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1. INTRODUCTION

Hydrothermal alteration, i.e. interaction of rock-forming minerals with solutions
that have temperatures higher than expected from the regional geothermal gra-
dient in the given area (Utada 1980), is a common natural phenomenon that oc-
curs in a wide variety of geological settings and rock types. Formation of a hy-
drothermal (HT) system (i.e., heated fluid flow through rocks) needs water,
fractures in the ground rock and primarily — the heat source. As a consequence,
hydrothermal phenomena are usually found in close relation to endogenous pro-
cesses, such as volcanic activity, ocean spreading and continental rifting.

The energy released by a meteorite impact, exogenous in nature, results in
fracturing and heating (up to melting and vaporization) of the projectile and tar-
get rocks. Strong differential temperatures remaining in the fractured and/or
displaced crater basement rocks due to the post-shock residual heat can also
create a hydrothermal circulation system if water (including groundwater or
permafrost resources) is present at the crater site (Abramov and Kring 2004;
Jõeleht et al. 2005). Evidences of impact-induced hydrothermal (IHT) activity
have been found at numerous terrestrial impact craters varying in size (from 1.8
to 250 km) and target composition (e.g., Koeberl et al. 1989; McCarville and
Crossey 1996; Ames et al. 1998; Sturkell et al. 1998; Naumov 2002; Osinski et
al. 2001; Kirsimäe et al. 2002; Hagerty and Newsom 2003; Hecht et al. 2004;
Naumov 2005; Versh et al. 2005). The IHT activity has been suggested for im-
pact craters on Mars as well (e.g., Allen et al. 1982). In contrast to hydrothermal
processes caused by igneous and metamorphic events, impact-generated fluid
circulation systems have become the subject of scientific interest only during
the last two decades (Naumov 2005). However, the formation and development
of the IHT systems is still under debate.

Development and formation of an IHT system largely depends on the di-
mensions of an impact and the presence of impact melting (e.g., Naumov 2005
and references therein; Versh et al. in press). In large-scale impacts, where ini-
tially impermeable melt-sheet can cover most of the crater depression, the IHT
circulation is originally initiated in an annular trough between peak ring and
final crater rim (e.g., Abramov and Kring 2004). However, in small-to-medium
scale craters without significant melting, an IHT system is formed usually in
and around the central high (e.g., Jõeleht et al. 2005). Likewise, the life-time
and alteration intensity of the system varies significantly with crater size, de-
pending on the amount of melting and governing mode of the heat transport. In
small-scale structures with limited melting the IHT system is formed shortly
after the impact and the cooling is governed mainly by convective heat transport
leading to more rapid temperature decrease. Development of the IHT system,
which is part of the post-impact cooling process, can be recognized by means of
mineralogical studies that describe the thermal and compositional evolution of
the post-impact fluids as well as the geochemical/mineralogical alteration of the
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primary impactites. However, fast temperature changes and evolving post-
impact fluids in small-to-medium size structures make it difficult to assess their
IHT system development.

Objectives

The aim of this thesis is to investigate thermal, geochemical and mineralogical
changes in time and space in a 4-km diameter Kärdla structure on the Hiiumaa
Island near the west coast of Estonia. It is one of the best-preserved and well-
investigated impact structures of its size (e.g., Puura and Suuroja 1992; Plado et
al. 1996; Suuroja et al. 2002; Puura et al. 2004) and can serve as a model struc-
ture for impact-induced hydrothermal activity in small-to-medium sized impact
craters.

This thesis has three main objectives:
(1) to identify mineralogical and geochemical changes in impactites during the

different evolutionary phases of the IHT system;
(2) to explore how the physical (e.g., fluid temperature) and chemical (e.g., pH,

oxidizing-reducing) conditions are set and evolving through the life-time of
the IHT activity;

(3) to examine how a hydrothermal system, initiated by a meteorite impact,
produces new environments suitable for high-temperature microbial life;
what are the characteristics of these ecological niches and how do they
change in space and time.

The thesis consists of three papers focused on mineralogical (paper I), impact
and geothermal modeling studies in the Kärdla crater (paper II) and evaluation
of development of ecological niches in small-to-medium size craters (paper III).

Paper I

Versh E., Kirsimäe K., Jõeleht A. and Plado J. 2005. Cooling of the Kärdla
impact crater: I. The mineral paragenetic sequence observation. Meteo-
ritics & Planetary Science 40(1), 3–19.
This and the following paper are focused on the Kärdla structure situated in the
Island of Hiiumaa, near the west coast of Estonia. The IHT mineral paragenetic
sequence in Kärdla impactites is presented and described by mineralogical,
chemical and initial stable isotope studies. The mineralization sequence is char-
acterized in the most altered central area and in the rim wall of the structure,
which describes development of this area shortly after the impact from an early
vapor-dominated fluid stage right after the impact, up to the later liquid-
dominated stages when temperatures were dropping close to the ambient condi-
tions. The main results are:
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The IHT mineralization sequence with falling temperatures started with pla-
gioclase alteration to submicroscopic adularia at temperatures higher than
300°C. This stage was followed by hornblende chloritization during transition
from vapor- to liquid-dominated system at temperatures of 300 to 150(100)°C.
The second chlorite-feldspar-quartz stage of hydrothermal mineralization was
completed by precipitation of microscopic idiomorphic (euhedral) K-feldspar in
fractures and cavities in the impact breccia. The final stage was characterized by
the sequence of calcite generation I, dolomite, quartz, calcite II, chalcopyrite/
pyrite, Fe-oxyhydrate, and calcite III precipitation at temperatures below 100°C.

The IHT system at the Kärdla structure can be considered as a model for
medium-to-small size impact structures. Its architecture is characterized by per-
vasive alteration in the upper central area of the crater and by the fracture lim-
ited fluid-rock interaction at the rim and in the deeper central portion of the
crater depression. It represents a single thermal event, which displays an irre-
versible cooling path that has resulted in a series of alteration products. The
character and spatial position of the IHT mineralization suggest that geochemi-
cal transport was restricted to a “semi-closed” system of fluid-rock interactions.

Paper II

Jõeleht A., Kirsimäe K., Plado J., Versh E. and Ivanov B. 2005. Cooling of
the Kärdla impact crater: II. Impact and geothermal modeling. Meteoritics
& Planetary Science 40(1), 20–32.
The aim of this paper was to study the time scale and contribution of different
thermal processes involved in the cooling of the Kärdla impact crater. The nu-
merical heat and multi-phase fluid transfer modeling was used. To estimate
heating caused by the impact as well as the post-impact temperature distribution
in the crater structure, numerical impact modeling was also performed. For the
estimation of post-impact temperatures, the source data needed as input for the
geothermal modeling, the lateral and vertical variations in mineralogical-
geochemical data by Versh et al. (2005) and Kirsimäe et al. (2002) were used.
The main results are:

The maximum crater depth of 1.2 km (transient cavity) was reached in 6–
7 seconds after which the central uplift started to rise. The excavation in the
radial direction continued and the final crater diameter was achieved
approximately 20 seconds after the impact. The rise of central uplift continued
until 30–35 seconds and then collapsed to some extent. The highest simulated
post-impact temperatures, which slightly exceeded 800°C, were present in the
near-surface part at the centre of the uplift. At distances of 250, 450 and
700 meters from the crater centre the post-impact temperatures of <650°C,
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<480°C and <300°C were distributed, respectively. At the rim the near-surface
temperatures were around 100°C, in the shocked ejecta fragments and injected
breccia dikes, however, the temperatures up to 200°C may have existed.

The post-impact cooling of the Kärdla crater was rapid. The highest post-
shock temperatures in the central area of the structure decreased 50% from their
initial values in 1200–1500 years and 80% in less than 4000 years. Transition
from convective-dominated to conduction-dominated heat transfer system took
place about 3000–4000 years after the impact, whereas it took about 9000–
10,000 years for the IHT flow system to cease. However, the thermal
equilibration of the impact-heated rocks took much longer time and the heat
flow density anomaly became instrumentally undetectable only 40,000–
50,000 years after the impact.

Paper III

Versh E., Kirsimäe K. and Jõeleht A. in press. Development of potential
ecological niches in impact-induced hydrothermal systems: the small-to-
medium size impacts. Planetary and Space Science.
doi:10.1016/j.pss.2005.12.022.
In this paper, development of IHT zones potentially habitable for thermophilic
and hyperthermophilic microorganisms was studied. The numerical modeling
and mineralogical-geochemical data suggest that in small-to-medium size im-
pact craters with insignificant melting, the suitable conditions for hydrothermal
microbial communities are established during a geologically short time (from
tens to few hundreds of years) after the impact in most parts of the crater. In the
central uplift area the microbial colonization is inhibited for about a thousand
years. However, this area retains the optimum temperatures (45–120°C) needed
for hydrothermal microorganisms for the longest period. In the crater depression
and rim area the initial temperatures, suggested by the impact modeling, were
much lower — from 150°C to ambient temperatures, except locally somewhat
higher in fracture zones and suevite pockets.

Geochemical and mineralogical data suggest, in general, neutral pH 7 (±1)
fluids of the IHT systems, which is, compared to volcanic hydrotherms, richer
in dissolved oxygen and low in reduced compounds. This may indicate the
presence of sulfur reducing microorganisms in the possible IHT communities.
Furthermore, these microbes cannot be highly specialized, because especially in
small-scale craters impact-induced hydrotherms change rapidly in space and
environmental quality. Therefore, the potential habitats created in IHT systems
would be occupied by organisms capable of adapting to the changing conditions
by applying alternative metabolic processes.
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2. GEOLOGICAL SETTING

2.1. Location and geological background

This thesis focuses on the Kärdla impact structure located on the Hiiumaa Is-
land (58º58´40´´N, 22º46´45´´E), 25 km off the northwestern coast of Estonia
(Fig. 1). The structure is 4 km in (rim-to-rim) diameter and ~540 m deep with a
central uplift exceeding 100 m in height. The crater formed in a shallow
(<100 m deep) epicontinental Ordovician sea into two-layered rock target of
Early Paleozoic siliciclastic and carbonate sediments covering Precambrian
crystalline basement (Puura and Suuroja 1992). The estimated age of the struc-
ture is early Caradoc (~455 Ma) and corresponds to the transition between the
Angochitina curvata and Lagenochitina dalbyensis chitinozoan Biozones
(Grahn et al. 1996). The structure is buried under the Ordovician, Silurian and
Quaternary sedimentary cover and is barely expressed in the present-day topog-
raphy. The thickness of the post-impact sedimentary rocks in the crater depres-
sion reaches 300 m, outside of the crater structure 90 m and 15–20 m above the
crater rim-wall.

The pre-impact bedrock section composed of sedimentary rocks overlying
the crystalline basement of the Paleoproterozoic metamorphic rocks. The sedi-
mentary succession of the target consisted mostly (>90% of the section thick-
ness) of Ediacaran, Lower Cambrian and Lower Ordovician weakly cemented
terrigenous rocks: sand- and siltstone, clays, and a thin (~15 m) layer of Ordo-
vician carbonates. The present-day porosity of these sediments is ~20–30%
(Jõeleht et al. 2002), which suggests that the section was, accounting only the
mechanical compaction, about 30% thicker (up to ~200 m) at the time of the
Kärdla impact.

