
Meteoritics & Planetary Science 37, 449-457 (2002)
Available on line at hnp:llwww.uark.edu/meteor

Hornblende alteration and fluid inclusions in Kardla impact crater, Estonia:
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Abstract-The well-preserved Kardla impact crater, on Hiiumaa Island, Estonia, is a 4 Ian diameter
structure formed in a shallow Ordovician sea -455 Ma ago into a target composed of thin (-150 m)
unconsolidated sedimentary layer above a crystalline basement composed of migmatite granites,
amphibolites and gneisses. The fractured and crushed amphibolites in the crater area are strongly
altered and repl aced with secondary chloritic minerals. The most intensive chloritization is found in
permeable breccias and heavily shattered basement around and above the central uplift. Alteration is
believ ed to have resulted from convective flow ofhydrothermal fluids through the central areas of the
crater. Chlo ritic min eral associations suggest formation temperatures of 100-300 °C, in agreement
with the most frequent quartz fluid inclusion homogenization temperatures of ISO-300 °C in
allochthonous breccia. The rath er low salinity of fluids in Kardla crater «13 wt% NaCleq) suggests
that the hydrothermal system was recharged either by infiltration of meteoric waters from the crater
rim walls raised abo ve sea level after the impact, or by invasion of sea water through the disturbed
sedimentary cover and fra ctur ed crys talline bas ement. The well-developed hydrothermal system in
Kardl a crater shows that the thermal history of the shock-heated and uplifted rocks in the central
crater area, rather than cooling of impact melt or suevite sheets, controlled the distribution and intensity
of the impact-induced hydrothermal processes.

INTRODUCTION

Most impact cratering studies have focused on the processes
of cra ter form ation ; co nse que ntly, far less is known about the
post-impact c rat er evo lutio n . Post-impact hydrothermal
alt e rat ion of cra te r roc ks is a co mmo n imp act -related
phenomenon , which can provide insight into crater formation
and development . Fo rma tion of hydrothermal systems in
imp act cra ters res ults from the large amount of kinetic energy
released to the target. Pr op agat ion of superso nic shock wave
into th e target and pr oj ectile cau ses extraordinarily high
pressures and temperatures reaching, respectively, > I00 GPa
and >3000 °C in large-scale impacts (Melosh, 1989). Adiabatic
decompression ofproject ile and targ et rocks compressed above
- 45 GPa during shock wave passage may lead to their melting
and va po r iza t io n (S to ffler, 1972 ). Strong differential
temperatures in the cra te r basement due to the post-shock
residual heat remaining in roc ks after decompression creates a
hyd rothermal circulation system ifwater is present at the crater
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site or it can be also ted by fluids form ed during degassin g of
impact melt in large craters such as Ries (Ne wsom et aI., 1986).

Impact-induced hydrothermal acti vity, althou gh poorl y
studied, is known in many terrestrial cra ters (e.g., A llen et aI.,
1982; Ne wso m et aI., 1986; Kom or et aI., 1988; Koeb erl et
aI., 1989; Masaiti s and Naumov, 1993; Boer et al., 1996;
McCarville and Crossey, 1996 ; Sturke ll et aI., 1998; Naumov,
1999 ; Gib son and Rei m old , 2000) and imp lie d fo r
extraterrestrial craters as well (A llen et al., 1982; Ne wso m et
aI., 1996). Except for the Lockne (Stur kell et aI., 1998) and
Roter Kamm craters (K oeb erl et aI., 1989; Rei mo ld et aI. ,
1997), impact-induced hydroth ermal activity is accompan ied
by a cooling of the impact melt bodi es or suevi tes . Signs for
an occurrence of an impact melt shee t and/o r suevite have not
been found in the Kardla, Moreover, the coptogeni c fragmental
breccias that constitute the crater fillin g allochtho nous deposits
contain <I vol% melted materi al (Puura et aI., 2000) . We
present data on the alteration of hornblend e in amphibo litic
target rocks and of secondary fluid inclusion s in imp act
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breccias, both of which indicate a short-lived, yet well­
developed, hydrothermal system formed in the brecciated and
heated crater basement after impact.

LOCATION AND GEOLOGICAL SETTING

The Kardla impact crater is located on the island ofHiiumaa,
25 km off the northwestern coast of Estonia. The crater is 4 km
in diameter and ~540 m deep with a central uplift exceeding
100 m high (Fig. I). The Kardla crater formed in a shallow
« I00 m deep) epicontinental Ordovician sea ~455 Ma ago
into a target composed of a 150 m thick early Paleozoic
siliciclastic and carbonate sedimentary sequence covering a
crystalline basement (Puura and Suuroja, 1992). Although the
diameter of the Kardla crater is the same as the transition
diameter between simple and complex, the presence ofan uplift
suggests a structurally complex impact crater. Plado et al.
(1996) has suggested that the presence of seawater on top of
the target facilitated the formation of the central uplift.

