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Abstract 
Asteroid and comet impacts are known to have caused profound disruption 
to multicellular life, yet their influence on habitats for microorganisms, 
which comprise the majority of Earth's biomass, is less well understood. Of 
particular interest are geological changes in the target lithology at and near 
the point of impact that can persist for billions of years. Deep subsurface 
and surface-dwelling microorganisms are shown to gain advantages from 
impact-induced fracturing of rocks. Deleterious changes are associated 
with impact-induced closure of pore spaces in rocks. Superimposed on 
these long-term geological changes are post-impact alterations such as 
changes in the hydrological system in and around a crater. The close 
coupling between geological changes and the conditions for 
microorganisms yields a synthesis of the fields of microbiology and impact 
cratering. We use these data to discuss how craters can be used in the 
search for life beyond Earth. 

Introduction 
The collision of asteroids or comets with the surface of Earth yields large 
quantities of energy that cause profound changes to the geology of the 
target region (Melosh, 1989). The production of a fireball, blast waves, 
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dust-loading of the atmosphere and changes in atmospheric chemistry 
(Toon et al., 1997; Kring, 2003) also perturb the environment. These 
discoveries have focused attention on the deleterious consequences of 
impact events to the surface biota, focus reinforced by research on the 
impact thought to have been responsible for the end Mesozoic 
(Cretaceous–Palaeogene) extinctions (Alvarez et al., 1980; Schulte et al. 
2010). Although impacts are known to have caused changes in some 
microbial communities; for example, the turnover in calcareous 
nanoplankton flora across the Cretaceous–Palaeogene boundary 
(Pospichel, 1996; Bown, 2005), less is known about the effects of impacts 
on habitats for microorganisms, particularly changes associated with 
geological processes. Impact events are unique among Earth-system 
perturbations because they are the only extraterrestrial mechanism 
capable of delivering a localised pulse of destructive energy into an 
ecosystem.  

Although impacts can potentially cause global-scale environmental 
perturbations, asteroid and comet impacts have had a more common 
influence at the local scale (Kring, 1997; Adushkin and Nemchinov, 1994). 
An event that could cause the global changes observed at the Cretaceous–
Palaeogene boundary is thought to occur at an average rate of about once 
per 100 million years, whereas an event causing the formation of a 1 km 
diameter crater with its associated environmental effects, such as those 
associated with the Barringer (Meteor) crater (Kring, 1997), will occur 
approximately once every few thousand years. Both global- and local-scale 
impact events will result in permanent changes to the target geology. Thus, 
the more common local impacts are as important in understanding how 
impacts alter rocky habitats for microorganisms as large events associated 
with global environmental perturbations.  

Understanding the link between impact processes and microbiology is 
scientifically important from a number of perspectives. First, it gives a more 
complete picture of how the biosphere is shaped by geological 
perturbations and processes. Second, it yields insights into how the 
astronomical environment specifically (i.e. asteroid and comets) can shape 
our planet's biosphere. Third, we gain a more complete view of the role of 
impacts in shaping the biosphere and its subsequence evolution beyond 
the simplistic view that impacts 'destroy life'. Fourth, as no solar system-
forming process is likely to occur without leaving behind debris, we might 
reasonably suggest that impact events on the surfaces of rocky planets are 
a universal process. Thus, understanding their influence on planetary 
habitability and a planetary biota provides us with a universe-scale picture 
of how the cosmic environment shapes the conditions for life alongside our 
understanding of endogenous processes within planets (such as 
volcanism, plate tectonics etc.) that influence planetary habitability and life. 
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In this paper, we review the state of knowledge on the association of 
microorganisms with impact craters. We highlight some of the major 
features of impact cratering that influence the subsequent microbial 
colonisation of craters. We also suggest how the study of impact-generated 
habitats might influence efforts to test the hypothesis of life on other 
planetary bodies. 

Geological changes caused by impact of relevance to microbiology 
The effects of meteorite impacts on microbiology may be defined by the 
sequence of geological changes that follow from such events. Meteorite 
impacts are characterised by an initial contact and compression stage 
(when the impactor makes contact with the target lithology or water), 
followed by an excavation phase during which a bowl-shaped "transient" 
crater cavity is formed; for diameters exceeding 2–4 km on Earth 
subsequent modification can occur, resulting in the formation of a central 
peak and/or peak ring, depending on the magnitude of the event (Melosh, 
1989). 

The kinetic energy of such an event is enormous due to the high velocity of 
objects intersecting with Earth's orbit (the mean impact velocity with the 
Earth is ~21 km/s; Stuart and Binzel, 2004). This energy will be released in 
large part as heat. The longevity of this thermal excursion will depend, inter 
alia, upon the target lithology, the availability of water, and local climate. 

The Haughton impact structure - a 23-km diameter structure in Nunavut, 
Canadian High Arctic, formed about 23.5 million years ago (Young et al., 
2013) - is thought to have hosted a hydrothermal system for thousands of 
years with initial temperatures estimated at ~650–700°C (Osinski et al., 
2001; Osinski et al., 2005a), evidenced by a sequence of high temperature 
hydrothermal minerals such as carbonates, sulfides, and quartz followed by 
the precipitation of cooler temperature minerals such as sulfates. The 
hydrothermal system in the smaller 4-km-diameter Kärdla crater, Estonia, is 
also estimated to have lasted for several thousand years (Versh et al., 
2005). By contrast, a lifetime of one to two million years is estimated for the 
hydrothermal systems of larger craters such as the 250-km-diameter 
Sudbury structure, Canada (Abramov and Kring, 2004) and the 170-km-
diameter Chicxulub structure, Mexico (Abramov and Kring, 2007). The 
physicochemical environment in these hydrothermal systems will depend 
upon the local target lithology; however, geochemical evidence from a 
number of craters suggests that neutral or alkaline pH values are usual for 
post-impact hydrothermal systems (Naumov, 2005).  

The energy delivered into the target area during contact and compression 
will, in addition to vaporizing the impactor, deform, heat, and 
metamorphose rocks (French, 2004). An important effect of shock 
processing is that the target rocks can become highly fractured and 
experience large increases in porosity. Shock-induced alteration of the 
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target rocks at the Vredefort (Reimold and Gibson, 1996) and Sudbury 
(Ames et al., 2002) impact structures is still clearly evident today, 2.0 Ga 
and 1.8 Ga after they formed, showing that these changes can persist over 
geological timescales. 

The formation of a crater cavity during the excavation and modification 
stages will influence the local hydrological cycle through the disruption or 
alteration of flow paths and also potentially through the formation of long-
lived water bodies that host aquatic microbial ecosystems. Approximately 
half of the impact craters known on Earth today with clear surface 
expressions host some type of intra-crater water body. Lakes formed in the 
intra-crater cavity of land-based craters can persist for hundreds of millions 
of years. For example, the Lac Couture impact structure in Quebec hosts a 
lake approximately 430 Ma after the crater's formation; although more 
recent glaciations make it unlikely that a lake has persisted for this entire 
duration. However, these features are eventually subject to a breach of the 
crater rim and/or infilling of the crater (this is, of course, not relevant for 
impacts in the marine environment), making them, in most cases, more 
short-lived than changes to the target geology. 

These impact-induced geological processes influence the microbiology of 
the crater and are the backdrop against which microbial communities are 
re-established. Although the given sequence and duration of these impact 
environments (i.e. hydrothermal system, lakes, exposed impact-altered 
rocks) vary from crater to crater, they are a common theme in 
understanding the distribution of microbial communities within craters. 

The microbiology of impact structures 
How are microbial processes linked to these geological changes 
associated with impact? Data on the microbiota of impact craters is sparse 
and so we examine this question by reviewing and synthesizing data from 
two "type" localities - the Haughton impact structure, Canada, and the 
Chesapeake impact structure, USA (Table 1). Other craters are discussed 
where data are available. 

Proceeding chronologically through the formation of the impact crater 
environment, we propose that the first major geological effect on 
microbiology is that of the shock-induced heating resulting from the transfer 
of kinetic energy from the projectile to the target. The energy associated 
with this process could sterilize extant microbial communities (e.g., Sleep 
1989) or severely alter the ecology (e.g. Abramov and Mojzsis 2009).  

Hydrothermal minerals at the Haughton structure (Osinski et al., 2001), 
such as quartz, record post-impact temperatures that locally exceeded the 
known upper temperature limit for microorganisms (>122°C) (Takai et al., 
2008). Similar observations have been made in the deep subsurface: 
drilling of the Chesapeake impact structure has shown that at 1397 to  
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1424 m depth, the rock consists of 20-30% glassy impact melt clasts 
(Horton et al. 2009) suggesting an average temperature at the time of 
deposition of greater than 350°C (Malinconico et al., 2009). These data 
show that impact-induced sterilization can occur in surface and deep 
subsurface microbial communities. 