The Paleoproterozoic crystalline basement, representing a 1.7–2.0 Ga old
Svecofenninan crustal segment (Puura and Huhma 1993; Gorbatchev and Bog-
danova 1993), is composed of regionally metamorphosed amphibolite facies
migmatitic granites and quartz-feldspar gneisses with amphibolites, biotite
gneisses and biotite-amphibole gneisses (Koppelmaa et al. 1996). The amphi-
bolitic rocks form up to 22%, biotite-amphibole gneisses and biotite-plagioclase
gneisses 6%, and granitic rocks (granitoids, granite gneisses and quartz-feldspar
gneisses) up to 72% of the basement in the area. The eastern part of the struc-
ture at the Paluküla rim wall is mainly composed of amphibolites, whereas the
main part of the crater depression and western rims are granites and quartz-
feldspar gneisses (Koppelmaa et al. 1996).
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Figure 1. Location of the Kärdla and other terrestrial impact structures in the Baltic Sea
area, where post-impact hydrothermal alteration has been detected (after Naumov 2002,
Figure 1 and references therein; Suuroja and Suuroja 2000), from which detailed IHT
mineralogical-geochemical research has been previously conducted only in Siljan and
Lockne structures (Komor et al. 1988; Hode et al. 2003; Sturkell et al. 1998).
Impact structures: 1 — Kärdla; 2 — Gardnos; 3 — Jänisjärvi; 4 — Lappajärvi; 5 —
Lockne; 6 — Logoisk; 7 — Mien; 8 — Mishina Gora; 9 — Misarai; 10 — Neugrund;
11 — Sääksjärvi; 12 — Siljan; 13 — Söderfjärden; 14 — Suavjärvi.



13

2.2. Impactites

The well-preserved crater depression in Kärdla is filled with complete set of
impactites (i.e., rocks affected by an impact resulting from collision of planetary
bodies; Stöffler and Grieve 1994) characteristic to those produced by impacts in
marine environment with no or limited melting (Suuroja et al. 2002 and refer-
ences therein). The section of the crater filling impactites consists, from the
bottom to the top, of autochthonous (monomict), allochthonous, slumped and
fallback (polymict) breccias covered with resurge conglomerates, conglomeratic
turbidites and sands eroded from the uplifted rim walls (Suuroja et al 2002;
Puura et al 2004). Herein the term "monomict" refers to in situ brecciation of a
particular lithology and uniform (low) degree of shock; and "polymict" to a
mixture of one or more lithological types of clasts with different degree of
shock, mixing and homogenization of one or more target lithologies (Stöffler
and Grieve 1994).

The porosity of the shock-affected rocks in Kärdla increases from ≤5% in
the fractured basement to ~18% in the impact breccias (Plado et al. 1996). The
shock metamorphic features from shock stages 1–3 (e.g., kink-banding, planar
deformation features (PDFs), isotropization and partial melting) in quartz, mi-
crocline and/or biotite are present only in the allochthonous breccia units (Suu-
roja 1999; Puura et al. 2004). However, the volume of rocks subjected to post-
impact chemical/mineralogical alteration is considerably larger, extending also
into the (par)autochthonous breccias and the fractured basement.

Autochthonous breccias (i.e., massive monomict breccias and shocked rocks
of the crater basement; Stöffler and Reimold in press); are composed of cata-
clastic crystalline basement rocks, which are fractured to various scales. The
intensity of fracturing decreases gradually with depth and, according to geo-
physical data and reconstruction of the transient cavity, extend probably about 1
km beneath the crater floor (Plado et al. 1996). In autochthonous breccias fine-
grained breccia dikes are common; they decrease in number and size with depth
(in K-1, to a depth of 800 m; Puura et al. 2004). Within the fractured crystalline
rock dikes of matrix-rich impact breccia can be found at the northeast crater rim
as well (core P-11; Puura et al. 2004).

Allochthonous breccias (i.e., impact breccia in which component materials
have been displaced from their point of origin, including dike and clastic matrix
breccias; Stöffler and Grieve 2003) consist of poorly mixed polymict crystalline
(mainly granitic) and sedimentary rock derived breccia (inter)layers. The crys-
talline-derived breccia units (523–471 m and 380–356 m in K-1; 356–400 m in
K-18; Puura et al. 2004) are similar in texture and composition — they contain
small grains of sedimentary material within granitioid or amphibolite blocks,
fragments (with diameter of 0.2–5 cm or 5–30 cm, often altered; Põldvere 2002)
and fine-grained matrix. The fine-grained, mainly crystalline-derived matrix is
more or less strongly welded. Clastic sand to pelitic particles in matrix of the
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upper layers is observable (Puura et al. 2004). The color of the cementing ma-
trix varies between light greenish-gray or grayish-brown and pinkish-red (in
places reddish-brown or -gray), containing mineral or rock clasts crushed to
submicroscopic scale. The intervals 522.8–493.0 and 378.5–360.5 m can be
described as suevitic and suevite-like breccias respectively, by the occurrence of
dispersed (rarely exceeding 20%) and strongly altered melt particles (Põldvere
2002; Suuroja et al. 2002).

The sedimentary-derived allochthonous breccia units are composed mainly
of sedimentary rocks with few clasts of crystalline rocks (in the second layer,
356–300 m; Puura et al. 2004). In the upper part (~315 m) the abundance of
crystalline clasts increases. These units consist of large block and smaller frag-
ments of sand-, clay- and limestone, they are cement-poor and mainly of slump
origin. The inter-clast cement occurs as soft sedimentary rock powder with
clasts of sedimentary origin.

The resurge breccias consist of clasts and blocks predominantly from the
topmost part of the target rocks (e.g., 40% of limestone) with some clasts from
suevite-like breccias (Suuroja et al. 2002). Outside of the crater the continuous
0.01–3.5 m thick ejecta (i.e., solid, liquid and vaporized rock ejected ballisti-
cally from an impact crater; Stöffler and Grieve 2003) layer is distributed within
a distance of 50 km as a sandy (silt- to gravel-sized debris of target rocks) layer
in the bedrock of Ordovician limestone (Suuroja and Suuroja 2006). The distal
ejecta consists mostly of silt- to gravel-sized debris of the target rocks (mostly
Cambrian siliciclastic and Paleoproterozoic metamorphic rocks) with coarser
clasts in the lower part of the layer at closer areas to the impact centre. The
ejected material contains up to 1 vol % of quartz grains with PDFs (Suuroja and
Suuroja 2006).
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3. PREVIOUS STUDIES AT THE KÄRDLA CRATER

An unexpected geological feature, afterwards identified as a rim wall of the
Kärdla structure, was discovered in 1967. During a drilling of groundwater well
the crystalline rocks were penetrated at depths of 22 m at the Paluküla village,
where the normal depth for crystalline basement was expected to be at 250 m
(Viiding et al. 1969). From 1968 until late 1990s several research and mapping
teams have thoroughly investigated the Kärdla structure (Kala et al. 1971; Suur-
oja et al. 1974; Kala et al. 1974; Barankina and Gromov 1973; Kala et al. 1976;
Gromov et al. 1980; Suuroja et al. 1981; Suuroja et al. 1991; Suuroja et al.
1994; Suuroja et al. 1997). From 1967 to 1990 altogether about 160 drill cores
were drilled in and around the Kärdla crater area, including the deepest
(815.2 m) drill core K-1 (Soovälja) in Estonia (Põldvere 2002).

The Kärdla structure was at first called an explosion crater in mid-1970s
(Puura 1974) and its post-Cambrian age was suggested (Pirrus 1976). Later
biostratigraphic studies established its Middle Ordovician (Caradoc) age (Bau-
ert et al. 1987; Grahn et al. 1996). The impact features (PDFs etc.) were first
discovered by Masaitis et al. (1980) and Feldman et al. (1981). It was followed
by the first overviews on morphology and development of the structure (Kala et
al. 1984; Puura and Suuroja 1984), which were specified by studies on its de-
velopment (Bauert et al. 1987) and formation (Puura et al. 1989). Alternatively,
Zhukov et al. (1987) proposed the cryptovulcanic origin of the Kärdla structure.
Kleesment et al. (1987) presented more detailed lithological and mineralogical
characterization of the impact-related terrigenous sediments.

Puura and Suuroja (1992) presented detailed description of the structure and
its impactites, while Lindström et al. (1992) suggested a hypothesis of Kärdla,
Tvären and Lockne impact structures as possible coeval structures formed by a
single Ordovician asteroid swarm. However, later biostratigraphic studies es-
tablished slight age differences of these craters (Grahn et al. 1996). In 1994
Kärdla was presented as a good example of epicontinental marine impact
structure, having a complete impact-related stratigraphic section from autoch-
thonous breccias formed during the impact event up to allochthonous, slumped
and fallback breccias from the crater modification stage (Puura et al. 1994). The
long-term influence of the uplifted rim to the carbonate sedimentation in the
area after the impact event was studied by M. Semidor (1998) and Ainsaar et al.
(2002). The lithological studies of the ejecta layer showed that the long-term
effect of the impact was restricted to local changes in the sea bed relief and re-
lated to facies changes in the nearest surroundings of the crater (Suuroja and
Suuroja 2006).

The geophysical signatures and petrophysical properties of the Kärdla im-
pactites, gravity and magnetic anomalies caused by the crater morphology, im-
pact breccias and post-impact sedimentary fillings were investigated by J. Plado
(1995; 2000) and Plado et al. (1996). U. Preeden (2004) showed, by the compa-
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rison of impact breccia matrix fine-grained fraction from Kärdla, Neugrund
(9 km), Åvike (10 km) and Lumparn (9 km) craters to glacial moraine, that the
fragmentation of target rocks by the crater-forming shock wave has resulted in
similar grain-size distribution as the fragmentation by glacier dynamics. Kop-
pelmaa et al. (1996) presented petrographical, mineralogical and geochemical
data of the crystalline basement rocks (Paleoproterozoic migmatized metamor-
phic rocks and late-kinematic granites) in the Kärdla crater area, that were used
for reference in several subsequent studies.

As a result of extensive drilling and geological mapping in the Hiiumaa Is-
land the formation of the crater during the impact process through the stages of
contact/compression, excavation, modification, generated tsunami and post-
impact development (filling, burial, erosion, tectonic, and glacial effects) of the
area was summarized by K. Suuroja (1996) and later enhanced by morpho-
logical and general geological studies by Suuroja et al. (2002). Detailed analy-
ses on the occurrence of shock metamorphic features in impact breccias
(S. Suuroja 1994) and spatial distribution of planar deformation features (PDFs)
in quartz (Preeden 2002; Puura et al. 2004) were studied and lithological classi-
fication of the Kärdla impactites was presented (S. Suuroja 1999). A compre-
hensive report on mineralogical, chemical and biostratigraphy analyses, physi-
cal properties and petrological-lithological description of the deepest drill core
K-1 was published in the special issue of the journal Estonian Geological Sec-
tions (Põldvere 2002).

In recent years the mixing-rate calculations, results on (shock)petrography
studies and geochemical analyses of the Kärdla impactites and target rocks have
been presented (Puura et al. 2004; Suuroja et al. 2002); as well as more detailed
study on the changes in the impactites' chemical composition (enrichment in
potassium, decrease in sodium and calcium) and mineralogy (replacement of
plagioclase by orthoclase adularia, chloritization of amphibolites; Puura et al.
2000; Kirsimäe et al. 2002) has been performed. The impact-induced and di-
agenetic changes (PDFs and PFs in quartz, lowered crystallinity in cracked
grains, C-rich amorphous material and pyrite-bearing apatite coatings) in min-
eral grains of the sandy ejecta layer were studied by Kleesment et al. (2006).

