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Introduction: A potential consequence of the high 
temperatures involved in impact events is that organic 
matter in the target is destroyed. Where the temperatures 
are so high that rocks are volatilized, destruction of the 
organic matter is intrinsic, although conceivably some 
methane generated by the process could become entrapped 
in adjacent rocks. Where rocks are simply heated and 
deformed by the impact, some organic matter may survive, 
but heating above 200 to 300 ºC is likely to leave this 
matter as a refractory solid from which little biomolecular 
data can be extracted. However a small fraction of organic 
material may be entrapped within fluid inclusions in rocks, 
where it has a greater chance of survival. Valuable lessons 
about the fate of organic matter can be gained from the 
response to igneous intrusions: intrusions and impacts both 
involve temperatures of several hundred degrees and 
higher, sudden exposure for a geologically instantaneous 
period, and cross-cutting of existing formations where 
organic matter resides. 

The preservation of organic matter after impacts is 
important, as this gives us an insight into the likely survival 
of life/fossil remains on heavily cratered planets like Mars 
and the early Earth. 

Preservation of organic matter within fluid 
inclusions: Fluid inclusions are micron-scale volumes of 
fluid entrapped during mineral growth which in 
sedimentary rocks may be during cementation or during 
healing of microfractures. They are therefore representative 
of the ambient fluid present during these processes. The 
preservation of evidence for life inside fluid inclusions 
could be in the form of trapped microbes or, more likely, 
biochemical signatures in the water. Microbes are found in 
terrestrial fluid inclusions, particularly in rock salt (halite) 
where the inclusions can be relatively large, up to 
millimetre-scale [1, 2]. In some cases, RNA extracted from 
salt deposits in the geological record is interpreted to 
represent fossil organic material, which is presumed to be 
located particularly in fluid inclusions [3].  

The water in inclusions represents a potential source of 
organic molecules that may be a more direct signature of 
former life [4]. The metabolism and degradation of bacteria 
and algae contribute to all of the major groups of organic 
compounds that are dissolved in natural waters, including 
hydrocarbons, carbohydrates, carboxylic acids, amino acids 
and humic acids [5]. A few of these products have long-
term stability. Natural waters therefore contain traces of 
compounds that reflect the occurrence of microbial life in 
the environment. There is therefore a substantial value in 
trying to develop the capability to extract such compounds 
from inclusion fluids, both in terrestrial settings and in the 
surface/near-surface deposits of Mars [6]. A range of 
surface environments could include mineral precipitates [7] 
that contain fluid inclusions representing the ambient water 
and any accompanying traces of life. 

Fluid inclusions have a potential for survival over 
billions of years. Terrestrial studies of fluid inclusions of 
Archean age show that they have preserved organic 
compounds for over 2 billion years, including abiotic 
organic compounds [8] and oils derived from Archean 

microbial matter [9]. Meteorite data similarly shows that 
inclusion waters can be preserved over this time scale [10]. 

Survival of organic matter in inclusions during 
heating: There are important parallels with the 
preservation of fluid inclusions, including hydrocarbon 
inclusions, in terrestrial settings where petroleum systems 
have encountered temperatures and pressures higher than 
normally encountered in sedimentary basins. Inclusions 
containing higher hydrocarbons are preserved in sites 
where microthermometry indicates temperatures of up to 
200 ºC or higher [11]. Hydrocarbon inclusions are 
regularly recorded in ore deposits which have been formed 
by anomalous hydrothermal activity [12, 13]. In one of the 
most extreme examples documented, hydrocarbons up to 
C33 size have been extracted from fluid inclusions in an ore 
deposit that experienced temperatures of 500-600 °C [14].  

Hydrocarbons also survive the intrusion of magmatic 
bodies into organic-rich sedimentary rocks. There are a 
range of responses to such intrusion (Fig. 1, [15]): 
particular aspects that have parallels in impact craters are 
(1) a quite limited zone of thermal alteration, (2) 
devolatilization of organic matter to a refractory state 
within this zone, (3) instigation of hydrothermal 
circulation, and (4) extensive adjacent fracturing. The latter 
two aspects cause the entrainment of organic materials in 
hydrothermal systems, evidenced by hydrocarbon fluid 
inclusions [15]. 

 
Figure 1. Range of relationships between hydrocarbon 
generation and deposition around an igneous intrusion. 