As the target begins to cool, the next phase of thermally controlled 
microbiology can begin, where habitats for heat-loving (thermophilic and 
hyperthermophilic) microorganisms become available. The formation of 
hydrothermally-induced habitats is less well documented. Direct evidence 
for microbial colonisation of an impact-induced hydrothermal system is 
reported for the deep subsurface of the Chesapeake impact structure, 
where mineralised microbial structures have been observed (Glamoclija et 
al., 2009) and from the Siljan impact structure, Sweden where mineralized 
microbial biofilms associated with a low temperature hydrothermal system 
have been reported (Hode et al., 2009). Lipid distributions in 
hydrothermally precipitated gypsum in the Haughton structure have been 
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     Table 1. Location, size and age of impact structures in the text of this paper*. 

    * Data from the Earth impact database maintained by the Planetary and Space  

   Science Centre, University of New Brunswick, Canada. 

Name of crater Country Size (km) Age (Myr)

Barringer Arizona, USA 1.186 0.049 ± 0.003

Chesapeake Virginia, USA 90 35.5 ± 0.3

Chicxulub Yucatan, Mexico 170 64.98 ± 0.05

Clearwater lakes Quebec, Canada 26 and 36 290 ± 20

El’gygytgyn Russia 18 3.5 ± 0.5

Haughton Nunavut, Canada 24 22.5 ± 2.0

Kärdla Estonia 4 ~455

Lonar India 1.83 0.052 ± 0.006

Mjølnir Norway 40 142.0 ± 2.6

New Quebec Quebec, Canada 3.44 1.4 ± 0.1

Ries Germany 24 14.6 ± 0.2

Rochechouart France 23 203 ± 3.0

Siljan Sweden 52 376.8 ± 1.7

Sudbury Ontario, Canada 250 1850 ± 3

Tswaing South Africa 1.13 0.22 ± 0.05

Vredefort South Africa 300 2023 ± 4
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suggested to be associated with the impact hydrothermal system (Bowden 
and Parnell, 2007) in contrast to lipids from present-day microorganisms 
(Parnell et al., 2004). In Haughton specifically, the hydrothermally 
associated mineral assemblages are complex, including diverse mineral 
states of iron and sulfur. They serve as a record of geochemical conditions 
that varied spatially and temporally, pointing to the existence of a range of 
microbial habitats with different nutrient and energy availabilities, and 
preservation potentials (Izawa et al., 2011). 

Direct evidence for post-impact colonization of a hydrothermal system 
might be found in isotopic signatures. Large sulfur isotope excursions in 
hydrothermally deposited sufides in the Haughton impact structure are 
suggested to be evidence for post-impact colonization by sulfate-reducing 
microorganisms (Parnell et al., 2010). Similarly sulfate isotope excursions 
associated with impact-induced fractures are associated with the 
Rochechouart impact structure in France and have been hypothesized to 
be evidence for post-impact microbial sulfate reduction (Simpson et al., 
2017). 

The influence of the post-hydrothermal phase of impact cratering on 
biology is much better constrained, since these hydrologic systems can be 
observed in many craters today. The impact-induced disruption to the local 
geology and the formation of a crater cavity leads to the hypothesis that 
changes in the hydrological cycles, and therefore nutrient and redox couple 
supply, will influence the abundance, distribution and diversity of microbial 
communities. This is most clearly represented by the microbial ecosystems 
of intra-crater lakes. Many craters today host lakes whose microbiota have 
been examined; for example, the Tswaing (Ashton, 1999; Schoeman and 
Ashton, 1982; Ashton and Shoeman, 1983; Ashton and Schoeman, 1988), 
Clearwater (Maltais and Vincent, 1997), New Quebec (Bouchard, 1989; 
Gronlund et al., 1990), El'gygytgyn (Cremer and Wagner, 2003), and Lonar 
(Wani et al., 2006; Surakasi et al., 2007; Joshi et al., 2008; Antony et al., 
2014) impact lakes. Microorganisms associated with impact crater lakes 
are also preserved in the fossil record. Fossil remains of ancient lake algal 
bioherms have been reported at the Ries impact structure (Riding, 1979). 
Few of these ecosystems are directly influenced by the fact that the cavity 
is impact-induced. In the case of New Quebec, the steep littoral zone that 
is generally a feature of crater cavities, and therefore the low biomass of 
peripheral photosynthesis communities, has been implicated in the low 
overall productivity of the lake (Gronlund et al., 1990), although a steep 
littoral zone is not a unique property of cavities created by impacts. 

The most profound influences on a microbiota caused by an impact event, 
due to their potential longevity, would be expected to arise from permanent 
changes to the target rock, where the physical and chemical alteration of 
target materials by the impact would be hypothesized to change both the 
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availability and physicochemical characteristics of habitats for 
microorganisms, persisting over geological timescales. 

Investigations at the Haughton impact structure, situated in what is today a 
polar desert (Cockell et al., 2001) have provided a particularly lucid test of 
this hypothesis. Evidence for the influence of impact processes on 
microbial colonization patterns is found in altered distributions of endolithic 
communities (organisms that live within the rock interstices) within shocked 
sandstone and gneiss lithologies (Cockell et al., 2002; Cockell et al., 2003; 
Pontefract et al. 2014; Pontefract et al. 2016).  

Of particular interest are the shocked gneiss communities, as gneissic 
rocks do not generally provide suitable substrates for endolithic, especially 
cryptoendolithic communities, although weathering rinds can be colonized 
by phototrophs (chemical and biological rock weathering itself may be 
accelerated by impact-induced changes in the target material; Leroux, 
2005; Cockell et al., 2007). The gneiss clasts within the crater, associated 
with the carbonate-rich melt rocks (Metzler et al., 1988; Osinski et al., 
2005b; Osinski et al., 2005c), reveal an observed increase in microbial 
biomass and species diversity with increasing shock metamorphism 
(Pontefract et al., 2014, 2016); Figure 1. This is most pronounced within 
the photosynthetic community, where phototrophs such as Gloeocapsa and 
Chroococcidiopsis morphotypes are abundant within the endolithic 
environment, and are also found inhabiting the underside of rocks in the 
arctic (Cockell and Stokes, 2004; 2006). These cryptoendolithic 
microorganisms are limited to the interiors of rocks where pore size and 
permeability is sufficient to allow for the growth of the organisms 
throughout the rock interstices and the movement of nutrients and redox 
couples (Figure 2). 

The cryptoendolithic colonization of gneissic rocks within the crater, 
specifically the enhanced colonization by phototrophs, can be explained by 
the effects of impact fracturing and bulking, which increased the porosity of 
the rocks (pore spaces of 1 micron and greater are increased in surface 
area by 25-fold) and the translucence of the rocks (Singleton et al. 2011). 
The penetration of photosynthetically active radiation through the bulk 
material was increased by an order of magnitude, primarily because of the 
formation of vesicles and fractures (Cockell et al., 2002). The organisms 
inhabit the upper ~5 mm of the rock substrate (Figure 1a). Although other 
geological events such as volcanism and earthquakes can fracture rocks, 
the gneissic rocks at Haughton show how impacts can cause a systemic 
increase in permeability, porosity and translucence throughout the rock 
matrix, leading to a direct cause-effect relationship between impact and the 
colonization of impact-shocked rocks by a specific group of 
microorganisms – phototrophs. This accounts for the lack of reports of 
cryptoendolithic communities within unweathered crystalline rocks in other 
geological settings. The community composition between low shock and 
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high shock is also different in non-phototrophic taxa (Pontefract et al. 
2016). 

Detailed examination of shock gneisses, whereby shock levels were 
estimated from petrographic analysis and correlated to microbial 
colonisation allowed for the quantification of the optimal shock range in 
which the habitat is improved for colonisation. This was found to be 
between 55 and 65 GPa (Pontefract et al., 2014). This study examined the 
depth distribution of organisms into shocked gneissses and using confocal 
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Figure 1. Cryptoendoliths associated with impact-altered rocks. Location of 
organisms is indicated with arrows. a) Cryptoendolithic phototrophs associated 
with impact-altered gneiss (shocked to ~30 GPa) from the Haughton impact 

Figure 1. Cryptoendoliths associated with impact-altered rocks. Location of organisms is indicated with 
arrows. a) Cryptoendolithic phototrophs associated with impact-altered gneiss (shocked to ~30 GPa) from 
the Haughton impact structure, Nunavut, Canadian High Arctic, b) similar communities associated with 
vesiculated and shocked sandstones (~10-20 GPa) from the same impact structure. Scale bar 1 cm.
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microscopy the direct link between the fractures, pore spaces, and 
microbial colonisation was demonstrated.  

Microbial diversity within impact-shocked rocks is also correlated with 
shock metamorphism. In the Haughton impact structure, species diversity 
was found to increase in gneisses exposed to higher shock pressures 
(Pontefract et al., 2016), with distinct populations based on the level of 
porosity and light transmission within the rock. In each population of 
organisms studied, Actinobacteria were the most abundant phylum, and it 
was not until shock pressures of 55 GPa were attained that phototrophic 

!83

!  
Figure 2 (A-B) SEM-BSE (Scanning Electron Microscope-Backscattered 
electrons) micrographs showing a cryptoendolithic community in gneiss shocked 
to ~50GPa. (C) Higher magnification SEM-BSE image of lower arrow in B. (D) 
Higher magnification SEM-BSE micrograph of upper arrow in B. Light patches 
visible in B-D indicate OsO4 staining of thylakoids. (E) SEM micrograph showing 
exopolymeric substance (left arrow) and a cell within the EPS, revealed using 
FIB milling. (Pontefract et al., unpublished data). 