Based on the alteration of the fractured basement rocks and impactites, and
fluid inclusion evidences a possible impact generated hydrothermal system at
Kärdla was first described by Kirsimäe et al. (2002).
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4. MATERIAL AND METHODS

Three drill cores (K-1, K-18 and K-12) from the interior of the Kärdla structure
and three from the rim areas (at Paluküla; F-241, P-11 and P-17) penetrating
into the disturbed and/or brecciated crater material were used in the study. The
deepest drill core (K-1) reveals material from parautochthonous, autochthonous,
allochthonous and resurge breccias reaching the depth of 815 m near the central
uplift. The borehole K-18 provided material down to the upper part of al-
lochthonous breccias from the central uplift and K-12 to the upper part of al-
lochthonous breccias in the annular depression. The crater margin area at the
NE rim was accessed to various depths into the brecciated basement rocks:
down to 248 m in drill core F-241 (26.0–247.7 m), to 80 m in P-17 (50.6–
80.5 m) and to 64 m in P-11 (26.6–55 m).

To describe the distribution, scale and spatial extent of the post-impact hy-
drothermal alteration the drill cores were logged, photographed and sampled. A
total of 103 hand specimens were collected and macroscopically studied for the
alteration petrology and mineralogy under the binocular microscope. Represen-
tative samples were further examined by X-ray diffractometry (XRD) to define
vein minerals, and studied for stable isotopes (δ18O and δ13C) composition of
secondary dolomite and calcite (for the details see Versh et al. 2005, Publica-
tion I).

Together 111 thin sections from samples taken from different positions in
the crater structure, including its inner and marginal parts were studied by light
microscopy. The alteration changes in impactites’ texture, mineralogical and
geochemical composition were studied under the petrographical microscope to
determine the IHT mineral paragenetic sequence. Selected thin sections were
studied by means of electron microprobe (EPMA) for quantitative chemical
analyses, element mapping and imaging (for details see Versh et al. 2005, Pub-
lication I).
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5. RESULTS AND DISCUSSION

5.1. Mineralogical changes in the impactites

Mineralogical evidences of the IHT activity has been found at a number of ter-
restrial impact craters; mainly in a form of alteration of impactites (melt,
suevites and impact breccias), and vein or fracture fillings. In terrestrial impact
craters the alteration is represented by intermediate type of Ca- or K-alteration
series (e.g., McCarville and Crossey 1996; Osinski et al. 2001; Naumov 2002;
Osinski 2005; Hecht et al. 2004; Zürcher and Kring 2004; Puura et al. 2000).
The assemblages of clay minerals — zeolites — calcite — pyrite are pre-
dominant alteration products (Naumov 2005). The high-to-medium temperature
alumosilicate IHT mineralization stages are generally characterized by different
silica modifications (quartz, cristobalite and opal); hydrous phyllosilicates
(chlorites, illite, mixed-layer minerals, smectites); and tectosilicates (zeolites
and K-feldspar; Naumov 2002; 2005). The low-temperature stage (<100°C) is
mainly characterized by carbonate, sulfide, and/or Fe-oxyhydrate minerals.
However, the formation of a specific mineral assemblage(s) in a given crater
depends on large number of variables as impact target composition; magnitude
of the heating and nature of the heat source (e.g., melt sheet, central uplift or
crater rim); intensity of the water/rock interaction (i.e., water availability at the
impact site); and IHT fluid chemical and physical parameters (incl. fluid kinet-
ics).

In Kärdla impactites the IHT alteration occurs in the form of replacement-
type mineralization of silicate-clay alteration, vein and vug mineral fillings, and
impregnated mineralization of the fine-grained breccia matrix. It is expressed in
alumosilicate — carbonate  — (sulfide) mineral associations (Versh et al. 2005,
Publication I), whereas commonly occurring zeolites (Naumov 2002 and refe-
rences therein) are not present.

5.1.1. Replacement-type alteration of primary impactites

The most significant IHT modification in Kärdla impactites is associated with
the replacement-type alumosilicate alteration of plagioclase and hornblende, the
two prevailing minerals in the pre-impact crystalline basement (Versh et al.
2005, Publication I). In the granitic impactite-sequences authigenic submicro-
scopical adularia type K-feldspar masses (together with microscopic xeno-
morphous iron-rich clay material occasionally accompanied by Fe-oxyhydrate
impregnation) completely or partly replace altered and fractured plagioclase
crystals. Petrographic analyses indicate that the outer boundaries of the submi-
croscopic K-feldspar masses in some places have later been either partly re-
crystallized into or overgrown by the euhedral K-feldspar form.



19

In amphibolitic sequences hornblende, some biotite and rarely occurring py-
roxene are replaced by authigenic clay minerals, adularia, Fe-oxyhydrate and/or
authigenic quartz phases. The clay mineral phases are represented by trioctahe-
dral Fe-rich chlorite, mixed-layered corrensite, and corrensite-chlorite minerals
(Kirsimäe et al. 2002). The EPMA analyses revealed three chemically different
chlorites: (1) Mg-clays; (2) Mg-Fe clays; and (3) Fe-clays, which probably rep-
resent the compositional variation in the chlorite — chlorite-corrensite — cor-
rensite series (Versh et al. 2005, Publication I). In the fine-grained matrix of the
suevitic allochthonous breccia (in allogenic sequence, as well as in the injection
dikes in parautochthonous rocks) chlorite and/or corrensite replace both, am-
phibolite and devitrified glass or melt clasts. In the groundmass of the al-
lochthonous and/or autochthonous breccias xenomorphous quartz, calcite or
dolomite aggregates as pore/vug fillings (i.e., cement between rock and mineral
clasts) can be found.

5.1.2. Vein- and vug-filling mineral assemblages

In Kärdla the hydrothermal vein minerals (i.e., mineral deposits sealing a frac-
ture and altered wall rock; Meunier 1995) line walls of fractures produced by
the impact, fill dissolution or impact-generated vugs and cement the rock and/or
mineral clasts (Versh et al. 2005, Publication I). The earlier alumosilicate phase
(coinciding with the alumosilicate alteration) and a later phase with carbon-
ate — quartz — sulfide — (hydro)oxide mineral assemblages can be distin-
guished.

Paragenetically, the earliest, chlorite(-corrensite) veins occur as aggregates
of microscopic, radially oriented euhedral flakes or irregularly stacked micro-
scopic layers lining the fracture walls and cavities that are later filled with either
adularia, carbonates or quartz. Next in the paragenetic sequence was euhedral
adularia which crystals line the fracture systems or fill cavities later sealed by
quartz, calcite and/or dolomite. Quartz and adularia also fill small vugs and
pores between or within the rock clasts in the breccia matrix. In some cases
their intergrowths are also visible. The spatial relationships and morphology of
late-stage carbonate minerals reveal at least three different calcite generations
and dolomite. The white to transparent or pinkish calcite aggregates, mainly in
the form of the first (scalenohedral) and second (rhombohedral crystals) gen-
erations are usually found in the amphibolitic rocks where fractures are in most
cases sealed by the calcite. In the granitic parts calcite fillings are less abundant
and many fractures in the autochthonous breccia have remained open. Rarely
the veins are filled with pink dolomite rhombohedral to saddle-shaped crystal
aggregates. According to XRD and EPMA analysis the majority of calcite in
Kärdla is a pure to low-magnesian calcite with 0–4 mole% of MgCO3, whereas
rarely high-magnesian calcites with 6 mole% of MgCO3 occur (the third gen-
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eration; Versh et al. 2005, Publication I). This is rather common to most of the
IHT systems where calcite appears to be low-magnesian calcite with <5 wt% of
MgCO3; e.g., in Lappajärvi (Goldsmidt et al. 1955), Ries (Stöffler et al 1977),
St. Martin (Simonds and McGee 1979), Zapadnaya (Tatarintsev et al. 1981),
Sudbury (Ames 1999), Kara (Naumov 2002) and Chicxulub Structures (Zurcher
and Kring 2004).

The Fe-oxyhydrates (hematite and goethite) and rare sulfides (mainly chal-
copyrite) are mainly associated with carbonate filled fractures (i.e., veins) and
cavities (i.e., vugs). Hematite occurs as abundant spherulitic aggregates inter-
twined with calcite. In some places <1 mm thick hematite veins inside fractured
and altered amphibolitic basement rocks were also observed. On the surfaces of
calcite and dolomite crystal aggregates small reddish-brown spherules or
spherulitic aggregates of goethite, sparse <0.5 mm size tetrahedral single crys-
tals or small aggregates of chalcopyrite, and bipyramidal hexagonal prisms of
authigenic quartz (colorless, transparent and with no visible inclusions) crystals
were observed. The xenomorphous quartz, calcite or dolomite aggregates as
pore/vug fillings (i.e., cement between rock and mineral clasts) in the ground-
mass of the allochthonous and/or autochthonous breccias is also evident.

5.1.3. K-enrichment

The impactites in Kärdla are characterized by major mineralogical and chemical
changes with respect to the crystalline basement rocks outside of the crater
(Puura and Suuroja 1992; Puura et al. 2000; Koppelmaa et al. 1996). This phe-
nomenon (enrichment in potassium and respective decrease in calcium and/or
sodium) has been documented in several impact craters with similar crystalline
and/or sedimentary target lithologies: e.g., in Ames (Koeberl et al. 2001), Bea-
verhead (Fiske et al. 1994), Boltysh (Masaitis et al. 1980; Gurov et al. 1986),
Brent (Grive 1978), Chicxulub (Hecht et al. 2004; Zürcher and Kring 2004),
Gardnos (French et al. 1997), Gosses Bluff (Milton and Sutter 1987), Ilynets
(Gurov et al. 1998), Jänisjärvi (Masaitis et al. 1980), Kaluga (Masaitis et al. 1980),
Neugrund (Suuroja and Suuroja 2000; 2004), Newport (Koeberl and Reimold
1995) and Rochechouart (Oskierski and Bischoff 1983; Reimold et al. 1984).

The K-enrichment in impactites can be explained as K-metasomatosis,
which is a process by which the chemical composition of a rock, in respect to
potassium, is changed by interaction with fluids. In the Kärdla impactites it is
mineralogically expressed primarily by two generations of authigenic adularia
(K-feldspar): (1) submicroscopic masses intertwined with clay material; and
(2) microscopic- to macroscopic crystal euhedral aggregates (see chapters 5.1.1
and 5.1.2; Puura et al. 2000). According to geochemical and XRD analyses, the
two generations have no significant chemical or structural differences (Versh et
al. 2005, Publication I). New K-feldspar is structurally a single monoclinic
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adularia type orthoclase with strained lattice parameters which are intermediate
between typical orthoclase and low microcline, but that are rather stable through
the sequence. The pre-impact K-feldspar from crystalline basement is a maxi-
mum triclinic microcline that can also be found as relicts in the altered samples.

The origin and high abundance of adularia in the Kärdla impactites is some-
what unclear. Paragenetic relationships indicate that it (the first generation) was
one of the first mineral phases forming in the IHT-system and it is evidently
related to the hydrothermal alteration (chapter 5.1.1). However, the adularia
precipitation and/or recrystallization continued at later stages of the impact
cooling (second generation) and it cannot be excluded that feldspathization of
impactites occurred also during the post-impact geological development of the
structure. It is not possible to determine the lower stability limit for the authi-
genic K-feldspar as it can form during devitrification of rock (volcanic and pos-
sibly impact) glasses at moderate to low diagenetic temperatures (Kastner and
Siever 1979). Moreover, authigenic monoclinic adularia type orthoclase K-
feldspar in the Kärdla impactites is a typical representative of secondary low
temperature feldspars which are exclusively the extreme pure end-members of
the alkali feldspar series showing various degrees of structural Al/Si ordering
from low-triclinic to disordered monoclinic (Kastner and Siever 1979; Worden
and Rushton 1992).

