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Introduction: Kinetic energy released to the target 

by a meteorite impact results in the heating-to-melting 
and vaporization of the projectile and target rocks 
which then starts to cool to the ambient conditions. In 
dry environments the heat loss occurs mainly by 
conduction and radiation transfer. If the water is 
present at the crater site the cooling can also include 
convective heat transfer by a hydrothermal circulation 
system. Evidences of such system have been found at 
many terrestrial craters [1] and it is suggested for 
extraterrestrial craters as well [2]. 

Impact induced hydrothermal systems are 
important to study in many aspects. First, cooling and 
development of such systems is still at debate. In most 
described cases these systems form in and around the 
craters central uplift (e.g. Kärdla, Puzhes-Katunki, 
Siljan) whereas in others they are recognized only at 
the crater rims (e.g. Haughton). Secondly, mineral 
deposits formed and/or modified by these 
hydrothermal fluids represent significant economical 
interest (e.g. Sudbury). Thirdly, in recent years 
profound studies have been made on thermal side of 
the impacts, as they may create new environments for 
life to evolve [3], which is of great interest in respect 
to search for possible extraterrestrial life. 

In this contribution we report a complex geological 
observation, modeling and biological study about post-
impact cooling of a medium-to-small scale Kärdla 
impact crater in Hiiumaa Island, Estonia. The Kärdla 
crater is 4 km in diameter and ~540 m deep with a 
central uplift exceeding 150 m height above the crater 
floor. It formed in a shallow (<100 m deep) 
epicontinental Ordovician sea ~455 Ma ago into a 
target composed of thin siliciclastic and carbonate 
sediments covering crystalline basement [4]. 

Mineralogy: Kärdla crater is an example of an 
impact induced hydrothermal system developed in the 
fractured basement rocks at the central peak and in 
surrounding breccias. The hydrothermal water-rock 
interaction in heated impactites is characterized by a 
complex of clay – K-feldspar – silicate - carbonate 
mineralization assemblage. The most intensive 
alteration is found in breccias and shattered basement 
immediately at the central uplift. Mineralogical and 
fluid inclusion data suggest post-impact temperatures 
in heated breccias varied from peak ~440°C to ambient 
conditions [5] (Fig. 1). 

The parasequence of the hydrothermal 
mineralization represents a sequence of minerals 
formed in a single event of the gradually decreasing 
post-impact temperature. Mineral associations suggest 
at least three evolutionary stages: (1) early vapor 
dominated stage (>300 ºC), which resulted in the 
precipitation of cryptocrystalline adularia type K-
feldspar and quartz; (2) main stage (300 to 150(100) 
ºC), with development of two-phase (vapor to liquid) 
zone with chlorite/corrensite, submicroscopic 
idiomorphic (blocky) K-feldspar and quartz formation; 
and (3) late liquid dominated stage (<100 ºC), with 
calcite I, dolomite, quartz, calcite II, 
chalcopyrite/pyrite, Fe-oxyhydrate and calcite III 
precipitation. 
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Fig 1. Post-impact hydrothermal mineralization 
parasequence and post-impact temperatures in Kärdla 
crater. Shock pressures (20-35 GPa) from [6] and 
histogram of aqueous (H2O-NaCl) quartz fluid-
inclusion homogenization temperatures (Th) from [5] 
are shown at the RH side. K - K-feldspar, Chl/Cor - 
chlorite/corrensite, Cal - calcite, Dol - dolomite; I, II, 
III - 1st, 2nd and 3rd generation. Formation 
temperatures for chlorite-corrensite and carbonate 
minerals are estimated form geothermometry and 
stable isotope composition, respectively. 
 

Impact and geothermal modeling: The SALE 
hydrocode was used to simulate formation, 
modification and the impact heating in Kärdla crater. 
Modeling was done using ANEOS equation of state 
algorithm. Modeling results are in good agreement 
with mineralogical and fluid inclusion observations 
and suggest maximum post-impact temperatures of 
400-600°C. 
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The results of transient fluid flow and heat transfer 
simulations in Kärdla suggest that immediately after 
the impact the temperatures in the hydrothermally most 
altered central area were well above the boiling point 
(200-250°C depending on hydrostatic pressure at 
location). Due to efficient heat loss at groundwater 
vaporization front the vapor-dominated area 
disappears in a few tens to hundreds of years. The 
overall cooling to ambient temperatures in the deeper 
parts of the central uplift may have lasted for 
thousands of years. In crater depression and rim areas 
the initial temperatures, suggested by impact modeling, 
were much lower – from 150°C to ambient 
temperatures. However, the mineralogical data suggest 
that the temperatures at the rim have been locally 
higher (up to 200-300°C) in fracture zones and suevite 
pockets. These higher temperatures could have lasted 
for few years after the impact only. In the early stage, 
convective heat transfer prevails whereas at the later 
stage conduction dominates. This is due to the 
convection/conduction ratio, which depends on a rock 
permeability structure, and because the permeability of 
shattered rocks in an impact crater decrease in time 
due to the closure of pores by hydrothermal 
mineralization. It is relevant that different parts of the 
crater cool at different rate, e.g. in comparable depth 
the rocks in central uplift are not cooling as fast as 
rocks near the ring depression, and precipitation of the 
same hydrothermal mineral varies in time and space. 

Prospects for life: Geothermal models suggest that 
in the central uplift area conditions for thermophilic 
microorganisms (temperatures <100°C) were reached 
already in less than 500-1000 years after the impact 
(Fig. 2). Suitable conditions for hydrothermal 
microbial communities were established shortly (tens 
to few hundreds of years as maximum) after the impact 
in the most part of the crater. In the central uplift area 
the microbial colonization was inhibited for about a 
thousand year. However, this was the area, which 
retains the optimum temperatures (60-80°C) for 
thermophiles for the longest period. 
So far, we have not found any direct evidences of 
microbial colonization in hydrothermal fracture 
systems at Kärdla. 
 

 
 

 
 

 
 
Fig. 2. Temperature field evolution in Kärdla crater 
rocks: (a) 0.25 years, (b) 200 years and (c) 1400 years 
after the impact. Isoterms are drawn after every 50 °C, 
from 400 °C down to 50 °C. Temperature field 
between 100 and 80 °C (as most suitable for 
hyperthermophiles) is marked with darker color. 
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