The Paleoproterozoic crystalline basement, representing a
1.7-2.0 Ga old Svecofenninan crustal segment (Gorbatchev
and Bogdanova, 1992), is composed of regionally
metamorphosed amphibolite-facies migmatitic granites and
quartz-feldspar gneisses with amphibolites, biotite gneisses and
biotite-amphibole gneisses. Amphibolitic rocks constitute up
to 30% of all rock types.

The well-preserved crater depression is filled with
autochthonous and allochthonous coptogenic fragmental
breccias (including slumped and fallback fragmental breccias)
covered by resurge conglomerates, conglomeratic turbidites
and sands that were eroded from uplifted crater walls prior to
burial by carbonate sediments (Puura and Suuroja, 1992).
Carbonates also comprise the upper part of the crater depression
filling (Fig. I). Autochthonous breccias are composed of
cataclastic crystalline basement rocks which are fractured to
different degrees. Fracturing decreases gradually with depth
and extends to ~ I km beneath the original surface. The porosity
of the shock-affected rocks decreases from ~ 18% in impact
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FIG. I. Simplified geological map ofHiiumaa Island and of'Kardla crater area (a), and cross-section of the crater in a west-east direction with
the location of the drill cores studied (b). Legend: Ojpk = Upper Ordovician Paekna Formation, Ojsn = Saunja Formation, Ojkr = Korgesaare
Formation, Ojmot ad = Moe and Adila Formation, Ojar = Arina Formation, S I vr = Lower Silurian Varbola Formation. White dashed line
shows location of Kardla crater.
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breccias to ":;5% in the frac ture d basement at a depth of8 15 m
(Plado et al. , 1996). A llochthon ous fragmental breccias of
different generations consis t of a polymict mixture ofcrystallin e
and sedimentary rock fragments. Amphibolitic rocks occur
within autochthonous breccias as fractured and displaced blocks.
The amphibolitic rock fragments in allochthonous breccias occur
as clasts ofvarious sizes in the fine-grained breccia matrix. In the
crater area the fractured and crushed amphibolites are strongly
altered, being often totally replaced by secondary mineral phases ,

MATERIAL AND METHODS

A total of 18 samples ofaltered amphibolite inclusion s from
the allochthonous frag menta l breccia sequence and crus hed

amphibo lite rocks from the autochthonous breccias, and 12
fluid inclu sion samples from the upp er part of autochthonous
frag mental breccias in the crater depr ession were taken from
drill-cores K-l and K-18 (Figs. I and 2). Drill-core K-I penetrates
the wh ole section of the allochthonous and autochthonous
breccias inside the crater up to 815 m depth below ground
surface . Drill-core K-18 opens section of the allochthonous
breccias in central part of the crater and reaches the slightly
brecciated crystalline rocks of central peak (depths 399--432 m).

Min erals in the original host rock and their a ltera tion
produ cts were studie d by x-r ay diffractornetry (XRD) , optica l
microscop y, scanni ng el ectron mi cr oscopic (SEM) back­
sca tte re d e lectro n images a nd se mi qua nti ta tive e ne rgy
dispersive spectrometer ana lys is (EDS) .

• altered amphibolite
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FIG.2, Schematic lithological profiles of the drill-cores K-l and K-1 8 wi th the location of samp les and d istribution of the secondary mineral
abundances.
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For XRD ana lysis , the wh ole- rock powd er and oriented
<2 /' m clay fracti ons were used . Oriented clay fractions were
anal ysed in the air-dried state and after treatment with ethylene
glycol (EG) . Di ffract ion pattems wer e record ed using a DRON
3M diffractometer, with N i-filtered CuKa radiat ion , and step
scanning at 0.020 2B steps for 3 and 5 s for oriented preparati ons
and rand om powders, respect ively.

SEM stud ies were perform ed with a JEOL 6300 SEM
equipped with Oxford ISI S EDS a t the Oulu Uni ver sit y,
Finland. Digital x-ray images ofCa, K, Na , Mg and Mn were
collec ted and also qu alitati ve lin e ana lyses over zones of
different co mpos itions were co llec ted and exa mined.

Microthermometry on fluid inclusions in quartz wa s
measured in thin sections by standard techniques of heating
and freezin g (Roedder, 1984) using a modified MKS- 2 heatin g­
coo ling stag e at the Institute of Precambrian Geol ogy and
Geoc hronology, Russian Aca demy ofSciences, St. Petersburg.