Figure 2. (A-B) SEM-BSE (Scanning Electron Microscope-Backscattered electrons) micrographs 
showing a cryptoendolithic community in gneiss shocked to ~50GPa. (C) Higher magnification SEM-
BSE image of lower arrow in B. (D) Higher magnification SEM-BSE micrograph of upper arrow in B. 
Light patches visible in B-D indicate OsO4 staining of thylakoids. (E) SEM micrograph showing 
exopolymeric substance (left arrow) and a cell within the EPS, revealed using FIB milling. (Pontefract et 
al., unpublished data).
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bacteria began to represent a significant portion (>10%) of the microbial 
community.  The study found that these effects on microbial diversity are 
likely caused by a variety of influences resulting from the impact processing 
of the gneisses, such as changes in surface area available for growth and 
changes in fluid flow and nutrient availability, and potentially the effects of 
changed primary production from the greater abundance of phototrophs 
observed at higher shock levels. The study demonstrates that impact 
events can change the microbial diversity that can be supported by the 
target location. 

Although the shocked rocks at Haughton are chemically varied (Metzler et 
al., 1988), it was possible to examine the effects of impact shock on major 
and trace elements. Pontefract et al. (2012) showed that major cation 
abundances expressed as oxides were lower in highly shocked crystalline 
rocks compared to lower shocked rocks. Concentrations peaked at shock 
level 3 (~10-30 GPa), which could be an artefact of the fact that unshocked 
or very low-shocked rocks sourced outside the crater do not exactly match 
the pre-impact basement below the crater. These patterns were not 
observed for trace elements, which could be explained by these elements 
being associated with more stable phases within the rock.  Similar patterns 
were not observed in sedimentary rocks. In some cases, the concentration 
of some elements such as phosphorus increased, which they attributed to 
possible hydrothermal mobilisation of phosphorus or enrichment by 
organisms on account of enhanced colonisation. The authors note that the 
formation of glasses by high shock pressures may enhance element 
availability to a biota since glasses are more easily dissolved by organic 
acids than crystalline rocks. Thus, the physical changes in the rock may 
change elemental availability. 

The formation of glasses by impact events may offer entirely new habitats 
for life. Tubular structures in volcanic glasses have long been associated 
with microbial boring (e.g., ,Staudigel et al., 1995, 1998; Torsvik et al., 
1998; Thorseth et al., 1991) although specific occurrences remain 
controversial and the means of their formation remains a matter of 
discussion. Tubular features have been observed in impact glass–bearing 
breccias from the Ries impact structure (Sapers et al., 2014). These 
features have associated with them organic features observed using 
Fourier transform infrared (FTIR) spectroscopy. These features raise the 
possibility that impact glasses may provide habitats for microorganisms 
capable of active boring. Furthermore, if they are biogenic, they 
demonstrate potential as biosignatures of life in preserved impact glasses.  

Though the impact-induced changes in rocky microbial habitats discussed 
above have been shown to have a linear correlation (though a more 
complex model may be supported by the data) with increasing shock 
metamorphism (Pontefract et al. 2014), not all rock types conform to this 
type of relationship. Investigations on the effects of shock on the 

!84
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

colonization of sandstones within the Haughton impact structure reveal 
complexities in the correlation between shock level and colonization 
associated with the rock type (Osinski, 2008; Cockell and Osinski, 2007) 
(Figure 1b, 3 and 4). As the sandstones are exposed in the same locations 
and experience the same environmental conditions as the shocked 
gneisses, they offer a comparison to the crystalline rocks. Whereas 
unshocked sandstones are generally porous and suitable for endolithic 
colonization (Friedmann, 1982; Wessels and Büdel, 1995; Weber et al., 
1996; Colwell et al., 1997; Büdel et al., 2004; Blackhurst et al., 2005; 
Omelon et al., 2006), crystalline rocks are not. A comparison between the 
two lithologies yields insights into effects of impact on rocky microbial 
habitats with quite different initial conditions for microbial colonization.  

At low shock pressures (<5.5 GPa), sandstones were found to suffer from 
pore collapse (Osinski, 2008), which impeded colonization by a laboratory-
cultivated cyanobacterium Chroococcidiopsis sp. and the Gram-positive 
bacterium Bacillus subtilis, consistent with expectations from previous 
geological observations of shocked sandstones (Kieffer, 1971; Kieffer et al., 
1976; Osinski, 2008). However, at higher shock pressures, the formation of 
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Figure 3. Schematic diagram illustrating the potential for colonization of sandstones with respect to 
shock level. 'Colonisation potential' means the accessibility of the rock interior for colonisation. This 
general schema can be modified to any type of material, but illustrates some of the complexities that 
influence colonisation potential. Low shock (class 1b; ~3-5.5 GPa, porosity ~2-5%) was found to close 
pore spaces and retarded colonisation. Beyond these shock pressures and up to ~20-30 GPa (up to 
class 5; 30-36% porosity), production of vesicles in the glass improved permeability and colonisation, 
although recrystallization in some samples was noted to reduce accessibility to organisms. At shock 
pressures greater than ~35GPa (class 6), recrystallization was observed to an extent that 
microorganisms could no longer colonise these materials (taken from Cockell and Osinski, 2007). 
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vesicles in the rock, caused by irregular patterns of melting, improved 
colonization. Natural cyanobacterial colonization of sandstones shocked to 
10-20 GPa is observed in field samples (Figure 1b). At yet higher shock 
pressures (~35 GPa) cryptoendolithic colonization may again be impeded 
by recrystallization and the formation of solid glassy material. Although a 
systematic pattern can be discerned as illustrated in Figure 3, shock 
processes are heterogeneous, even at centimeter scales, leading to 
irregular colonization patterns depending on where the shock wave has 
generated compressed pores, glass and/or vesicles (Figure 4d). The data 
show that impacts cause quite specific increases or decreases in 
colonization potential that are linked to specific shock levels.  

In summary, impacts can, in the same target location, cause geomicro-
biological conditions to be reversed. Low porosity crystalline rocks that are 
typically difficult for microorganisms to colonize can be improved as 
habitats due to fracturing and vesicularisation. By contrast, high porosity 
rocks, such as sandstones, can, at certain shock pressures, be 
impoverished with respect to their accessibility to a biota.  

Impact events can generate new habitats by mobilising fluids that 
precipitate new minerals, for example in hydrothermal systems. In the 
Haughton impact structure, the colonization of hydrothermally deposited 
calcium sulfate (selenite) was demonstrated, whereby microorganisms 
colonise the cleavage planes in selenite (Parnell et al., 2004). As the 
material is transparent to photosynthetically active radiation, the spaces 
can act as habitats for phototrophs. 

Across a wide range of rock types, impact events fracture materials, 
generating new habitats for chasmoendoliths that inhabit the fractures 
connected to the surface of rocks. These effects are less subtle than the 
changes in internal permeability described above for gneiss and sandstone 
and relate more to the general shattering of target rocks. The fracturing of 
carbonates is observed in Haughton that provide habitats for a diversity of 
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Figure 4. Effects of impact shock on colonization of sandstones. a) Natural cryptoendolithic 
colonization of Beacon sandstones from the Dry Valleys of Antarctica (see, e.g., Friedmann, 1982 for a 
description). Black layer is a lichen layer within rock interstices. Scale bar 1 cm; b) Colonization front 
moving through the interstices of Beacon sandstone (Antarctica) inoculated with Chroococcidiopsis sp. 
029 as a positive control. Scale bar 0.2 cm; c) Epilithic colonization of class 1b rock. No crypto- or 
chasmoendolithic colonization of the material is possible. Scale bar 0.5 cm; d) Impeded colonization 
front of Chroococcidiopsis in sandstone (class 2) blocked by 'Region 1'. Scale bar 0.2 cm; e) Impeded 
colonization front of Bacillus subtilis (seen here as green, stained with Syto 9 DNA binding dye) in 
sandstone [similar location to (d)]. Scale bar 0.2 cm; f) Chasmoendolithic colonization of vesicles by 
Chroococcidiopsis in sandstone (class 4). Scale bar 0.5 cm; g) Natural cryptoendolithic colonization of 
class 3 shocked sandstone from Haughton by Gloeocapsa sp. Scale bar 1 cm; h) Epilithic colonization 
of class 6 rock. No crypto- or chasmoendolithic colonization of the material is possible. Scale bar 0.5 
cm (images from Cockell and Osinski, 2007).
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microorganisms, for example in ejecta blocks (Cockell et al., 2003). 
Fractures are also produced in exposed outcrops of gypsum that harbor a 
diversity of phototrophs and heterotrophs (Cockell et al. 2010). 