Kärdla impactites are notably devoid of zeolite minerals, which are fre-
quently reported in the IHT-systems (Naumov 2002 and references therein).
However, the zeolites are thermodynamically metastable phases, which tend to
recrystallize into stable feldspar minerals. This would explain the controversy
that zeolites are not common in the IHT mineralization in old (>150–200 Ma)
structures (e.g., Naumov 2005).

5.2. The IHT alteration development in
space and time

5.2.1. Intensity and the extent of the alteration

Water availability in the target area is a primary control on the intensity of the
water-rock interaction during the impact cooling. Consequently, the most exten-
sive IHT alteration takes place in the impact craters formed into ocean, shelf or
intra-continental shallow marine/lake basin. The studied Kärdla crater repre-
sents a shallow shelf sea impact (~100 m of water-depth) and the IHT system
was mainly fed by seawater intruding through the disturbed and fractured base-
ment. The resulting mineralogical-geochemical changes are characteristic of
high-to-medium water-rock alteration (Naumov 2005); its intensity (i.e., abun-
dance of the authigenic phases) depends on the distance from the heat source.
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As in some other impact structures (e.g., Puchezh-Katunki and Manson;
Naumov 2002; McCarville and Crossey 1996) vertical and lateral zones of dif-
ferent IHT alteration types in the Kärdla structure can be distinguished. How-
ever, the absence of coherent melt sheet (in the annular depression) and zeolites
in IHT mineral assemblages (in the central uplift) resulted in somewhat dis-
similar IHT assemblages of the main zones' mineral types. Also, the distribution
of major oxides and alkali in Kärdla differs from those outlined by Naumov
(2005; see chapters 5.2.2 and 5.2.3). In the central (uplift) area of the Puchezh-
Katunki, Ries, Boltysh and Siljan structures (Naumov 2002; 2005; and refer-
ences therein) upper smectite-zeolite and lower chlorite-anhydrite zones have
been described wherein several subzones (by Ca/Na and Al/Si ratio in zeolites
and high-alumina Mg-Fe varieties of smectites) are distinguished. Equally,
based on XRD and microprobe studies on altered amphibolite rock samples in
Kärdla (Kirsimäe et al. 2002) one can distinguish an upper chlorite-adularia
zone (with maximum generation temperatures of 200–300ºC and higher) and
lower corrensite-calcite zone (max. <200 ºC). At the location of 450 m from the
crater centre (drill core K-1) the transition between the two zones is quite sharp
and lies between fractured and strongly fractured basement rocks at the depth of
590 m; whereas more close to the centre, at the distance of 250 m (drill core K-
18) the transition is more gradual and located near the border of the al-
lochthonous and autochthonous breccias (approximately at the depth of 400 m).
The authigenic quartz is more or less equally distributed in both zones; how-
ever, the general decrease of fracturing and hydrothermal alteration with depth
limits its occurrence in the lower zone.

Likewise, the IHT alteration types in the periphery of the central uplift (the
annular depression; drill core K-12) are somewhat distinct from those at the
central uplift. The distribution of a widespread goethite-hematite impregnation
marks distinctive zones with the transition at the depth around 442 m within the
upper allochthonous breccias: (1) an upper hematized zone represented mainly
in the resurge and slumped breccia with purple matrix; and (2) lower adularia-
chlorite zone in the allochthonous breccia with green to gray matrix. At the
crater rim the low-temperature IHT minerals dominate. Also, in the IHT chlorite
to corrensite series a spatial (both vertical and lateral) decrease of iron (and in-
crease of Mg) from upper central area in depth and towards the rim wall was
detected: (1) Fe-clays in the upper central uplift area (in a suevitic breccia lens
in the slumped breccia); (2) Fe-Mg clays in the lower central area and the rim
wall (near the border of the allochthonous and autochthonous breccia and the
fractured basement, the allochthonous breccia lens in post-impact sediments;
respectively); and (3) Mg clays in the rim wall (allochthonous breccia lens in
the post-impact sediments).

Generally, the hydrothermal alteration in the Kärdla crater is rare or absent
in the resurge and sedimentary slump breccias, respectively, but abundant in the
allochthonous and autochthonous breccias, whereas the intensity of the altera-
tion decreases with the depth. The alteration is most widespread and complete
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in the upper portion of the allochthonous breccias within and around the central
uplift where the silicate-clay alteration is dominant. In this area almost all horn-
blende and plagioclase along with the impact glass is replaced mainly by clay
(chlorite/corrensite) and K-feldspar minerals. The alteration zones reach pro-
gressively outwards from the fractures into the host rock, and up to one-third of
the plagioclase and hornblende volume is replaced with the authigenic minerals.
The variation in alteration intensity is reflected by the style of the alteration,
which changes from open-space fracture fillings to more replacement-type min-
eralization from the rim walls and deeper parts of the crater towards the upper-
central areas.

The fracture-limited fluid-rock interaction occurs at the rim and in the
deeper central areas of the crater depression. At the rim wall, hydrothermal al-
teration is localized along the fractures and impact-injected breccia lenses,
where the carbonate and sulfide/Fe-oxyhydrate assemblages dominate over the
authigenic feldspar–chlorite–quartz minerals. The occurrence of plagioclase K-
alteration and hornblende chloritization is restricted to fracture planes and grain
boundaries within the breccia lenses. At the rim some goethite spherules are
partly inter-grown with calcite crystals outer boundaries indicating their simul-
taneous precipitation.

5.2.2. The evolutionary stages and
lifetime of the IHT system

The mineral paragenetic associations with fluid inclusion, geothermobarometric
(Kirsimäe et al. 2002) and stable isotope (Versh et al. 2005, Publication I)
studies indicate the existence of three evolutionary stages of the IHT system
that describe the post-impact cooling of the Kärdla impact structure from the
early feldspar — chlorite — quartz to late carbonate and Fe-oxyhydrate stage.
Based on mineral associations and the dominant fluid environment regimes, we
can distinguish: (1) early stage of vapour-dominated silicate alteration, (2) the
middle stage of vapour- to liquid-dominated silicate mineralization, and (3) the
late stage of liquid-dominated carbonate — sulfide/Fe –oxyhydrate — quartz
mineralization.

The homogenization temperatures of quartz fluid inclusions indicate that
during the first evolutionary stage directly after the crater formation the maxi-
mum temperatures were as high as 400–500°C; whereas the majority of inclu-
sions were trapped at fluid temperatures of 150 to 300 ºC (Kirsimäe et al. 2002).
The latter temperature interval is also indicated by corrensite-chlorite geother-
mometry of the widespread Fe-chloritization in amphibolitic impact-sequences
with maximum equilibrium temperatures in the upper portion of impactite se-
quence of 200–300°C, whereas chloritization intensity was found to decrease
with decreasing fracturing downward into the crater floor where chlorite occurs
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only in immediate proximity of the fracture planes and corrensite prevails
within macroscopically unaltered amphibolite blocks, indicating maximum
temperatures below 200°C (Kirsimäe et al. 2002). As microcrystalline adularia
was the first mineral to form, it must have precipitated from fluids with tem-
perature higher than those of clay minerals, i.e. above 300 ºC during a vapor-
dominated early stage of the IHT silicate (potassium) alteration.

The mineralogical data are in good accordance with the transient fluid flow
and heat transfer simulations (Jõeleht et al. 2005, Publication II), which show
that immediately after the impact the initial temperatures in the central area of
the structure were well above the boiling point (>350°C; Fig. 2.a). The vapor-
dominated fluid during the first stage of the impact cooling is supported by
submicroscopical structure of the adularia, which suggests kinetically controlled
and a rapid crystal growth at a large number of simultaneously formed nuclea-
tion sites.

Due to efficient heat loss at groundwater vaporization front the vapor-
dominated area disappeared quickly (in few tens to hundreds of years; Fig.
2.b, c) and progressive cooling of the system resulted in a transition to mixed
two-phase vapor-liquid dominated fluid at temperatures 300–150(100)ºC. This
second stage is associated with the most intensive chloritization, followed by
precipitation of euhedral microcrystalline adularia (Ksp II) and quartz in re-
maining fractures and cavities.

The third stage of mineralization took place in liquid fluid environment with
temperatures below 100 ºC by precipitation of mainly carbonate minerals (with
minor Fe-oxyhydrates, sulfides and low-temperature silicates) into open vugs
and fractures. The third generation of calcite was the last mineral precipitated in
this system, probably at temperatures close to ambient conditions (Versh et al.
2005, Publication I). The minimum temperature of the IHT solution may be
somewhat arbitrary and is limited by kinetic effects of water-rock interaction.
As the temperature is lower, close to the areas thermal gradient, any reaction
between rock and solution proceeds more slowly and therefore the production
of secondary minerals is hard to recognize in the rocks during short periods of
interaction (Inoue 1995).
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Figure 2. The evolution of the IHT system in the Kärdla impact structure. The numeri-
cal modeling isotherms after every 100ºC (d and e after ever 50ºC) and location of
studied drill cores are given. The dark gray area represents temperature interval 120–
80ºC (habitable zone for hyperthermophiles) and lighter gray 80–45 ºC (habitable zone
for thermophiles). AH — (par)autochthonous breccia and fractured basement; AL –
allochthonous breccia; RS — resurge and slumped breccia; S — pre-impact sediments;
O/F — Ordovician sea/crater-filling sediments; E — ejected material.
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Figure 2. Continued

5.2.3. Composition and development of IHT fluids

The chemical composition of an IHT fluid depends upon the composition of
crystalline or sedimentary rocks present at the impact site as well as on the fluid
source. Utada (1980) divided the hydrothermal alteration in young orogenic
belts into three types by the temperature and activity ratio of aqueous cation
species in the hydrothermal solution: (1) acid type alteration with low cation/
hydrogen ratios in the solution; (2) intermediate alteration subdivided into Ca-
Mg-series and K-series with medium cation/hydrogen ratios; and (3) alkaline
type subdivided into Na- and Ca-series with high cation/hydrogen ratios. Each
alteration type includes mineral zones corresponding to different fluid tem-
perature conditions.

In this sense a typical IHT mineralization corresponds most closely to the al-
kaline (e.g., Naumov 2002) and/or intermediate (e.g., Hecht et al. 2004; Zürcher
and Kring 2004) type of the HT alteration, whereas the presence of Na-Ca, Ca-
Mg or K-series depends most possibly on the specifics of an impact: target rock
composition (granitic or maffic), size, i.e., magnitude of heating (removal of
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volatiles), as well as on the nature of the IHT fluids (saline brines, seawater,
undersaturated fresh-water resources etc). The mineralogical characteristics of
the IHT alteration in Kärdla correspond to the K-series during the first two
stages, which then evolves into Ca-Mg-series during the last stage of the impact
cooling. The rather low salinity of the secondary fluid inclusions in quartz from
Kärdla crater (in average ≤5 wt% NaCleq; Kirsimäe et al. 2002) suggests that the
hydrothermal system was recharged by infiltration of relatively undersaturated
water, which was highly reactive towards the main rock-forming silicate miner-
als. As the K-feldspar nucleation and stability is primarily controlled by the
variation in pH and dissolved silica activity (Garrels and Christ 1965; Velde
1985), the rapid precipitation of K-feldspar during the first stage of the impact
cooling suggests rather high pH (≥8) of the circulating fluid. This is possibly
related to the effective removal of evolved gas and strong reactivity of high-
temperature solutions with the surrounding rocks, which efficiently consumed
the available H+ ions through anion hydrolysis of primary silicates. At later
stages the pH of initial fluid was lowered, but remained high enough (>7) to
promote the II type of K-feldspar and carbonate mineral precipitation.

