure such that water no longer came to the 35 m
deep drinking well of the farmer who inhabited the
crater. The Siljan impact structure, Sweden
(61° 02" N, 14° 52" E), was also drilled for natural
gas, although no gas was found. The Avak structure,
Alaska (71 °15" N, 156 °38” W), has little surface
expression, but is the site of natural gas mining.

There are also many examples scattered through
history of peoples using meteoritic iron and other
materials from impact structures for the manufacture
of jewelry and tools.

Finally, the vagaries of human behaviour have
resulted in copious myths and legends. Because of the
deep impact crater-lake (average 200 m depth)
found in the Deep Bay impact structure, Saskat-
chewan, Canada and the lack of islands, the waters
are dark and prone to being treacherous during
storms. This is in contrast to the nearest lake,
Reindeer Lake, which is only 30 m deep and full of
islands. Unsurprisingly, the lake has developed a
negative reputation amongst the local people, who
believe that the lake is inhabited by a giant fish with
habits and behaviour similar to the famed Loch Ness
monster in Scotland. During winter the legend states
that the beast breaks through the crater-lake ice and
devours tender young caribou. Similar stories of
monster fish have pervaded the towns near the New
Quebec crater-lake, Canada. However, serious
studies show that the size distribution of the arctic
char in the lake is normal, although the fish do have
cannibalistic habits (Gronlund et al., 1990). The
involvement of impact craters in popular literature
and science fiction could be exhaustively discussed.
However, in terms of direct involvement of a
terrestrial impact structure, perhaps the most famous
is Wolfe Creek, Australia which is the location of a
mystery novel by Arthur Upfield written in 1934
and entitled ‘Death of a Swagman’ (Upfield, 1934).

(3) Phase of Ecological Assimilation

Eventually, the ecology of the impact crater will
start to become similar to the outlying regions of the
crater such that the crater will ecologically become
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Fig. 8. Craters in the Phase of Ecological Assimilation. Site of the Morokweng impact structure, South Africa (A).
The 70 km diameter crater is buried beneath the town of Morokweng on the edge of the Kalahari desert and it is an
extreme example of a crater in the Phase of Ecological Assimilation, where the ecology of the crater is indistinguishable
from the outlying region (photograph, Charles Cockell). O’Hare International Airport (lower) partially overlies the
8 km diameter Des Plaines impact structure in the USA and it was discovered by engineers building tunnels for the
airport. It is an example of assimilation which has been furthered by human activity (photograph, NASA Ames Home

Page).

assimilated into the surrounding biome and is no
longer signaled by a biological anomaly. We can
refer to this as the Phase of Ecological Assimilation
and we might define it as the point at which the
ecology of the crater site becomes indistinguishable
from that of outlying regions. A feature of this phase
is that the ecological uniqueness of the crater site
tends to be lost as the geological distinctiveness is
lost.

Where a crater lake has formed and then the
crater rim was breached, the lake may become
assimilated into external water bodies and thus loses
its biological isolation [e.g. Nicholson lake, North-
west Territories, Canada (62° 40" N, 102° 41" W)].
Care has to be taken in defining a crater containing
a lake as ‘assimilated’, because although the lake
might be connected to outlying water bodies, the
unusual depth of some crater lakes (e.g. the New



306

Quebec crater, Canada) might allow them to retain
some characteristics that are made possible specifi-
cally by geological characteristics still expressed by
the impact structure.

Where craters do not contain lakes, assimilation
will occur when the structure becomes eroded or in-
filled to a point where the depression no longer
results in a distinct intra-crater vegetational anom-
aly. The Campo del Cielo craters, Argentina
(27° 38" S, 61°42" W) were assimilated into local
forests and shrub. Slashing was necessary to examine
the crater field (Cassidy and Renard, 1996).