In addition to the physical effects of shock metamorphism, the thermal 
effects on any indigenous organic carbon in the crater is a constraint. This 
carbon contributes to what is available for reprocessing as biomass by 
subsequent colonisers. However, the carbon becomes more thermally 
mature due to the energy of impact, as measured in the Haughton Crater 
(Parnell et al. 2005, Lindgren et al. 2009), and less amenable to 
reprocessing. 

A large quantity of the diversity and biomass of microbial life on the Earth 
resides in the subsurface (Whitman et al. 1998; Horsfield et al., 2007; 
Kallmeyer et al., 2012; Magnabosco et al., 2018). The drilling of the 
Chesapeake Bay impact structure (Gohn et al., 2008) using microbiological 
contamination control (Gronstal et al., 2009) allowed the changes in the 
deep subsurface caused by impact events to be examined (Cockell et al., 
2009). The crater was formed in the Late Eocene and is approximately 35 
million years old (Koeberl et al. 1996; Powars and Bruce, 1999; Poag et al., 
2004; Hortson et al., 2005). The buried structure has the form of an 
inverted sombrero and a 1.6 km core was collected within the elliptical 
moat approximately 9 km from its centre (Gohn et al., 2008). The 
microbiology of the crater core (Figure 5) can be broadly split into three 
zones (Cockell et al., 2009). The upper zone (127-867 m depth) exhibits a 
logarithmic decline in cell numbers similar to other deep subsurface 
environments, with cell numbers declining to below detection limits within 
the middle parts of the tsunami resurge deposits that filled the crater cavity 
following the impact. The steeper decline in cell numbers with depth 
associated with this zone compared to the rate of reduction in cell numbers 
with depth in other subsurface sites (Parkes et al., 1994; D'Hondt et al., 
2004) may be a general feature of the terrestrial biosphere. Alternatively, it 
may be specifically linked to a change in geochemical conditions, such as 
the increasing salinity of the water within the crater with depth, which is a 
result of the inundation by seawater at the time of impact along with the 
redistribution of a subsurface brine layer thought to be pre-impact in origin 
(Sanford, 2003; Sanford et al., 2009).  

A second zone within the crater (867-1397 m depth) exhibits cell counts 
below detection limits, sections where cells were not cultivatable and DNA 
could not be recovered. The hydrological data suggest that neither the 
introduced seawater nor the pre-impact briny water within the section has 
been flushed since impact. This interval may have remained biologically 
impoverished since impact.  

More direct evidence for an impact-induced effect on the habitat for 
microorganisms was found in the third microbiological zone in the crater 
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Figure 5. Enumeration of microorganisms with depth through the Chesapeake 

Bay impact structure. The lithological sequence through the post-impact 
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Figure 5. Enumeration of microorganisms with depth through the Chesapeake Bay impact structure. 
The lithological sequence through the post-impact sediments and the crater is shown on the left. 
Enumerations (right) can be split into three distinct zones. Zone 1 is a region with a logarithmic decline 
in the post-impact sediments and the upper part of the impact tsunami deposits. Zone 2 is a region with 
enumerations below detection limits and Zone 3 is a region of fractured rock below a granite 
megablock. The detection limit of enumerations was taken as104 cells/g.
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(below 1397 m depth) associated with a rise in microbial abundance 
beneath a granite block that slumped into the crater cavity in the final 
stages of the impact event. The lower part of this zone is associated with 
fractured schist-pegmatite rock. Impact breccia veins and dykes that 
contain shock-deformed rocks are locally present, often associated with 
fracture networks. 

Although we do not have enumeration data for unaltered material 
immediately outside the crater at a corresponding depth, cell abundances 
three orders of magnitude lower were observed in samples collected from 
cores taken northwest of the crater rim in the Coastal Plain (Chapelle et al., 
1987). The layered sections in this core represent the geologic units of the 
original target material and provide the only comparison of unaltered 
material. These data suggest that the impact and post-impact processes 
contributed to an increase in the porosity of this region of the crater and 
played a role in the formation of fracture networks through which 
microorganisms could have migrated. The presence of breccia dykes within 
the material suggests that dilatancy, or the opening of fractures, occurred 
during their emplacement, which would have contributed to biological 
recolonization.  In addition, compaction of crater fill material over time 
resulted in an upward advection of fluids that may have enhanced microbial 
recolonization. 

The data obtained from the deep subsurface of the Chesapeake structure 
show that impacts can change the conditions for microbial communities for 
many millions of years after the event. The deep melt-rich sections of the 
crater provide evidence that the shock wave and its associated thermal 
excursion sterilized the deep subsurface, but the fracture networks and 
advection later allowed recolonization and movement of both redox couples 
and nutrients into the units of the crater cavity, improving the environment 
for life. 

The data from the Haughton and Chesapeake impact structures, when 
considered together, show that despite general observable changes in 
geology caused by impact, particularly rock fracturing (Gurov and Gurova, 
1983; Henkel, 1992; Pilkington and Grieve, 1992; Pesonen et al., 1999; 
Plado et al., 2000; Salminen, 2004; Kumar, 2005; Kumar and Kring, 2008) 

whose biological effects were noted in earlier work (Cockell and Lee, 2002; 
Cockell et al., 2005), the particular geological effects of asteroid and comet 
impacts allow us to discriminate their influence on habitats for microbial 
communities compared to other geological agents that fracture or 
compress rocks. 

Successional changes in the biota 
The changes described above can be presented within the context of 
classical ideas of ecological succession, which allows for the suggestion of 
some major successional phases associated with impact craters. A first 
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phase, a phase of thermal biology, is associated with the hydrothermal 
systems established in the impact crater and around it (Cockell and Lee, 
2002). It will last for as long as the hydrothermal systems persist. In some 
cases, where the heating is insufficient, for example in small impacts, the 
influence of the heating on the local biota will be inconsequential. These 
systems are analogous in some ways to colonisation of deep-sea 
hydrothermal vents (Sylvan et al., 2012; Christakis et al., 2017; 
Patwardhan et al., 2018). However, impact systems would be different in 
two major respects. First, impacts can occur indiscriminately in any 
lithology. Thus, the geochemistry of the fluids generated, and the 
subsequent conditions for life, will depend uniquely on the flow regime and 
geology of the target site. Of course, impact can occur into land, which will 
greatly differ in terms of fluid circulation and the cooling and diluting 
influences of the ocean in the case of hydrothermal vents. Second, the 
temperature regimes in impact craters will depend on the scale of the 
impact and the distribution of heat, which itself will depend on the target 
lithology. In general, unlike hydrothermal vents, which are localised point 
sources of heat, impact events are distributed sources of heat which 
gradually cool. The rate of cooling will again depend on the target material 
and the initial distribution of heat during impact. After cooling, or in regions 
unaffected by the hydrothermal system, colonization will occur by non-
thermophilic organisms. This successional transition has clearly occurred in 
the shocked rocks of the Haughton impact structure in the present-day.  

The subsequent changes that occur in the crater amount to a long-term 
phase of post-impact succession and climax in which microbial ecosystems 
become established that correspond to the gross geological changes 
occurring in and around the crater. For example, the formation of the crater 
cavity can lead to the formation of an intra-crater lake as observed in many 
craters today, with their associated biota (Ashton, 1999; Schoeman and 
Ashton, 1982; Ashton and Shoeman, 1983; Ashton and Schoeman, 1988; 
Bouchard, 1989; Gronlund et al., 1990; Maltais and Vincent, 1997; Cremer 
and Wagner, 2003; Wani et al., 2006; Surakasi et al., 2007; Joshi et al., 
2008; Antony et al., 2014). There may later be a phase of colonization of 
intra-crater lake sediments if the crater rim is breached and a lake is 
drained (Hickey et al., 1988). Successional changes will occur as new 
organisms are blown into the crater and colonise the various available 
substrates. In the case of impact events in aquatic habitats, successional 
changes will be associated first with local disruption of the overlying water 
column, and possibly sediments, such as seems to have been the case at 
Mjølnir, Norway (Smelror and Dypvik, 2006). These lake successional 
events are not unique to impact craters per se, but the crater cavity, the 
confining effects of the rim, the potential for the residual influence of the 
hydrothermal system etc. underscore the fact that the geological and 
thermal changes caused by a given impact will influence the nature of 
successional changes and the biota that occur in that location. 
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Shocked lithologies will change the habitats for microorganisms, as has 
already been reviewed, throughout all of these phases. The communities 
that colonize impact-metamorphosed rocks observed in craters today are, 
in most cases, unlikely to be the same as the communities that did so 
immediately after the impact. There is no new crater existing today in which 
immediate post-successional microbial communities can be examined. The 
communities either taking advantage of shocked rocks, or excluded from 
deleteriously altered lithologies, will be influenced by the regional climate in 
which the impact occurs, and in the early stages after impact, possibly the 
impact hydrothermal system and intra-crater water bodies. However, in the 
case of the rocks at Haughton, for instance, the bulk chemistry and 
physical features of the rock have not been substantially altered by non-
impact processes. Therefore, the colonization of the rocks and the effects 
of impact on them can be considered to provide a faithful insight into the 
effects of impact on microbial recolonization processes. 