Owing to the interactions of alumosilicate minerals and water the IHT fluid
at Kärdla became gradually enriched respect to Ca and Mg at last stages of
cooling. Ca and Mg were most probably released by hydrothermal chloritization
of amphibole minerals during the second stage of alteration and in addition by
the transformation of plagioclase into K-feldspar. The subsequent precipitation
of calcite/dolomite was controlled by the availability of Ca and Mg ions in the
convecting fluids, as the formation of either calcite or dolomite depends on
Ca/Mg ratio in the solutions (Reeder 1983). The sequence of carbonate mineral
precipitation suggests that calcite I (first generation) formed in a solution super-
saturated with respect to calcite, which resulted in an efficient removal of Ca
from the solution, thus, allowing the precipitation of dolomite as the next car-
bonate phase. Conditions favorable for calcite II precipitation were achieved
after Mg removal by dolomite formation. The calcite II generation has abnor-
mally shifted lattice parameters, which suggest involvement of Mn or Fe. The
formation of calcite II was followed by precipitation of sulfides and Fe-
oxyhydrates, probably at the expense of Fe released by hornblende chloriti-
zation. In places, goethite spherule intergrowth with calcite I scalenohedral
crystals suggests that occasionally the goethite precipitation started shortly be-
fore the calcite I ended. Calcite III was the last mineral precipitated in this sys-
tem, probably at the temperatures close to ambient conditions (Versh et al.
2005, Publication I).

The IHT mineralization at Kärdla suggest that unlike in the volcanic HT en-
vironments that are generally low in oxygen and rich in reductants, the impact-
induced systems seem to be more rich in dissolved oxygen, but not necessarily
oxidative, and low in reduced compounds. Sulfides, although present in the al-
tered Kärdla impactites, are not dominant mineral phases (Versh et al. in press,
Publication III).
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5.3. Biological implications of impact-induced
hydrothermal systems

The role of meteorite impacts in the biological evolution is controversial —
large-scale impacts can cause extinctions of different scale and global and local
disturbances in the development of some ecosystems, but by this also create
opportunities for other organisms or new dissimilar ecosystems. Impact heating
and the super-high pressures wipe out all living matter at the immediate vicinity
of the impact site, and in large-scale impacts, the biological devastation may
obtain a global scale. On the other hand, the cooling impact structures may have
deserved as suitable ecological niches for life (e.g., Cockell and Lee 2002;
Cockell et al. 2002). The impact-induced hydrothermal systems may host the
thermophilic and/or hyperthermophilic microorganisms that are interesting to
study in respect to exobiological perspectives. Also, the study of IHT systems
may contribute to the understanding of early life on the Archean Earth (Mojzsis
and Harrison 2000).

The results of transient fluid flow and heat transfer simulations both in small
and large scales structures (Jõeleht et al. 2005, Publication II; Abramov and
Kring 2004) suggest that the central areas of the crater, in and around the central
uplift, are not habitable immediately after the impact. In small-to-medium sized
craters with insignificant melting, the temperatures in the central area are well
above the boiling point (250–290°C, depending on hydrostatic pressure) and a
vapor-dominated area forms (Jõeleht et al. 2005, Publication II). In large impact
structures the central peak-ring and peak-ring depression are filled with impact
melt and/or melt-rich breccias and target rocks and impactites suffer from ef-
fective heat sterilization in large rock-volumes. However, in small-scale struc-
tures, due to efficient heat removal at the liquid/vapor front, the superheated
area diminishes rapidly in order of few hundred years, whereas in the crater de-
pression and the rim area the initial temperatures predicted by impact modeling
are much lower — from 150°C to the ambient temperatures at the outer rim.
Under these circumstances the conditions favorable for thermophilic micro-
organisms (temperatures below 100°C) are reached in less than 500–1000 years
in most areas of the crater (Figure 2). Moreover, in these impact structures the
organisms, that survived the impact and heat sterilization, are readily present in
the environment and capable to colonize the system in a short time after the im-
pact. Simulated impact experiments suggest that the bacteria spores (Bacillus
subtilis) survive the pressures of 32 GPa and temperatures peaked at 250°C
(Horneck et al. 2001). In the small-scale impacts like the Kärdla these condi-
tions are met only in the very central areas.

The suitable zones for hyperthermophilic (80–120°C) and thermophilic (45–
80°C) organisms change significantly in space and volume with the time. As a
general consequence, independently of size, structure and lifetime of IHTs, the
volume of space that is habitable for hydrothermal microbial communities
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(temperature range 45–120°C) grows rapidly during the first period of the
cooling, but then fades off with the gradual decrease and deepening of the hab-
itable zone(-s) towards the crater centre. In small-scale structures the cooling of
the rim is quite fast as is demonstrated in Versh et al. in press, Publication III,
figure 3, but in large structures with coherent and extensive melt sheet in the
rim area the IHTs are initiated and stay there until the melt sheet has cooled
down to 350–400°C and the hydrothermal circulation in the crater centre can
start. Although in the central uplift region the possible microbial colonization is
inhibited for about a thousand years, this is the rock body, which retains the op-
timum temperatures (45–80°C) needed for thermophiles and/or hyperthermo-
philes (80–107°C) for the longest period. The thermal equilibration of the whole
impact takes much longer time. Even though the maximum temperature distur-
bance after 10,000 years is only about 190°C, the heat flow density is two times
higher than in the surrounding areas.

The structure of the possible microbial community at a particular IHT sys-
tem is primarily defined by the environmental conditions depending on the
temperature and geochemical characteristics of the fluid (fluid-rock interaction)
within the system, but also the circumstances of photosynthesis. In terrestrial
hydrotherms (hot springs) thermophilic photoautotrophs predominate over other
groups, whereas at deep-sea hydrothermal vents, the chemosynthetic (chemoli-
thoautotrophic) groups are using the energy from the interaction of reduced
compounds in the hydrothermal fluid (sulphur, iron etc.) and surrounding oxi-
dized seawater (Van Dover 2000). The IHT systems differ from most of the
known volcanic (both terrestrial and deep-sea) hydrotherms in many aspects —
by the temperature history, fluid flow characteristics and chemistry, size etc. As
an example, at the large craters the IHT systems that are volumetrically an order
of magnitude larger, compared to volcanic hydrotherms, can be generated
(Abramov and Kring 2004).

As discussed above (see chapters 5.1. and 5.2.), the mineral assemblages and
geochemical characteristics of the hydrothermal minerals in the IHT systems
suggest alkaline and near neutral environments (pH 6–8) as the result of anion-
hydrolysis of the mainly alumosilicate composition rocks and impact derived
impact-melts/glasses. Also, the solution maintains Eh values above -0.5 V (at
least for a neutral environment) in the course of the hydrothermal process indi-
cated by the presence of sulfide and rare Fe-oxide minerals.

These constrained environmental variables suggest some limitation/specifi-
cation among possible thermophilic and/or hyperthermophilic microorganisms
that could potentially colonize the system. If most of the Archaea and Bacteria
are neutrophiles and can easily grow in the very slightly acidic-alkaline pH
range (6–8) of the impact-induced environment, then unlike the volcanic envi-
ronments that are generally low in oxygen and rich in reductants (Barns and
Nierzwicki-Bauer 1997), the impact-induced systems seem to be richer in dis-
solved oxygen, but not necessarily oxidative, and low in reduced compounds.
This would suggest the preference of sulphur-reducing microorganisms in the
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IHT communities, whereas many sulphate reducers are also able to use the mo-
lecular H2, on which rely most of the chemolithotropic reactions used by micro-
organisms in hydrothermal vents (McCollom and Schock 1997).

At the same time, the microorganisms in impact-induced hydrotherms can-
not be/have been very highly specialized as far as these hydrotherms, especially
in small-scale craters, change rapidly in the space and environmental quality.
The space habitable for the most primitive hydrothermal microbial communities
(temperature range 45–120°C) grows rapidly during the first period of the im-
pact cooling reaching the maximum in some thousand years and then fades off
in few tens of thousands years with the gradual decrease and deepening of the
habitable zone(-s) towards the crater centre (Figure 2). This implies that the
potential habitats in IHT systems would be occupied by organisms capable
adapting to the changing conditions by applying alternative metabolic proc-
esses.

Post-impact environmental recovery of the craters' intra- and outer space of-
fers possibilities for microbiota and metazoa to invade and (re-)colonize new,
dissimilar ecological niches — crater lakes or disturbed surface and subsurface
areas (Cockell et al. 2002; Kring 2000a; 200b; Versh et al. in press, Publica-
tion III). However, so far no approved evidence for life at IHT systems has been
found which can be a result of the complicated recognition of ancient microor-
ganism activity and lack of detailed microbiological studies.
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CONCLUSIONS

In the Kärdla structure the development of impact-induced hydrothermal (IHT)
chemical and mineralogical alteration of impactites and physical-chemical con-
ditions of convective fluids were studied. The mineralogical, geochemical and
stable isotope studies suggest three different stages of the evolving IHT system,
characterized by different fluid-state conditions, temperature, alteration type
and mineral phases. The system represents a single thermal event with irre-
versible cooling path. The alteration of impactites was pervasive in the upper
central area, i.e., in the vicinity of the central uplift. At the rim and in the deeper
central portion of the crater depression it was confined to fracture limited fluid-
rock interaction. The IHT system studied at the Kärdla structure can therefore
be considered as a model for medium-to-small size impact structures. Regard-
less of the absence of a thick melt sheet in Kärdla a spatial IHT zoning pattern
is still visible.

Mineralogically the earliest phases of the IHT development are characterized
by alumosilicate alteration of pre-impact minerals plagioclase and hornblende.
The authigenic euhedral to submicroscopic adularia, chlorite and quartz formed
during the early vapor- and middle vapor-to-liquid stages. According to geo-
thermal modeling immediately after the crater modification stage had ended,
temperatures in the central part of the crater reached well above the boiling
point (>350°C). As the chloritization of hornblende took place at temperatures
300 to 150(100)°C (Kirsimäe et al. 2002) the earlier plagioclase/adularia altera-
tion occurred at more elevated temperatures. At the crater rim the alteration was
localized along fractures and impact-injected breccia lenses. Here, the late
(<100°C, low-temperature) stage carbonate and sulfide/Fe-oxyhydrate assem-
blages dominate over authigenic feldspar — chlorite — quartz minerals.

The alteration from the first two stages in Kärdla corresponds to the K-
series, which then evolved into Ca-Mg-series during the last stage of the impact
cooling. According to geochemical and mineralogical data the environmental
conditions in terrestrial IHT systems vary within a narrow interval of pH 6–8 as
a result of anion hydrolysis of mainly alumosilicate target rocks and impact-
derived impact melts/glasses. Compared to volcanic hydrotherms they are ap-
parently richer in dissolved oxygen, but not necessarily oxidative, and low in
reduced compounds.

Like hydrothermal systems generated by endogenic processes, the IHT sys-
tems can create potential ecological niches for high-temperature microbial or-
ganisms. The latter may represent interest in the context of early life and astro-
biological studies.

In most parts of the Kärdla crater the suitable conditions for hydrothermal
microbial communities were established shortly (tens to few hundreds of years
as maximum) after the impact. In the most heated and at first inhabitable central
uplift area the conditions favorable for thermophilic microorganisms (tempera-
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tures below 120 ºC) were reached in 500–1000 years after the impact. The
overall cooling to ambient temperatures in the deeper parts of the central uplift
lasted for thousands of years.