 
The stability of hydrocarbons at these high 

temperatures is commonly regarded as anomalous, which it 
would be at the surface, but under elevated pressures in the 
sub-surface, stability fields are extended to high 
temperatures [16]. Thus, the high pressures developed 
during impact events actually help to preserve 
hydrocarbons from thermal degradation. 

Survival of organic matter in inclusions during 
impact events: Several aspects of meteorite studies 
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contribute to our confidence that at least some fluid 
inclusions and included biomolecules are not destroyed by 
impacts. The very fact that pre-impact fluid inclusions 
occur in meteorites shows that they survive the impact 
ejection process and subsequent interplanetary travel. 
Mineralogical evidence from meteorites shows that beneath 
the millimetre- to centimetre-scale fusion crust, the 
interiors contain pre-impact low-temperature mineral 
assemblages which have not been extensively heated, i.e. 
there are very high thermal gradients and the interiors have 
experienced temperatures no greater than 100 ºC [17, 18]. 
Such temperatures allow preservation of complex organic 
molecules There is also direct evidence from fluid 
inclusions that temperature histories were not extreme: 
observations in the Monahans [10] and Zag [19] meteorites 
suggest that fluids were entrapped in inclusions at less than 
100 °C. Hydrothermal deposits in terrestrial impact craters 
also yield fluid inclusion temperatures that are not very 
high. Data from a range of craters all yield temperatures 
below 350 °C (Figure 2, based on data in [20, 21, 22, 23, 
24, 25, 26]).  

Figure 2. Temperatures from fluid inclusions for 
hydrothermal activity in impact craters.  

 
The very high temperatures generated at the crater 

centre may be enough to destroy pre-existing inclusions, 
but inclusions outside the craters survive. For example, 
samples from the Siljan crater, Sweden, contain a mixture 
of inclusions related to an earlier granite-driven 
hydrothermal system, and a syn-impact hydrothermal 
system [24]. The impact process may also eject blocks 
recording diverse other fluid-related events.  When pre-
existing rocks are fractured due to impact, healing of the 
fractures would entrap a new generation of fluid. Thus 
ejecta could provide a variety of included waters for 
sampling. 

Some craters preserve hydrocarbon fluid inclusions, 
representing either hydrocarbons that were present before 
the impact event and have survived destruction, or new 
hydrocarbons generated by the heat of the impact event and 
subsequent hydrothermal activity. An example of pre-
impact hydrocarbons is recorded in the Tertiary-age 
Haughton Crater, Devon Island, Canada, where the 
dolomite target rocks contain oil inclusions in crystal 
fabrics that pre-date the impact event [27]. Hydrocarbon 
gases (predominantly methane) generated from organic 
matter by the heat of impact events may be preserved in 
inclusions, in the crater rocks and the surrounding region, 
as documented in the Gardnos, Norway [28], Lockne, 
Sweden [20] and Chicxulub, Mexico [29] craters.  

An impressive example of the survival of organic 
matter in a large impact structure over a long time period is 

the Vredefort structure, South Africa, where Archean 
organic matter (depositional age 2700 to 3000 Ma) has 
been preserved as both a refractory residue in the country 
rocks and as hydrocarbon fluids within inclusions [9, 30], 
despite the large-scale impact at about 2025 Ma [31]. 

Conclusions: Organic matter may be preserved within 
fluid inclusions in rocks within and around impact craters, 
and has a better chance of survival compared to organic 
matter that is not sealed within inclusions. The evidence for 
this high survival potential includes: 
1. Fluid inclusions in general are known to contain 

biomolecules and even microbial life. 
2. Organic matter sealed within fluid inclusions can 

survive high temperatures without loss of volatile 
components. 

3. Fluid inclusions in meteorites survive the ejecta and 
travel processes. 

4. Hydrothermal systems in impact craters are generally 
at temperatures where inclusions survive intact. 

5. Pre-impact hydrocarbons survive in some terrestrial 
craters, especially within inclusions. 

6. Hydrocarbons generated by the heat of impact in 
terrestrial craters are preserved within inclusions. 
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These observations not only indicate that organic matter 
can survive at impact sites within fluid inclusions, but also 
that inclusions in hydrothermal systems in craters may trap 
samples of fluid in which we might seek evidence for 
primitive, thermophile life. Development of a range of 
high-resolution techniques will help to detect this evidence. 
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