A late phase of ecological assimilation in which erosion of the crater causes 
the ecology to become indistinguishable from the outlying ecology was 
suggested (Cockell and Lee, 2002). However, the observations from the 
Chesapeake structure show that this phase may never actually be 
achieved until the crater is completely eroded and its entire geologic 
manifestation erased, such as, for example, by subduction.  

Perspectives for astrobiology  
The data provide insights into the influence of impacts on habitats for life 
during the early history of Earth, when impacts were more frequent than 
today (Abramov and Mojzsis, 2009). The Chesapeake structure yields 
evidence that the deep fracturing of rocks in the subsurface, or the 
emplacement of fractured rocks into the bottom of a crater cavity, can 
provide improved habitats for life underground. Although in the subsurface, 
nutrients are generally more of a limitation to life than pore space 
(Wellsbury et al., 1997), impact fracturing improves the flow of nutrients 
and redox couples for microbial life. During the early history of Earth, the 
planet was subjected to sterilizing impact pulses on its surface (Maher and 
Stevenson, 1988; Sleep et al., 1989; Abramov and Mojzsis, 2009). The 
data from the Chesapeake structure show that impacts would have created 
deep refugia (Sleep and Zahnle, 1998) in which life would have been 
protected from the destructive effects of subsequent impacts.  

Impact fractured and vesicularised rocks could also have provided 
protection for photosynthetic organisms from the more intense UV radiation 
environment on the early Earth when the planet lacked a significant ozone 
shield (and speculatively on any anoxic planet with impact-shocked 
substrates on its surface). Samples of impact-shocked gneiss from 
Haughton impact s t ructure conta in ing the cyanobacter ium, 
Chroococcidiopsis, were flown to the International Space Station and 
exposed for 22 months on the outside of the station to a simulated early 
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earth UV flux using the extraterrestrial spectrum and cut-off filters. It was 
empirically demonstrated that shocked rocks could have provided a 
refugium for life under the worst-case flux assumed for the early Earth 
(Bryce et al., 2014). 

The study of the microbiology of impact craters also reveals insights into 
the potential influence of impacts on habitability elsewhere. Transient 
hydrothermal systems represent an obvious potential habitat for life in 
these contexts (Newsom, 1980; Osinski et al., 2001; Rathburn and 
Squyres, 2002; Koeberl and Reimold, 2004; Abramov and Kring, 2005; 
Squyres et al., 2008; Hode et al., 2009; Osinski et al., 2013), although they 
may be less abundant and in some cases more short-lived than volcanic 
hydrothermal systems (Pope et al., 2006). On Mars, impact craters may 
harbour deep subsurface locations where fractured rocks would enhance 
water flow in aquifers and geochemical turnover, possibly in combination 
with deep hydrothermal systems. In particular, future robotic and human 
exploration efforts on Mars might focus on the search for geological 
interfaces within craters where fluid flow between lithological units has 
enhanced the availability of energy and nutrients. These locations would be 
promising regions for deep drilling efforts to assess the geological 
conditions and potential habitability of that planet in its early history. In 
summary, the formation of hydrothermal systems, intra-crater lakes, 
fractured and permeabilised target rocks and geological interfaces all show 
the high potential of impact craters as sites to test the hypothesis of life on 
Mars and explore the formation of habitable conditions. 

Summary 
Asteroid and comet impacts exert lasting and important effects on microbial 
patterns of colonization in and around their craters. Future observations 
should improve our understanding of how physical and chemical changes 
in differing impact lithologies influence the abundance, diversity and 
distribution of microorganisms today and in the past and how geochemical 
changes in and around impact craters influence the availability of nutrients 
and redox couples for microbial communities. By coupling surface and 
subsurface microbiological studies of craters, the influence of impacts on 
global microbial processes will be better understood and the implications 
for life on the more violent early Earth can be examined. As impact events 
are a universal process, the study of their effects on a microbiota will yield 
insights into the potential for life in the face of impact bombardment 
elsewhere and where we might search for life and investigate the 
conditions for habitability in locations such as Mars. Paleobiological studies 
will advance our understanding of the early stages of the interactions of 
microbial life and impact cratering; for example, the study of ancient intra-
crater hydrothermal systems, lake sediments, and impact metamorphosed 
rocks and their preserved biota will yield better insights into how to search 
for signatures of fossilized life on Earth and elsewhere. 

!93
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

References 
Abramov, O., and Kring, D.A. (2004). Numerical modelling of an impact-

induced hydrothermal system at the Sudbury crater. Journal of 
Geophysical Research 109, E10007. doi 10.1029/2003JE002213. 

Abramov, O., and Kring, D.A. (2005). Impact-induced hydrothermal activity 
on early Mars. Journal of Geophysical Research 110, E12S09. 

Abramov, O., and Kring, D.A. (2007). Numerical modeling of impact-
induced hydrothermal activity at the Chicxulub crater. Meteoritics and 
Planetary Science 42, 93-112 (2007). 

Abramov, O., and  Mojzsis, S.J. (2009). Microbial habitability of the Hadean 
Earth during the late heavy bombardment. Nature 459, 419-422. 

Adushkin, V.V., and Nemchinov, I.V. (1994). Consequences of impacts of 
cosmic bodies on the surface of the Earth. in Hazards due to Asteroids 
and Comets (ed., Gehrels, T.), 721-778 (University of Arizona Press, 
Arizona). 

Alvarez, L.W., Alvarez, W., Asaro, F., and Michel, H.V. (1980). 
Extraterrestrial cause for the Cretaceous-Tertiary extinction – 
Experimental results and theoretical interpretation. Science 208, 
1095-1108. 

Ames, D.E., Golightly, J.P., Lightfoot, P.C., and Gibson, H.L. (2002). Vitric 
compositions in the Onaping Formation and their relationship to the 
Sudbury Igneous Complex, Sudbury structure. Economic Geology and 
the Bulletin of the Society for Economic Geologists 97, 1541-1562. 

Antony, C.P., Shimpi, G.G., Cockell, C.S., Patole, M.S., and Shouche, Y.S. 
(2014). Molecular characterisation of prokaryotic communities associated 
with Lonar Crater basalts. Geomicrobiology Journal 31, 519-528. 

Ashton, P.J., and Schoeman, F.R. (1983). Limnological studies on the 
Pretoria Salt Pan, a hypersaline maar lake. 1. Morphometric, physical 
and chemical features. Hydrobiologia 99, 61-73. 

Ashton, P.J., and Schoeman, F.R. (1988). Thermal stratification and the 
stability of meromixis in the Pretoria Salt Pan, South Africa. 
Hydrobiologia 158, 253-265. 

Ashton, P.J. (1999). Limnology of the Pretoria Saltpan Crater-lake. In 
Tswaing. Investigations into the Origin, Age and Paleoenvironments of 
The Pretoria Saltpan. (ed. Partridge, T.C.) 72-90 (Council for 
Geoscience. Geological Survey of South Africa. Memoir 85. Pretoria). 

Blackhurst, R.L., Genge, M.J., Kearsley, A.T., and Grady, M.M. (2005). 
Cryptoendolith alteration of Antarctic sandstone substrates: pioneers or 
opportunists? Journal of Geophysical Research 110, E12S24. doi 
number: 10.1029/2005JE002463. 

Bouchard, M. A. (1989). L'histoire naturelle du Cratere du Nouveau-
Quebec. Collection Environment et Géologie, v. 7 (Départment de 
Géologie, Université de Montréal). 

Bowden, S.A., and Parnell, J. (2007). Intracrystalline lipids within sulfates 
from the Haughton impact structure – implications for survival of lipids on 
Mars. Icarus 187, 422-429. 

!94
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Bown, P. (2005). Selective calcareous nannoplankton survivorship at the 
Cretaceous–Tertiary boundary. Geology 33, 653–656. 

Bryce, C., Horneck, G., Rabbow, E., Edwards, H.G.M., and Cockell, C.S. 
(2015). Impact shocked rocks as protective habitats on an anoxic early 
Earth. Intern. Journ. Astrobiology 14, 115-122. 

Büdel B., Weber B., Kühl M., Pfanz H., Sültemeyer D., and Wessels D. 
(2004). Reshaping of sandstone surfaces by cryptoendolithic 
cyanobacteria: bioalkalization causes chemical weathering in arid 
landscapes. Geobiology 2, 261-268. 

Chapelle, F.H., Zelibor, J.L., Grimes, D.J., and Knobel, L.L. (1987). Bacteria 
in deep Coastal Plain sediments of Maryland: A possible source of CO2 
to groundwater. Water Research 23, 1625-1632. 

Christakis, C.A., Polymenakou, P.N., Mandalakis, M., Nomikou, P., 
Kristoffersen, J.B., Lampridou, D., Kotoulas, G., and Magoulas, A. 
(2017). Microbial community differentiation between active and inactive 
sulfide chimneys of the Kolumbo submarine volcano, Hellenic Volcanic 
Arc. Extremophiles 22, 13-27. 