Aerial photographs show that assimilation has
occurred in a variety of impact craters, such as the
Aourunga craters (19° 06" N, 19° 15" E) assimilated
into the Sahara desert of Chad, Africa (although the
biology of the Sahara is very depauperate) and Kelly
West, Australia (19° 56" S, 133° 57" E). The phase of
ecological assimilation may take a substantial length
of time. Examination of present-day terrestrial
impact structures shows that approximately 509,
are assimilated and the other 509, contain some
type of climax ecosystem that is distinguishable from
the outlying biota.

The phase of ecological assimilation is likely to be
achieved much quicker for pelagic impact events
compared to impacts on land. The cavity in pelagic
impacts will be partially filled by water back-flow
and bottom water turbulence leading rapidly to a
relatively stable sediment surface over the impact
breccia. Marine organisms will move into the benthic
habitat with greater speed than land animals move
into a disturbed habitat. The Montagnais crater is
now buried beneath the sea floor.

A common yet extreme case of assimilation is
when the crater becomes completely buried. Morok-
weng crater, South Africa (26°28"S, 23° 32" E),
which is now buried under the town of Morokweng
(Fig. 8A), is such an example. The Kaluga crater,
Russia (54° 30" N, 36° 15" E), is also an example,
being buried beneath 800 m of Devonian and
Carboniferous sedimentary rocks. Obolon in the
Ukraine (49° 30" N, 32° 55" E) is buried underneath
270 m of Cenozoic and Cretaceous sedimentary
rocks. The 35km Manson crater, Iowa, USA
(42° 35" N, 94° 33" W), is now completely buried
under the sediments of north central Iowa State
(Hartung and Anderson, 1988). The Des Plaines
impact  structure, Illinois, USA  (42° 03" N,
87° 52" W), is now located under the city of the same
name (Emrich and Bergstrom, 1962), and the south-
west of the structure is now overlain by Chicago’s
O’Hare international airport, assimilation in this
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case having been furthered by human activity (Fig.
8B).

A further case of assimilation is when the crater is
completely buried by ice or snow. Craters under the
Antarctic ice sheet, for example, are in a phase of
assimilation. The melting of the ice sheet would
expose craters in which successional development
could then occur, illustrating an instance of tem-
porary assimilation by ice cover.

IV. CONCLUSIONS

(1) Asteroid and comet impact events are the
only extraterrestrial mechanism that can deliver a
localized pulse of destructive energy into an eco-
system. The study of the ecological characteristics of
impact craters elucidates how impact events can
influence change on a local level as well as the more
widely studied global-scale effects. These studies can
provide a valuable comparison to patterns of
recovery and succession following other agents of
ecological destruction that have previously been a
focus of study, such as volcanoes, glacial retreat,
storms and fires.

(2) Based on our review of the existing literature
and our observations at Haughton and other impact
structures, we recognize three phases of biological
recovery following an impact event (Fig. 4).

(3) Firstly, a Phase of Thermal Biology occurs in
the immediate aftermath of an impact event and is
tied directly to the thermal pulse delivered to the
target by the impactor. It is likely to be dominated
by colonizing microbial communities, particularly
those common to hydrothermal activity. This phase
is of particular interest in the context of exobiology.

(4) Secondly, the Phase of Impact Succession and
Climax occurs, a rather complex phase that may
involve multiple episodes, including the formation
and breach of an impact crater lake(s). During this
phase, geological characteristics unique to impact
craters such as the crater rim and bowl, the formation
of impact breccia and the isolation of a crater lake
are the primary influences shaping the ecological
characteristics. Various stages of climax may be
achieved during this phase as geological alterations
occur. For example, succession and climax in a lake
might be followed by a further stage of succession
and climax on a paleolacustrine sedimentary deposit
after the lake waters depart. This might be further
followed by succession and climax as lacustrine
sediments are eroded, exposing impact breccia
underneath.
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(5) Finally, the Phase of Ecological Assimilation
is the phase during which the geological uniqueness
of the crater is finally lost and with it, complete
assimilation of the impact crater into the outlying
biome occurs. This is often only truly reached when
the crater is buried.
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