Environmental characteristics of IHT fluids suggest a preference for sulfur
reducing microorganisms in the possible IHT communities. However, the po-
tential habitats created in IHT systems could be occupied by organisms capable
of adapting to the changing conditions by applying alternative metabolic proc-
esses.
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SUMMARY IN ESTONIAN

Plahvatusjärgse hüdrotermaalse süsteemi areng
Kärdla meteoriidikraatris

Meteoriidiplahvatusel hetkeliselt vabanev energia põhjustab tekkiva kraatri
kivimite kuumutuse. Juhul, kui kivimites leidub küllaldaselt (põhja)vett või kui
on tegemist merre kukkunud meteoriidi plahvatusega, võivad meteoriidikraat-
rites moodustuda lokaalsed hüdrotermaalsed süsteemid. Selliste plahvatus-
järgsete ehk impakt-indutseeritud hüdrotermaalsete (IHT) protsesside uurimine
on viimasel kümnendil olnud üks kiiremini arenevaid impaktgeoloogia teema-
sid. Selle teema peamised uurimisvaldkonnad on: (1) IHT kui loodusliku
nähtuse olemuse selgitamine; (2) meteoriidikraatrite jahtumise uurimine; ja
(3) IHT süsteemide võimaliku osatähtsuse selgitamine maavälise elu ja varajast
elu Maal toetava mehhanismina. IHT süsteemid on erinevalt endogeensetest
hüdrotermidest (nt vulkaaniliste piirkondade ja ookeani keskahelike hüdro-
termaalsed süsteemid) väga kitsa levikuga, suhteliselt lühiajalised ning pöördu-
matult jahtuva temperatuuritrendiga.

Käesoleva doktoritöö eesmärk on selgitada mineraloogilisi, geokeemilisi ja
arvutimodelleerimise meetodeid kasutades, milline oli IHT süsteemi areng 4-km
läbimõõduga Kärdla meteoriidikraatris, sh:
(1) selgitada, millised mineraloogilised ja geokeemilised muudatused toimusid

kraatri kivimites IHT süsteemi erinevate arenguetappide jooksul;
(2) uurida millised olid algsed füüsikalised ja keemilised tingimused, kuidas

need tekkisid ja edasise IHT tegevuse ajal muutusid;
(3) selgitada, kuidas meteoriidiplahvatuse järgselt tekkinud hüdrotermaalses

süsteemis võivad kujuneda uued elukeskkonnad, mis on sobilikud kuuma-
lembestele (termofiilsetele) mikroorganismidele;

(4) millised on selliste ökoloogiliste niššide iseloomulikud tunnused ning
kuidas need muutusid ruumis ja ajas.

Kärdla kraater on üks maailma paremini säilinud ja enim uuritud meteoriidi-
kraatreid ning sobilik väikese- kuni keskmisemõõduliste meteoriidikraatrite
mudelstruktuuriks. Tehtud mineraloogiliste ja geokeemiliste uuringute tulemused
näitavad, et Kärdla IHT süsteemi iseloomustab kolmeetapiline areng, mis
väljendab fluidi olekumuutusi algsest aurulisest keskkonnast kuni valdavalt
veelise fluidi tsirkulatsiooni kujunemiseni. Hüdrotermaalsete mineraalide tekki-
mise järjekord ehk parageneetiline rida väljendab tasakaaluliste mineraalsete
faaside moodustumist plahvatusjärgsete fluidi-temperatuuride langusel, mille
kolm etappi on: (1) varajane aurulise fluidi staadium (>300°C), mida iseloo-
mustab krüptokristallilise adulaari tüüpi K-päevakivi tekkimine; (2) peamine
staadium kahe-faasilise (aur-vesi) tsooni arenguga temperatuuridel 300 kuni
150(100)°C, mida iseloomustab kloriidi/korrensiidi, submikroskoopilise idio-
morfse plokilise K-päevakivi ja kvartsi moodustumine; ning (3) hiline, valdavalt
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veelise fluidi staadium (<100°C) kaltsiit I, dolomiidi, kvartsi, kaltsiit II, kalko-
püriidi/püriidi, Fe-oksihüdraatide ja kaltsiit III tekkimisega. Ülalmainitud tule-
mused on kooskõlas kraatri jahtumise geotermaalse arvutimodelleerimise
tulemustega, millest saab järeldada, et kahe esimese staadiumi alumosilikaatne
mineraalne kooslus (K-päevakivi — kloriit/korrensiit– kvarts) tekkis suhteliselt
lühikese aja jooksul (vähem kui 4000–5000 aastat peale kraatri tekkimist), samas
kui karbonaadi — kvartsi — sulfiidi — Fe-oksihüdraatide moodustumine võis
toimuda kuni umbes 10 000 aasta vältel peale kraatri tekkimist.

Meteoriidiplahvatused on kõige enam tuntud nende võimalike katastroofiliste
tagajärgede poolest bioloogilisele evolutsioonile. Samas ei ole plahvatuse mõju
bioloogilisele arengule üksnes hävitav vaid selle tulemusena võib tekkida uus,
märkimisväärselt teistsugune ökosüsteem, andes eksistentsi ja/või arenguvõimalusi
teistele organismidele. Plahvatuse poolt purustatud kivimid ja meteoriidikraatritega
seotud IHT süsteemid võisid olla üheks võimalikuks alternatiivseks prebiootiliste
reaktsioonide toimumispaigaks planeetide varajasel arenguetapil ning iseäranis
varasel Maal, kuna nad pakuvad eluks (vähemalt meile tuntud vormis) vajaliku vett
ning energiat, sh lahustunud toitaineid. Seetõttu on IHT süsteemid teaduslikult
huvitavad objektid kõige vanemate ja primitiivsemate organismide — (hüper)-
termofiilsete mikroobsete organismide — võimaliku elutegevuse uurimiseks. Kuna
igas vett ja/või vee-jääd sisaldavas planetaarses kehas võib selline IHT süsteem
kujuneda, siis on põhjendatud võimaliku primitiivse elu jälgede otsingud taolistest
kohtadest teistel planeetidel, iseäranis Marsil.

Modelleerimise tulemused näitavad, et väikese- kuni keskmisemõõduliste
kraatrite jahtumisel kujunevad termofiilisetele (45–80ºC) ja hüpertermofiilsetele
(80–120ºC) organismidele sobilike temperatuurivahemikega asustamiskõlblikud
tsoonid juba 500–1000 aastat pärast kraatri teket. Jahtumise algfaasis, kui
kraatri keskosas domineerivad auru-fluidid (temperatuuridel üle 250–290°C),
on kraatri keskosa asustuskõlbmatu, samas säilib seal termofiilide ja hüper-
termofiilide seisukohalt optimaalsed kõrgendatud temperatuurid kõige kauem.

Suurtes meteoriidikraatrites, kus kuumutuse käigus moodustuv impaktsula
võib täita kogu topograafilise kraatrisüvendi, on kivimite ja võimalike plahva-
tusjärgsete hüdrotermaalsete fluidide temperatuur eluks sobilikust piirist mitu
korda kõrgem pikema perioodi vältel ning seetõttu on süsteemide asustamine
võimalik alles kümneid kuni sadu tuhandeid aastaid hiljem. Lisaks pikaajalistele
kõrgetele temperatuuridele peab suurte struktuuride korral arvestama impakt-
plahvatuse (ülihelikiirusliku lööklaine ning impaktkuumutuse) steriliseeriva
mõjuga. Steriliseeriv mõju on väiksemates kraatrites aga minimaalne.

Seni, vähesed avaldatud IHT süsteemide ehitust ja kujunemist käsitlevad
artiklid on keskendunud vaid suurtele (>50 km läbimõõduga) kraatritele ning
väikese- kuni keskmisemõõduliste kraatrite uuringud praktiliselt puudusid.
Seega on antud töö tulemused originaalsed kogu maailma kontekstis ja omavad
suurt tähtsust sarnaste protsesside mõistmiseks väikse kuni keskmise suurusega
meteoriidikraatrites, andes seni puudunud kompleksse lähenemise IHT süsteemi
tekkest ja arengust ning bioloogilistest aspektidest ühe kraatri näitel.
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Abstract

Effect of meteorite impact on the biological evolution is usually considered by its catastrophic consequences. However, the impacts can

create opportunity for other organisms and the structures themselves can serve as suitable ecological niches (oases) for life. In this

contribution we present results of modeling of an impact-induced hydrothermal (IHT) system in a small-to-medium sized impact crater,

where the development of zones habitable for primitive hydrothermal thermophilic and hypethermophilic microorganisms was studied.

The impact and geothermal modeling was verified against the 4-km diameter Kärdla complex structure, Hiiumaa Island, Estonia. If there

is an sufficient amount of water present in the target (e.g., sea cover, groundwater or permafrost resources) then the differential

temperature fields created by the impact initiate a hydrothermal circulation system within the crater. The results of transient fluid flow

and heat transfer simulations in Kärdla suggest that immediately after impact the temperatures in the central area, which contains the

most hydrothermal alteration, were well above the boiling point. However, due to efficient heat loss at the groundwater vaporization

front, the vapor-dominated area disappears within a few decades. In the central uplift area, the conditions favorable for thermophilic

microorganisms (temperatures o100 1C) were reached in 500–1000 years after the impact. The overall cooling to ambient temperatures

in the deeper parts of the central uplift lasted for thousands of years. In the crater depression and rim area the initial temperatures,

suggested by the impact modeling, were much lower—from 150 1C to ambient temperatures, except locally in fracture zones and suevite

pockets. Our data suggest that in small-to-medium size impact craters with insignificant melting, the suitable conditions for hydrothermal

microbial communities are established shortly (tens to few hundreds of years as maximum) after the impact in most parts of the crater. In

the central uplift area the microbial colonization is inhibited for about a thousand years. However, this is the area, which afterwards

retains the optimum temperatures (45–120 1C) needed for hydrothermal microorganisms for the longest period. Geochemical and

mineralogical data suggest, in general, neutral pH 7(71) fluid of the IHT system, which is, when compared to volcanic hydrotherms,

richer in dissolved oxygen and poor in reduced compounds. This suggests the preference for sulfur-reducing microorganisms in the

possible impact-induced hydrothermal communities.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: Meteorite crater; Hydrothermal systems; Geothermics; Habitat; Microorganisms

1. Introduction

Meteorite impact events are mostly known to public by
their catastrophic consequences. Impact heating and the

a global scale. At the same time, the cooling impact
structures may have served as suitable ecological niches for
life (e.g., Cockell and Lee, 2002). This is the case
particularly for present day preferential microbial coloni-
super-high pressures wipe out all living matter at the zation of the shocked rocks compared to the unshocked or

immediate vicinity of the impact site, and in the case of
large-scale impacts, the biological devastation may obtain

low-shocked rocks in the �23Ma Haughton crater,
Arctic Canada (Cockell et al., 2002). Furthermore, the
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pact-induced endolithic habitats (pores and fractures)
ould have served as potential refuges from ultraviolet
diation already for earliest Archean microorganisms
ockell, 2004).
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gneisses (Suuroja et al., 2002). The structure is practically
uneroded owning to rapid burial after the event and is
today covered by post-impact Upper Ordovician, Silurian,
and Quaternary deposits, which also compose the upper
portion of the crater-filling sediments (Fig. 2). The lower
part of the crater depression is filled with complete

E IN PRESS

tial e

/j.pss

ring-fault
fault

Ordovician

Silurian

10 km

Baltic Sea

Kärdla crater

58°40'

22°00' 23°00'

59°00'

58°50'

22°30'

58°40'

59°00'

58°50'

22°30'