Cockell, C.S., and Lee, P. (2002). The biology of impact craters - a review. 
Biological Reviews 77, 279-310. 

Cockell, C.S., and Stokes, M.D. (2004). Widespread colonization by polar 
hypoliths. Nature 431, 414. 

Cockell, C.S., and Stokes, M.D. (2006). Hypolithic colonization of opaque 
rocks in the Arctic and Antarctic polar desert. Arctic, Antarctic and Alpine 
Research 38, 335-342. 

Cockell, C.S., and Osinski, G.R. (2007). Impact-induced impoverishment 
and transformation of a sandstone habitat for lithophytic microorganisms. 
Meteoritics and Planetary Science 42, 1985-1993. 

Cockell, C.S., Osinski, G.R., and Lee, P. (2003). The impact crater as a 
habitat: effects of impact processing of target materials. Astrobiology 3, 
181-191. 

Cockell, C.S., Lee, P.C., Schuerger, A.C., Hidalgo, L., Jones, J.A., and 
Stokes, M.D. (2001). Microbiology and vegetation of micro-oases and 
polar desert, Haughton impact crater, Devon Island, Nunavut, Canada. 
Arctic, Antarctic and Alpine Research 33, 306-318. 

Cockell, C.S., Lee, P., Osinski, G., Horneck, G., and Broady, P. (2002). 
Impact-induced microbial endolithic habitats. Meteoritics and Planetary 
Science 37, 1287-1298. 

Cockell, C.S., Osinski, G.R., and Lee, P. (2003).The impact crater as a 
habitat : effects of impact-processing of target materials. Astrobiology 3, 
181-191. 

Cockell, C.S., Lee, P., Broady, P., Lim, D.S.S., Osinski, G.R., Parnell, J., 
Koeberl, C., Pesonen, L., and Salminen, J. (2005). Effects of asteroid 
and comet impacts on habitats for lithophytic organisms - A synthesis. 
Meteoritics and Planetary Science 40, 1901-1914. 

Cockell, C.S., Kennerley, N., Lindstrom, M., Watson, J., Ragnarsdottir, V., 
Sturkell, E., Ott, S., and Tindle, A.G. (2007). Geomicrobiology of a 

!95
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

weathering crust from an impact crater and a hypothesis for its formation. 
Geomicrobiology Journal 24, 425-440. 

Cockell, C.S., Gronstal, A.L., Voytek, M.A., Kirshtein, J.D., Finster, K., 
Sanford, W.E., Glamoclija, M., Gohn, G.S., Powars, D.S., and Wright 
Horton, J. Jr. (2009). Microbial abundance in the deep subsurface of the 
Chesapeake Bay impact crater: Relationship to lithology and impact 
processes. Geological Society of America Special Papers 458, 941-950. 

Cockell, C.S., Osinski, G.R., Banerjee, N.R., Howard, K.T., Gilmour, I., and 
Watson, J.S. (2010). The microbe–mineral environment and gypsum 
neogenesis in a weathered polar evaporite. Geobiology 8, 293-308. 

Colwell, F.S., Onstott, T.C., Delwiche, M.E., Chandler, D., Fredrickson, J.K., 
Yao, Q.-J., McKinley, J.P., Boone, D.R., Griffiths, R., Phelps, T.J., 
Ringelberg, D., White, D.C., LaFreniere, L., Balkwill, D., Lehman, R.M., 
Konisky, J., and Long, P.E. (1997). Microorganisms from deep, high 
temperature sandstones: constraints on microbial colonization. FEMS 
Microbiology Reviews 20, 425-435. 

Cremer, H., and Wagner, B. (2003). The diatom flora in the ultra-
oligotrophic Lake El'gygytgyn, Chukotka. Polar Biology 26, 105-114. 

D'Hondt, S, Jørgensen, B.B., Miller, D.J., Batzke, A., Blake, R., Cragg, 
B.A., Cypionka, H., Dickens, G.R., Ferdelman, T., Hinrichs, K.U., Holm, 
N.G., Mitterer, R., Spivack, A., Wang, G., Bekins, B., Engelen, B., Ford, 
K., Gettemy, G., Rutherford, S.D., Sass, H., Skilbeck, C.G., Aiello, I.W., 
Guèrin, G., House, C.H., Inagaki, F., Meister, P,. Naehr, T., Niitsuma, S., 
Parkes, R.J., Schippers, A., Smith, D.C., Teske, A., Wiegel, J., Padilla, 
C.N., and Acosta, J.L. (2004). Distributions of microbial activities in deep 
subseafloor sediments. Science 306, 2216-2221. 

French, B.M. (2004). The importance of being cratered: The new role of 
meteorite impact as a normal geological process. Meteoritics and 
Planetary Science 39, 169-197. 

Friedmann, E.I. (1982). Endolithic microorganisms in the Antarctic cold 
desert. Science 215, 1045-1053. 

Glamoclija, M., Steele, A., Fries, M., Schieber, J., Voytek, M.A., and 
Cockell, C.S. (2009). Association of anatase (TiO2) and microbes: 
Unusual fossilization effect or a potential biosignature? Geological 
Society of America Special Papers 458, 965-975. 

Gohn, G., Koeberl, C., Miller, K.G., Reimold, U., Browning, J.C., Cockell, 
C.S., Horton, J.W., Kenkman, T., Kulpecz, A.A., Powars, D.S., Sanford, 
W.E., and Voytek, M.A. (2008). Deep drilling into the Chesapeake Bay 
impact structure. Science 320, 1740-1745. 

Gronlund, T., Lortie, G., Guilbault, J.P., Bouchard, M.A., and Saanisto, M. 
(1990). Diatoms and arcellaceans from lac du Cratere du Nouveau-
Quebec, Ungava, Quebec, Canada. Canadian Journal of Botany 68, 
1187-1200. 

Gronstal, A.L., Voytek, M.A., Kirshtein, J.D., von der Heyde, N.M., Lowit, 
M.D., and Cockell, C.S. (2009). Contamination assessment in 
microbiological sampling of the Eyreville core, Chesapeake Bay impact 
structure. Geological Society of America Special Papers 458, 951-964. 

!96
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Gurov, Ye P., and Gurova, Ye P. (1983). Laws of distribution of faults 
around a meteor crater; example of Elgygytgyn Crater. Doklady Akademii 
Nauk SSSR 269(5), 1150-1153. 

Henkel, H. (1992). Geophysical aspects of meteorite impact craters in 
eroded shield environment, with special emphasis on electric resistivity. 
Tectonophysics 216, 63-89. 

Hickey, L.J., Johnson, K.R., and Dawson, M.R. (1988). The stratigraphy, 
sedimentology, and fossils of the Haughton formation - a post-impact 
crater-fill, Devon Island, NWT, Canada. Meteoritics 23, 221-231. 

Hode, T., Cady, S.L., von Dalwigk, I., and Kristiansson, P. (2009). Evidence 
of ancient microbial life in an impact structure and its implications for 
astrobiology – A case study. In From Fossils to Astrobiology (eds, J. 
Seckbach, J. and Walsh, M.), 249–273 (Springer). 

Horsfield, B., Kieft, T. L., Amann, H., Franks, S. G., Kallmeyer, J., 
Mangelsdorf, K., Parkes, R. J., Wagner, D., Wilkes, H., and Zink, K.-G. 
(2007). The Geobiosphere. in Continental Scientific Drilling (eds., Harms, 
U., Koeberl, C., Zoback, M.D.) 163-211 (Springer, Heidelberg). 

Horton, J.W., Powars, D.S., and Gohn, G.S. (2005). Studies of the 
Chesapeake Bay Impact Structure – The USGS-NASA Langley corehole, 
Hampton, Virginia, and related coreholes and geophysical surveys. 
(USGS  Professional Paper #1688, US Geological Survey, Reston, 
Virginia). 

Horton, J.W., Gibson, R.L., Reimold, W.U, Wittman, A., Gohn, G.S., and 
Edwards, L.E. (2009). Geologic columns for the ICDP-USGS Eyreville B 
core, Chesapeake Bay impact structure: Impactites and crystalline rocks, 
1766 to 1096 m depth. Geological Society of America Special Papers, 
458, https://doi.org/10.1130/2009.2458(02). 

Izawa, M.R.M., Banerjee, N.R., Osinski, G.R., Flemming, R.L., Parnell J., 
and Cockell, C.S. (2011). Weathering of post-impact hydrothermal 
deposits from the Haughton Impact Structure: implications for microbial 
colonization and biosignature preservation. Astrobiology 11, 537-550. 

Joshi, A.A., Kanekar, P.P., Kelkar, A.S., Shouche, Y.S., Vani, A.A., Borgave, 
S.B., and Sarnaik, S.S. (2008). Cultivable bacterial diversity of alkaline 
Lonar Lake, India. Microbial Ecology 55, 163-172. 

Kallmeyer, J., Pockalny, R., Adhikari, R.R., Smith, D.C., and D'Hondt, S. 
(2012) Global distribution of microbial abundance and biomass in 
subseafloor sediment. Proceedings of the National Academy of Sciences 
109, 16213-16216. 

Kieffer, S.W. (1971). Shock metamorphism of the Coconino sandstone at 
Meteor crater, Arizona. Journal of Geophysical Research 76, 5449-5473. 

Kieffer, S.W., Phakey, P.P. and Christie, J.M. (1976). Shock processes in 
porous quartzite: transmission electron microscope observations and 
theory. Contributions to Mineralogy and Petrology 59, 41-93. 

Koeberl, C., Poag, C.W., Reimold, W.U., and Brandt, D. (1996). Impact 
origin of the Chesapeake Bay structure, and source of the North 
American tektites. Science 271, 1263-1266. 

!97
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Koeberl, C., and Reimold, W.U. (2004). Post-impact hydrothermal activity 
in meteorite impact craters and potential opportunities for life. 
Bioastronomy 2002: Life among the Stars, 213, 299-304. 

Kring, D.A. (1997). Air blast produced by the Meteor Crater impact event 
and a reconstruction of the affected environment. Meteoritics and 
Planetary Science 32, 517-530. 

Kring, D.A. (2003). Environmental consequences of impact cratering 
events as a function of ambient conditions on Earth. Astrobiology 3, 
133-152. 

Kumar, P.S. (2005) Structural effects of meteorite impact on basalt: 
evidence from Lonar Crater, India. Journal of Geophysical Research 110, 
B12402, doi number: 10.1029/2005JB003662. 

Kumar, P.S., and Kring, D.A. (2008). Impact fracturing and structural 
modification of sedimentary rocks at Meteor Crater, Arizona. Journal of 
Geophysical Research 113, E09009, doi: 10.1029/2008JE003115. 

Leroux, H. (2005). Weathering features in shocked quartz from the Ries 
impact crater: Germany. Journal of Geophysical Research 40, 
1347-1352. 

Lindgren, P., Parnell, J., Bowden, S., Taylor, C., Osinski, G.R., and Lee, P. 
(2009). Preservation of biological markers in clasts within impact melt 
breccias from the Haughton Impact Structure, Devon Island. Astrobiology 
9, 391-400. 

Magnabosco, C., Lin, L.-H., Bomberg, M., Ghiorse, W., Stan-Lotter, H., 
Pedersen, K., Kieft, T.L., van Heerden, E., and Onstott, T.C. (2018), The 
biomass an biodiversity of the continental subsurface. Nature 
Geoscience 11, 707-717. 

 Maher, K.A., and Stevenson, D.J. (1988). Impact frustration of the origin of 
life. Nature 331, 612-614. 

Melosh, H.J. (1989). Impact Cratering: A Geologic Process. (Oxford 
University Press, Oxford). 

Malinconico, M.L., Horton, J.W., and Sanford, W.E (2009). Postimpact heat 
conduction and compaction-driven fluid flow in the Chesapeake Bay 
impact structure based on downhole vitrinite reflectance data, ICDP-
USGS Eyreville deep core holes and Cape Charles test holes.  
Geological Society of America Special Papers 458, https://doi.org/
10.1130/2009.2458(38). 

Maltais, M.J., and Vincent, W.F. (1997). Periphyton community structure 
and dynamics in a subarctic lake. Canadian Journal of Botany 75, 
1556-1569. 

Metzler, A., Ostertag, R., Redeker, H.J., and Stoffler, D. (1988). 
Composition of the crystalline basement and shock metamorphism of 
crystalline and sedimentary target rocks at the Haughton-impact-crater, 
Devon Island, Canada. Meteoritics 23, 197-207. 

Naumov, M.V. (2005). Principal features of impact-generated hydrothermal 
circulation systems: mineralogical and geochemical evidence. Geofluids 
5, 165-184. 

!98
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Newson, H.E. (1980). Hydrothermal alteration of impact melt sheets with 
implications for Mars. Icarus 44, 207-216. 

Omelon, C.R., Pollard, W.H., and Ferris, F.G. (2006). Chemical and 
ultrastructural characterization of high arctic cryptoendolithic habitats. 
Geomicrobiology Journal 23, 189-200. 

Osinski, G.R. (2008). Impact metamorphism of CaCO3-bearing sandstones 
at the Haughton structure, Canada  Meteoritics and Planetary Science 
42, 1945-1960. 

Osinski, G.R., Spray, J.G., and Lee, P. (2001). Impact-induced 
hydrothermal activity within the Haughton impact structure: generation of 
a transient, warm, wet oasis. Meteoritics and Planetary Science 36, 
731-745. 

Osinski, G.R., Lee, P., Parnell, J., Spray, J.G., and Baron, M.T. (2005a). A 
case study of impact-induced hydrothermal activity: The Haughton 
impact structure, Devon Island, Canadian high arctic. Meteoritics and 
Planetary Science 40, 1859-1877. 

Osinski, G.R., Spray, J.G., and Lee, P. (2005b). Impactites of the Haughton 
impact structure, Devon Island, Canadian High Arctic. Meteoritics and 
Planetary Science 40, 1789-1812. 

Osinski, G. R., Lee, P., Spray, J.G., Parnell, J., Lim, D.S.S., Bunch, T.E., 
Cockell, C.S., and Glass, B. (2005c). Geological overview and cratering 
model of the Haughton impact structure, Devon Island, Canadian High 
Arctic. Meteoritics and Planetary Science 40, 1759-1776. 

Osinski, G.R., Tomabene, L.L., Banerjee, N.R., Cockell, C.S., Flemming, 
R., Izawa, M.R.M., McCutcheon, J., Parnell, J., Preston, L.J., Pickersgill, 
A.E., Pontefract, A., Sapers, H.M., and Southam, G. (2013). Impact-
generated hydrothermal systems on earth and Mars. Icarus 224, 
347-363. 

Parkes, R.J., Cragg, B.A., Bale, S.J., Getliff, J.M., Goodman, K., Rochelle, 
P.A., Fry, J.C. Weightman, A.J., and Harvey, S.M. (1994). Deep bacterial 
biosphere in Pacific Ocean sediments.  Nature 371, 410-413. 

Parnell, J., Lee, P., Cockell, C.S., and Osinski, G.R. (2004). Microbial 
colonization in impact-generated hydrothermal sulphate deposits, 
Haughton impact structure, and implications for sulphates on Mars. 
International Journal of Astrobiology 3, 247-256. 

Parnell, J., Boyce, A., Thackrey, S.N., Muirhead, D.K., Lindgren, P., Mason, 
C., Taylor, C.W., Still, J.W., Bowden, S., Osinski, G.R., and Lee, P. (2010) 
Sulfur isotope signatures for rapid colonization of an impact crater by 
thermophilic microbes. Geology 38, 271-274. 

Parnell, J., Osinski, G., Lee, P., Green, P., and Baron, M. (2005). Thermal 
alteration of organic matter in an impact crater, and the duration of post-
impact heating. Geology 33, 373-376. 

Patwardhan, S., Foustoukos, D.I., Giovannelli, D., Yücel, M., and Vetriani, 
C. (2018). Ecological succession of sulfur-oxidizing Epsilon- and 
Gammaproteobacteria during colonization of a shallow-water gas vent. 
Frontiers in Microbiologyy 9; doi.org/10.3389/fmicb.2018.02970. 

!99
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Pesonen, L.J., Elo, S, Lehtinen, M., Jokinen, T., Puranen, R., and Kivekäs, 
L. (1999). Lake Karikkoselkä impact structure, central Finland: New 
geophysical and petrographic results. In Large Meteorite Impacts and 
Planetary Evolution II (eds., B.O. Dressler, and V.L. Sharpton) 131-147 
Geological Society of America Special Paper, Boulder, Colorado, 339). 

Pilkington, M., and Grieve, R.A.F. (1992). The geophysical signatures of 
terrestrial impact craters. Reviews of Geophysics 30, 161-181. 

Plado, J., Pesonen, L.J., Koeberl, C., and Elo, S. (2000). The Bosumtwi 
meteorite impact structure, Ghana: A magnetic model. Meteoritics and 
Planetary Science 35, 723-732. 

Poag, C.W. Koeberl, C., and Reimold, W.U. (2004). The Chesapeake Bay 
crater – geology and geophysics of a late Eocene submarine impact 
structure. (Impact Studies Series, Springer, Heidelberg). 

Pontefract, A., Osinski, G.R., Lindgren, P., Parnell, J., Cockell, C.S., and 
Southam, G. (2012). The effects of meteorite impacts on the availability 
of bioessential elements for endolithic organisms. Meteoritics and 
Planetary Science 47, 1681-1691. 

Pontefract, A., Osinski, G.R., Cockell, C.S., Moore, C.A., Moores, J.E., and 
Southam, G. (2014). Impact-generated endolithic habitat within 
crystalline rocks of the Haughton Impact Structure, Devon Island, 
Canada. Astrobiology 14, 522-533. 

Pontefract, A., Osinski, G.R., Cockell, C.S., Souitham, G., McCausland, 
P.J.A., Umoh, J., and Holdsworth, D.W. (2016). Microbial diversity of 
impact-generated habitats. Astrobiology 16, 775-786. 