Baltic Sea

R
us

si
a

Sw
ed

en

Finland

Nor
way

Poland

Estonia

Germany

Denmark Latvia

200 km

R
us

si
a

Nor
th

 S
ea

20°

55°

70°

65°

10°

60°

20° 30°

60°

55°

65°

0° 10°

30°

Lithuania

22°00' 23°00'

(b)

(a)

Fig. 1. (a) Location of the Kärdla structure in northern Europe, at the

west coast of the Baltic Sea. (b) Location of the crater and its surrounding

ring-fault at the bedrock map of the Hiiumaa Island.
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If there is sufficient amount of water present in the targe
(e.g., impacts into sea, groundwater or permafros
resources) the differential temperature fields created b
the impact can initiate a hydrothermal circulation system
within the crater. Evidences of impact-induced hydrother
mal (IHT) activity have been found at a number o
terrestrial impact structures (e.g., Naumov, 2002), thi
phenomenon is also suggested for extraterrestrial crater
(Newsom, 1980; Newsom et al., 1996). While volcani
hydrothermal systems have been found to support life o
Earth (Corliss et al., 1979) there is no well-documente
evidence for life at IHT systems yet (Cockell and Lee
2002). There are several possible reasons. Firstly, th
cooling of an impact crater occurs geologically in a shor
period of time and suitable temperature zones (ecologica
niches) may change too rapidly in time and space, thu
preventing a stable colonization. Secondly, activity o
microbial organisms, which are most adaptive for hydro
thermal conditions, is not easy to recognize in a fossil IHT
system. Thirdly, there is yet a need for detailed studies o
these IHT systems. The latter are interesting to study als
in respect to early life as they could well have provide
conditions supportive for the development of life on th
Archean Earth, which cannot be excluded for othe
planetary bodies as well (Kring, 2000; Mojzsis an
Harrison, 2000).

IHT systems may persist for extended periods of time
however, their size and life time will critically depend o
the magnitude of the impact event, the composition an
structure of the target, and the prevailing cooling mechan
ism. In this contribution, we study the evolution o
potentially suitable habitats for high-temperature (hy
perthermophilic and thermophilic) microorganisms in a
IHT system at a small-to-medium sized impact crater b
complex numerical modeling. The impact and geotherma
transient fluid modeling was scaled and verified agains
the 4-km diameter Kärdla impact structure, Estonia
which structure and development is well constrained (e.g
Puura and Suuroja, 1992; Suuroja et al., 2002; Kirsimä
et al., 2002; Puura et al., 2004; Versh et al., 2005; Jõeleh
et al., 2005).

2. Geological setting of the Kärdla structure

The Kärdla structure is located on the Island of Hiiuma
(5815804000N, 2214604500E), 25 km off the northwestern coas
of Estonia (Fig. 1). The structurally complex (Puura an
Suuroja, 1992) impact structure is 4 km in diameter an
�540m deep with a central uplift exceeding 100m. Th
crater formed in a shallow (�100m deep) epicontinenta
Ordovician sea about 455Ma ago (Grahn et al., 1996) int
a target composed of a 150m-thick Early Paleozoi
siliciclastic and carbonate sedimentary sequence on top o
Paleoproterozoic crystalline basement represented b
regionally metamorphosed retrograde amphibolite-facie
migmatitic granites and quartz–feldspar gneisses wit
amphibolites, biotite gneisses, and biotite–amphibol
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sequence of authigenic and allogenic (sedimentary and
crystalline polymict breccias with suevitic breccia zones)
impact breccias covered by resurge breccias (Puura and
Suuroja, 1992; Puura et al., 2004). Authigenic breccias are
composed of cataclastic crystalline basement rocks that are
fractured to different degrees. Fracturing decreases gradu-
ally with depth and extends to �1 km beneath the original
surface. No evidence of an impact melt sheet in the crater
interior has been found; however, the suevitic breccia units

cological niches in impact-induced hydrothermal systems: The small-to-

.2005.12.022.

dx.doi.org/10.1016/j.pss.2005.12.022


were found to contain devitrified melt clasts (Suuroja et al.,
2002).

inside of the crater that extend to at least suevitic breccias
(Fig. 2). Nevertheless, they reveal vertical porosity varia-
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Fig. 2. (a) Geological map of the Kärdla structure area with location of drill-cores referred to in the text. Black dashed lines show the location of the crater

rim and the cross-section (A–A0) presented in (b). Black long dashed line marks the border of the town Kärdla in the NW part of the crater. (b) Cross-

section of the crater structure in SW–NE direction with locations of drill-cores. Vertical scale indicates meters below surface. Modified after Versh et al.

(2005).
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3. Impact and geothermal modeling

Impact and geothermal modeling was applied to study
the impact cooling and the space–time development of
suitable habitats for high-temperature microbial life
colonization in the Kärdla structure. In the first step, the
heating by the impact and the post-impact temperature
distribution were found by numerical impact modeling
using the modified version (Ivanov et al., 1997; Ivanov and
Deutsch, 1999) of the two-dimensional hydrocode SALE
(Amsden et al., 1980). An analytical equation of state
(ANEOS; Thompson and Lauson, 1972) was used to
describe the properties of the granitic projectile and the
target. The diameter (300m) and velocity (15 km s�1) of the
projectile were found by trial to fit the simulated crater size
and shape to the observations in Kärdla.

In the second step, the impact geothermal modeling
accounting for coupled heat transfer and multi-phase fluid
flow in a variably saturated medium was performed. The
distribution of parameters in the two-dimensional axi-
symmetric model was partially based on borehole data.
The data are limited because there are only three boreholes

Please cite this article as: Evelin Versh et al., Development of potential

medium size impacts, Planetary and Space Science (2006), doi:10.1016/j.p
ns in the breccias and fractured basement (Plado et al.,
02) that were used for the post-impact water saturation
rocks assuming that the saturation is a reciprocal of the
rosity. The permeability of rocks was also assumed to
ry with lithology and depth from 10�13m2 in the suevitic
eccia to 10�17m2 in the unaffected rocks at greater depth.
e resurge of seawater into the crater was not simulated
the impact modeling hydrocode. However, the resurge

diments were added to the model assuming their
mperature as that of the seawater (20 1C) and perme-
ility of 10�12m2, a value that is typical for the
dimentary rocks, which compose the majority of the
surge sediments. More details on the modeling are given
Jõeleht et al. (2005). The impact heating–cooling model
as verified against the geological observations and
aracterization of IHT activity within the Kärdla
ructure (Versh et al., 2005).

Mineralogical characteristics of the Kärdla structure

drothermal system

In the Kärdla structure an IHT system was generated by
e interaction of impact heated rocks and intruding

gical niches in impact-induced hydrothermal systems: The small-to-
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and
seawater, representing a single thermal event with a
irreversible cooling path, resulting in a series of alteratio
products. The impactites inside and in the vicinity of th
crater are characterized by a major HT alteration o
authigenic and allogenic breccias. Hornblende and plagi
oclase, along with impact glass and melt clasts, wer
replaced mainly by clay (chlorite/corrensite), quartz, an
orthoclase-type K-feldspar in impact affected granites an
amphibolites, resulting in K-metasomatism and Na and C
depletion. The aluminosilicate HT alteration took place i
circulating vapor- to vapor–liquid-dominated environmen
in the early and middle stages of the system development a
temperatures 4300 1C to 150/100 1C (Versh et al., 2005)
The maximum fluid temperatures at early stages of the IHT
fluids circulation reached as high as 400–500 1C as reveale
by fluid inclusion studies in quartz (Kirsimäe et al., 2002)
The high-temperature stages were followed by quartz–car
bonate–sulfide and Fe-oxyhydrates crystallization from
liquid-dominating fluids at lower temperatures (o100 1C)
characterizing the latest cooling phase of the system.

The IHT alteration in Kärdla impactites is mainl
located in the upper central area of the crater, but th
fracture-limited fluid–rock interaction also occurs at th
rim and in the deeper central areas of the crater depressio
(Versh et al., 2005). It was found that the alteratio
intensity (i.e., the abundance of the authigenic phases
varies with the location within the structure. At the rim
wall, hydrothermal alteration is localized along fracture
and impact-injected breccia lenses, where the carbonat
and sulfide/Fe-oxyhydrate assemblages dominate over th
authigenic feldspar–chlorite–quartz minerals. More pro
longed and intense alteration is evident within the crate
depression (drill-core K-12 and the lower part of the K-
section) and around the central uplift (drill-core K-18)
where the silicate–clay alteration is dominant. At the rim
wall area, the plagioclase K-alteration and hornblend
chloritization is restricted to fracture planes and grai
boundaries and probably also to metastable impact mel
glass/diaplectic glass fragments within the breccia lenses
Conversely, in the central uplift—crater depression area th
alteration zones reach progressively outwards from th
fractures into the host rock, and up to one-third o
the plagioclase and hornblende volume is replaced with th
authigenic minerals.

5. Development of IHT system at the Kärdla-sized crater

and the distribution of potential hydrothermal ecological

niches

During the first thousandth of a second after the impact
pressures up to hundreds of GPa and temperatures up t
ten thousands of degrees occur at the immediate projec
tile—Earth compression zone. However, the impac
pressures and temperatures for most parts of the crate
area are much less, ranging from 100–50GPa and �1200K
in impact melt down to ambient conditions at some radia
distances from the impact center. Geological observation
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and the modeling of the impact suggest that the heated
rocks, which can initiate the hydrothermal fluid flow, are
found at two positions. First, a layer of melted and/or hot
brecciated rocks formed near the free surface during the
crater excavation and modification stages. The degree of
rock melting as well as the volume and extent of this layer
depends on the crater scaling (Ivanov and Deutsch, 1999).
Second, the rocks those form in the central uplift and its
closest neighborhood, which are heated up during shock-
wave passage and decompression. Also, an additional
thermal impulse into the crater area can be provided by the
stratigraphic uplift and shear heating during the formation
of the central peak, and the rapid unloading of the
target basement (Masaitis and Naumov, 1993; Crossey
et al., 1994).
Spatial configuration of the IHT system(s) depends

evidently on the presence and dimensions of the impact
melt sheet. In large multi-ring impacts the initially
impermeable melt sheet covers the entire peak ring-basin
area, as well as in part the space between the peak ring and
final crater rim (e.g., Sudbury structure in Ontario,
Canada). In that case, the IHT system develops originally
in the annular trough between the peak ring and the final
crater rim, with the fluid venting through faults in the
crater modification zone (Abramov and Kring, 2004).
However, in the small-to-medium scale craters without
significant melting, the IHT system forms in and around
the central high (Jõeleht et al., 2005). Likewise, the life time
of the IHT system varies significantly with the crater size
depending on the amount of melting and governing mode
of heat transport. In large structures, such as Sudbury, the
formation of the IHT system is in most part of the crater
inhibited for �105 years by the low permeability of rock
and or melt and the first period of cooling is mainly
determined by the least effective, i.e. conductive heat
removal mechanism. Consequently, Abramov and Kring’s
(2004) estimate for the life time (defined herein as the time
needed for the system to cool below 90 1C within 1 km of
the surface everywhere in the model) of the 150-km
diameter Sudbury is in the range of 0.22–3.2Ma, depend-
ing on the surface permeability.
In structures with limited melting the IHT system is

formed shortly after the impact and the cooling is governed
mainly by convective heat transport leading to more rapid
temperature decrease. In the 4-km diameter Kärdla
structure the cooling to temperatures below 90 1C in the
uppermost 1 km takes only 1500–4500 years (Jõeleht et al.,
2005), which is two to three orders of magnitude less than
in large-scale structures. The modeling results suggest that
in similar small-to-medium scale craters the habitable zone
for hyperthermophilic and thermophilic organisms is
created soon after the impact in most part of the crater.
Moreover, the small-to-medium scale structures are the
most likely devoid of deep heat sterilization of large rock
volumes as in the case of large-scale melting. The
organisms, that survive the impact, are readily present in
the environment and are capable of colonizing the system
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Blöchl et al., 1997) and recently reported 121 1C (Fe3+-
reducing chemolithoautotroph Strain 121; Kashefi and
Lovley, 2003). Yet, culture of the thermophilic aerobe
Thermus aquaticus, readily isolated from terrestrial HT

IN PRESS

ecological niches in impact-induced hydrothermal systems: The small-to-

ss.2005.12.022.