Pope, K.O., Kieffer, S.W., and Ames, D.E. (2006). Impact melt sheet 
formation on Mars and its implication for hydrothermal systems and 
exobiology. Icarus 183, 1-9. 

Pospichal, J.J. (1996). Calcareous nannofossils and clastic sediments at 
the Cretaceous–Tertiary boundary, Northeastern Mexico. Geology 24, 
255–258. 

Powars, D.S., and Bruce, T.S. (1999) The effects of the Chesapeake Bay 
impact crater on the geological framework and correlation of 
hydrogeologic units of the lower York-James Peninsula, Virginia. (USGS 
Professional Paper #1612, US Geological Survey, Reston, Virginia). 

Rathburn, J.A., and Squyres, S.W. (2002). Hydrothermal systems 
associated with Martian impact craters. Icarus 157, 362-372. 

Reimold, W.U., and Gibson, R.L. (1996). Geology and evolution of the 
Vredefort Impact Structure, South Africa. Journal of African Earth 
Sciences 23, 125-162. 

Riding, R. (1979). Origin and diagenesis of lacustrine algal bioherms at the 
margin of the Ries crater, Upper Miocene, Southern Germany. 
Sedimentology 26, 645-680. 

Salminen, J. (2004). Petrophysics and paleomagnetism of Jänsijärvi impact 
structure. MSc thesis, 155 pp. 

Sanford, W.E. (2003). Heat flow and brine generation following the 
Chesapeake Bay bolide impact. Journal of Geochemical Exploration 
78/79, 243-247. 

!100
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Sanford, W.E., Voytek, M.A., Powars, D.S., Jones, B.F., Cozzarelli, I.M., 
Cockell, C.S., and Eganhouse, R.P. (2009). Pore-water chemistry from 
the ICDP-USGS core hole in the Chesapeake Bay impact structure—
Implications for paleohydrology, microbial habitat, and water resources. 
Geological Society of America Special Papers 458, 867-890. 

Sapers, H.M., Osinski, G.R., Banerjee, N.R., and Preston, L.J. (2014). 
Enigmatic tubular features in impact glass. Geology 42, 471-474. 

Schoeman, F.R., and Ashton, P.J. (1982). The diatom flora of the Pretoria 
Salt Pan, Transvaal, Republic of South Africa. Bacillaria 5, 63-99. 

Schulte, P., Alegret, L., Arenillas, I., Arz, J.A., Barton, P.J., Bown, P.R., 
Bralower, T.J., Christeson, G.L., Claeys, P., Cockell, C.S., Collins, G.S., 
Deutsch, A., Goldin, T.J., Goto, K., Grajales-Nishimura, J.M., Grieve, 
R.A.F., Gulick, S.P.S., Johnson, K.R., Kiessling, W., Koeberl, C., Kring, 
D.A., MacLeod, K.G., Matsui, T., Melosh, J., Montanari, A., Morgan, J.V., 
Neal, C.R., Nichols, D.J., Norris, R.D., Pierazzo, E., Ravizza, G., 
Rebolledo-Vieyra, M., Reimold, W.U., Robin, E., Salge, T., Speijer, R.P., 
Sweet, A.R., Urrutia-Fucugauchi, J., Vajda, V., Whalen, M.T., and 
Willumsen, P.S. (2010). The Chicxulub asteroid impact and mass 
extinction at the Cretaceous-Paleogene boundary. Science 327, 
1214-1218. 

Singleton, A.C., Osinski, G.R., McCausland, P.J.A., and Moser, D.E. (2011). 
Shock-induced changes in density and porosity in shock-
metamorphosed crystalline rocks, Haughton impact structure, Canada. 
Meteoritics and Planetary Science 46, 1774-1786. 

Sleep, N.H., Zahnle, K.J., Kasting, J.F., and Morowitz, H.J. (1989). 
Annihilation of ecosystems by large asteroid and comet impacts on the 
early Earth. Nature 342, 139-142. 

Sleep, N.H., and Zahnle, K.J. (1998). Refugia from asteroid impacts on 
early Mars and the early Earth. Journal of Geophysical Research 103, 
28529-28544. 

Smelror, M., and Dypvik, H. (2006). The sweet aftermath: environmental 
changes and biotic restoration following the Marine Mjølnir impact 
(Volgian-Ryazanian Boundary, Barents Shelf). in Biological Processes 
Associated with Impact Events (eds., Cockell, C.S., Koeberl, C., Gilmour, 
I) 143-178 (Impact Studies Series, Springer, Heidelberg). 

Squyres, S.W., Arvidson, R.E., Ruff, S., Gellert, R., Morris, R.V., Ming, 
D.W., Crumpler, L., Farmer, J.D., Marais, D.J., Yen, A., McLennan, S.M., 
Calvin, W., Bell,. JF. Clark, B.C., Wang, A., McCoy, T.J., Schmidt, M.E., 
and de Souza, P.A. (2008). Detection of silica-rich deposits on Mars. 
Science 320, 1063-1067. 

Staudigel, H., Chastain, R.A., Yayanos, A., and Boucier, W. (1995). 
Biologically mediated dissolution of glass. Chemical Geology 126, 
147-154. 

Staudigel, H., Yayanos, A., Chastain, R., Davies, G., Th Verdurmen, E.A., 
Schiffman, P., Boucier, R., and de Baar, H. (1998). Biologically mediated 
dissolution of volcanic glass in seawater. Earth and Planetary Science 
Letters 164, 233-244. 

!101
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Life in Craters Cockell et al

Stuart, J.C., and Binzel R.P. (2004). Bias-corrected population, size 
distribution, and impact hazard for the near-Earth objects. Icarus 170, 
295-311. 

Surakasi, V.P., Wani, A.A., Shouche, Y.S., and Ranade, D.R. (2007). 
Phylogenetic analysis of methanogenic enrichment cultures obtained 
from Lonar Lake in India: Isolation of Methanocalculus sp. and 
Mathanoculleus sp. Microbial Ecology 54, 697-704. 

Sylvan, J.B., Toner, B.M., and Edwards, K.J. (2012). Life and death of 
deep-sea vents: Bacterial diversity and ecosystem succession on 
inactive hydrothermal sulfides. mBio 3, e00279-11. 

Takai, K., Mormile, M.R., McKinley, J.P., Brockman, F.J., Holben, W.E., 
Kovacik, W.P. Jr, and Fredrickson, J.K. (2008). Shifts in archaeal 
communities associated with lithological and geochemical variations in 
subsurface Cretaceous rock. Proceedings of the National Academy of 
Sciences 105, 10949–10954. 

Thorseth, I.H., Furnes, H., and Tumyr, O., (1991). A textural and chemical 
study of Icelandic palagonite of varied composition and its bearing on the 
mechanism of the glass-palagonite transformation, Geochimica 
Cosmochimica Acta 55, 731-749. 

Toon, O.W., Zahnle, K., Morrison, D., Turco, R.P., and Covey, C. (1997). 
Environmental perturbations caused by the impacts of asteroids and 
comets. Reviews in Geophysics 35, 41-78. 

Torsvik, T., Furnes, H., Muehlenbachs, K., Thorseth, I.H., and Tumyr, O. 
(1998). Evidence for microbial activity at the glass-alteration interface in 
oceanic basalts. Earth and Planetary Science Letters 162, 165-176. 

Versh, E., Kirsimae, K., Joeleht, A., and Plado, J. (2005). Cooling of the 
Kardla impact crater: I. The mineral paragenetic sequence observation. 
Meteoritics and Planetary Science 40, 3-19. 

Wani, A.A., Surakasi, V.P., Siddharth, J., Raghavan, R.G., Patole, M.S., 
Ranade, D., and Shouche, Y.S. (2006). Molecular analyses of microbial 
diversity associated with the Lonar soda lake in India: An impact crater in 
a basalt area. Research in Microbiology 10, 928-937. 

Weber, B., Wessels, D.C.J., and Büdel, B. (1996). Biology and ecology of 
cryptoendolithic cyanobacteria of a sandstone outcrop in the Northern 
Province, South Africa. Algological Studies 83, 565-579. 

Wellsbury, P., Goodman, K., Barth, T., Cragg, B.A., Barnes, S.P., and 
Parkes, J. (1997). Deep marine biosphere fuelled by increasing organic 
matter availability during burial and heating. Nature 388, 573-576. 

Wessels, D.C.J., and Büdel, B. (1995). Epilithic and cryptoendolithic 
cyanobacteria of Clarens sandstone cliffs in the Golden Gate Highlands 
National Park, South Africa. Botanica Acta 108, 220-226. 

Whitman, W.B., Coleman, D.C., and Wiebe, W.J. (1998). Prokaryotes: the 
unseen Proceedings of the National Academy of Sciences 95, 
6578-6583. 

Young, K.E., van Soest, M.C., Hodges, K.V., Watson, E.B., Adams, B.A., 
and Lee, P. (2013). Impact thermochronology and the age of Haughton 
impact structure, Canada. Geophysical Research Letters 40, 3836-3840.

!102
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38