Fig. 3. Geothermal modeling simulations of post-impact temperature

distribution at the Kärdla impact site 1, 200, 1800 and 10,000 years after

the impact event. The simulation reaches down to 1.0 km in depth and

2.5 km in width. Mass flow rates of liquid water (black arrows) and vapor

(white arrows) are drawn in the lognormal scale with the largest arrow

corresponding to 10�6 and the shortest to 10�10 kgm�2 s�1. The isotherms

represent following: dark gray, 4120 1C; gray, 120–80 1C (growth-

temperature range of hyperthermophiles), light gray, 80–45 1C (growth-

temperature range of thermophiles); white, o45 1C.
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in a short time after the impact. Simulated impact
experiments suggest that Bacillus subtilis spores survive
the pressures of 32GPa and temperatures peaked at 250 1C
(Horneck et al., 2001). At the Kärdla-type crater these
limits were exceeded only at the centermost area.

The results of transient fluid flow and heat transfer
simulations in the Kärdla structure (Fig. 3) suggest that in
the most hydrothermally altered central area the tempera-
tures were well above the boiling point (250–290 1C,
depending on the hydrostatic pressure) immediately after
the impact and a vapor-dominated area formed. However,
due to efficient heat removal at the liquid/vapor front
(Jõeleht et al., 2005), this area diminishes in a few tens of
years in the upper part of the central uplift (the most
permeable breccia sequence) and it lasted for less than a
hundred years in the deeper part. At the crater depression
and rim area the initial temperatures suggested by impact
modeling were much lower—from 150 1C to ambient
temperatures at the outer rim. However, the mineralogical
data (Versh et al., 2005) suggest that the temperatures at
the rim might have been locally higher (up to 200–300 1C)
in the fracture zones and suevite pockets for few years after
the impact. In most areas of the crater the conditions
favorable for high-temperature microorganisms (tempera-
tures o100 1C) were reached in less than 500–1000 years.
The suitable zones for hyperthermophilic (80–120 1C) and
thermophilic (45–80 1C) organisms change significantly in
space and volume with time (Fig. 4). As a general
consequence, the volume of space that is habitable for
hydrothermal microbial communities (temperature range
of 45–120 1C) in the Kärdla structure grows rapidly during
the first period of the cooling. It reaches the maximum in
1500–2000 years and then fades within 20,000–25,000 years
with the gradual decrease and deepening of the habitable
zone(s) toward the craters center. The cooling of the rim is
quite fast as is demonstrated by the prompt changes of the
volume with temperatures 45–80 1C during the first decades
after the impact (Fig. 4 inset). Although in the central peak
region the possible microbial colonization is inhibited for
about a thousand years, this is the rock body that retains
the optimum growth temperatures (45–80 1C) needed for
thermophiles and/or hyperthermophiles (80–120 1C) for the
longest period. The thermal equilibration of the whole
impact takes much longer time. Even though the maximum
temperature disturbance after 10,000 years is only about
15K, the heat flow density is two times higher than in the
surrounding areas (Jõeleht et al., 2005).

6. Potential inhabitants of the IHT systems

Modern hydrothermal systems (including deep-sea hy-
drothermal vents) support a large variety of microorgan-
isms, including thermophilic and hyperthermophilic forms
of both the Bacteria and Archaea domains (Van Dover,
2000). Most hyperthermophilic organisms are Archaea,
capable of growing at temperatures as high as 113 1C
(nitrate-reducing chemolithoautotroph Pyrolobus fumarii;
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conditions at temperatures above 80 1C, the cardina
growth temperatures determined in the laboratory studie
might really be underestimates of true in vivo growt
temperatures (Cowan, 2004). Apart from these extremes
the optimum temperatures are much lower and in genera
the diversity of microbiota increases with the lowerin
temperature. The optimum growth conditions for mos
thermophiles is 45–80 1C and 80–107 1C for hyperthermo
philes, while the upper limit for eucaryotes is only �60 1C
(Barns and Nierzwicki-Bauer, 1997).

The variety of microfossils associated with ancien
hydrothermal deposits reported to date is much less whe
compared with recent viable systems. They are mostl
presented by filamentous and autotrophic, even though th
microbial communities of most modern hydrotherma
ecosystems also contain mesophilic and thermophilic cocc
which, however, are difficult to recognize in the geologica
record (Reysenbach and Cady, 2001). Reysenbach an
Cady (2001) explain the abundance of filamentous an
sheathed organisms in terrestrial and marine hydrotherma
systems with an advantage of that morphology over cocc
by enabling complex microbial mat formation and retai
filaments in a fast-flowing fluid environment. However, thi
should not be taken as a universal rule. Modeling result
suggest in Kärdla the net Darcy velocities are in the orde
of 10�6m/s at most, which are evidently too low to caus
this kind of environmental adaptation in heavily fracture
impactites.
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medium size impacts, Planetary and Space Science (2006), doi:10.1016
The structure of the microbial community at a particular
IHT system is primarily defined by the environmental
conditions depending on the temperature and geochemical
characteristics of the fluid (fluid–rock interaction) within
the system, but also the possibility for photosynthesis. In
terrestrial hydrotherms (springs) thermophilic photoauto-
trophs predominate over other groups. At deep sea
hydrothermal vents chemosynthetic (chemolithoauto-
trophic) groups use the energy from the interaction of
reduced compounds in the hydrothermal fluid (sulfur, iron,
etc.) and surrounding oxidized seawater (Van Dover,
2000). The IHT systems differ from most known volcanic
(both terrestrial and deep sea) hydrotherms in many
aspects, such as temperature history, fluid flow character-
istics and chemistry, size, etc. As an example, at large
craters IHT systems can be generated that are volume-
trically an order of magnitude larger compared to volcanic
hydrotherms (Abramov and Kring, 2004). The assemblage
and geochemical characteristics of the hydrothermal
minerals in IHT systems vary within a narrow interval of
pH and suggest weakly alkaline and near neutral environ-
ments (pH 6–8) as the result of anion hydrolysis of mainly
the aluminosilicate composition rocks and impact-derived
impact melts/glasses. Also, the solutions maintain Eh
values of 4�0.5V (at least for a neutral environment) in
the course of the hydrothermal process (Naumov, 2002;
Koeberl and Reimold, 2004). However, in target rock
sediments rich in organic carbon the organics can be
degraded/respired at the rate which exceeds oxygen
transport and groundwater would be of reducing character.
These constrained environmental variables suggest some
limitation/specification for possible thermophilic and/or
hyperthermophilic microorganisms that could colonize
such a system. The ecological analysis of the thermophiles
and hyperthermophiles in the IHT system is beyond the
scope of this paper. However, if most of the Archaea and
Bacteria are neutrophiles and can easily grow in the slightly
acidic-alkaline pH range (6–8) of the impact-induced
environment, then, unlike the volcanic environments that
are generally low in oxygen and rich in reductants (Barns
and Nierzwicki-Bauer, 1997), the impact-induced systems
seem to be richer in dissolved oxygen, but not necessarily
oxidative, and poor in reduced compounds. This would
suggest the preference of sulfur-reducing microorganisms
in the marine IHT communities, whereas many sulfate
reducers are also able to use molecular H2, on which most
of the chemolithotropic reactions rely in hydrothermal
vents (McCollom and Schock, 1997). Furthermore, the
microorganisms in impact-induced hydrotherms cannot be/
have not been as highly specialized as these hydrotherms,
especially in small-scale craters, which change rapidly in
the space and environmental quality. This implies that the
potential habitats in IHT systems would be occupied by
organisms capable of adapting to the changing conditions
by applying alternative metabolic processes.
A search was conducted, as part of this investigation, for

possible fossil remains of IHT microbial activity in the

N PRESS

cological niches in impact-induced hydrothermal systems: The small-to-

.2005.12.022.

Space Science ] (]]]]) ]]]–]]]

dx.doi.org/10.1016/j.pss.2005.12.022


w
ga
im
ow
co

A

Sc

R

Ab

Am

Ba

Bl

Co

Co

Co

Co

Co

Cr

Gr

Ho

Iv

Iv

Jõ
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Kärdla structure. However, the observations have not
revealed any direct in situ evidences of microbial coloniza-
tion and preservation within these rocks so far, and this
question needs further investigation.

7. Conclusions

The role of meteorite impacts in the biological evolution
is controversial—large-scale impacts can cause global
interruptions in the development of some ecosystems, yet
creating opportunities for other organisms/ecosystems. On
a smaller scale, the impact structures themselves can serve
as suitable ecological niches (oases) for life. In impacts into
water-containing targets—planetary surfaces covered with
sea, groundwater or permafrost resources—the impact
heating of crater rocks can initiate hydrothermal circula-
tion systems. These IHT systems may host the most
primitive thermophilic and/or hyperthermophilic micro-
organisms that are interesting to study in respect to origin
of early life on Earth, as well as for exobiological
perspectives. The impact modeling at a small-to-medium
scale Kärdla structure suggests that the habitable zone for
hydrothermal hyperthermophilic and thermophilic organ-
isms is created soon after the impact in most parts of the
crater, whereas the small-to-medium scale structures are
the most likely to be devoid of deep heat sterilization of
large rock volumes as in the large-scale impacts that
include significant melt production. The transient fluid flow
and heat transfer simulations for Kärdla suggest that the
temperatures were above the boiling point immediately
after the impact, and the potential colonization was
inhibited for about a thousand years in the deeper part.
In most parts of the crater the conditions favorable for
thermophilic microorganisms (temperatureso100 1C) were
reached in 500–1000 years. The suitable zones for hyper-
thermophilic (80–120 1C) and thermophilic (45–80 1C)
organisms change significantly in space and volume with
time. The space habitable for hydrothermal microbial
communities (temperature range 45–120 1C) in Kärdla
structure grows rapidly during the first period of the
cooling reaching the maximum in 1500–2000 years and
then fades within 20,000–25,000 years with gradual
decrease and deepening of the habitable zone(s) toward
the crater center. The cooling of the rim is quite fast as is
demonstrated by prompt changes of the volume with
temperatures 45–80 1C during the first decades after the
impact. However, the mineralogical data (Versh et al.,
2005) suggest that the temperatures at the rim might have
been locally higher (up to 200–300 1C) in the fracture zones
and suevite pockets for few years after the impact. The
geochemical and mineralogical data suggest that the
environmental conditions in IHT systems vary within a
narrow interval of pH 6–8 as a result of anion hydrolysis of
mainly the aluminosilicate composition rocks and impact-
derived impact melts/glasses. Unlike volcanic environments
the impact-induced systems are apparently richer in
dissolved oxygen, and low in reduced compounds. This
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ould suggest a preference for sulfur-reducing microor-
nisms in the IHT communities, while the organisms in
pact-induced hydrotherms cannot be highly specialized
ning to rapid changes in the temperature and fluid
mposition in the course of the impact cooling.
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