RESULTS

Hornblende Petrography

The homblende abundance in autochthonous breccias varies
between 5 and 60 vol%. The amphibol ites have a massive and

b

c

FIG.3. Pol ished rock sample and photomicrocraphs of altered amphibolites at Kardla. (a) Cru shed amphibolite and gne iss clasts with ca lcite
lined fract ures and caviti es. Note the alteration fronts inside the clasts. Drill-core K-18, depth 301m; (b) a lte red amphibole replaced by
chlorite and seco nda ry calc ite and quartz with plagioclase relics replaced mainly by K-feldspar. Amphibole cry stals are compl etely a ltered
to chl or ite, but origin al elonga ted prismatic outlines of hornblende crystals are still observable. Plane polari zed light. Drill-co re K-1 8, depth
398.4 m; (c) radi ally o riented chlorite cry stallites growing into a pore space tilled by secondary calcite. Crossed polars. Drill-core K-1 8,
depth 398.4 m. Amf = am phi bolite, Gn = gne iss, Cal = calcite, ChI = chlorite, PI = altered plagioclase, Q= qu ar tz.
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locally linear fabric with unevenly spaced fractures filled with
secondary calcite aggregates. Green hornblende consists of
isometric or elongated prismatic grains between 0.5 and 2 mm
in length. Optical mineralogic analysis suggests a hastingsitic
composition of the hornblende. Planar deformation features
(PDFs) are missing, but mineral grains are usually fractured
and crushed into smaller pieces. Generally, the hornblende
grains are replaced with chlorite aggregate, but linear fabric of
elongated hornblende crystals is still observable (Fig. 3).

Allochthonous fragmental breccias contain only ~5 vol%
of hornblende. Hornblende grains are severely crushed and
predominately replaced by a fine-grained submicroscopic mass
of secondary chlorite, quartz, Fe-oxides and calcite. Cavities
and fractures between amphibolite clasts are filled with calcite
(rarely dolomite), quartz, K-feldspar and minor sulphides
(mainly pyrite) and goethite (Fig 3) .

Scanning Electron Microscopy

FIG.4. SEM photomicrograph ofaltered hornblende grain in contact
with unaltered plagioclase in autochthonous breccia in drill-core
K-I, depth 603.4 m. Chi = chlor ite and/or corrensite , PI = plagioclase,
Q = quartz.

FIG. 5. Representative XRD patterns of the amphibolite whole-rock
unoriented powder preparations. Samples A-27 and A-28 represent
amphibolitic fragments in allochthonous breccia at depths 496 ana
500 m of drill-core K- I, respectively, whereas A-33 and /\-35 are
from amphibolite fragments in autochthonous breccia at depths 588
and 597 rn, respectively. Chi = chlorite, Cor- Chl = chlorite-corrensite,
Cor = corrensite, Bt/Mica = biotite and/or K-m ica, Hbl = hornblende,
Q = quartz, PI = plagioclase, K-f = K-feldspar, Ca = ca lc ite .
Ib(j39T), IIb = characteristic lines of the chlorite poly types.
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X-Ray Diffraction

SEM and SEM-EDS examination shows that homblende
has been replaced by fine-grained Fe-Mg rich silicate (chlorite,
corrensite) and silica (quartz) (Fig. 4). Areas composed only
ofsilica (quartz) consist of irregular patches with angular edges
in a fine-grained chlorite crystallite matrix, indicating
authigenic quartz precipitation in the form of individual crystals
and /or secondary overgrowths. The AI-, Mg- and Fe-rich fine­
grained mass of submicron crystallites which fill most of the
former hornblende area is interpreted to be chlorite and /or
corrensite. High-magnification SEM images of the chloritic
masses in allochthonous breccia matrix show the typical
euhedral platy clay mineral morphology ofchlorite crystallites.

Examples of the whole-rock powder XRD patterns of
amphibolites are shown in Fig . 5 and the distribution of the
secondary phases in the drill cores in Fig . 2. The major
alteration products ofhornblende in amphibolite rock fragments
were identified as trioctahedral chlorite, mixed-layered chlorite­
smectite (corrensite) and corrensite-chlorite type phases. The
samples also contain quartz, K-feldspar and albite, calcite, Fe­
oxyhydrates, relic biotite and traces ofhornblende (Figs. 2 and
5). Amphibolitic clasts within fall-back breccias have been
completely replaced by chlorite and /or mixed-layered chlorite­
corrensite phases, secondary quartz, K-feldspar, calcite, and
rarely dolomite . In the fractured basement rocks and
autochthonous breccias, the homblende has been replaced by
trioctahedral chlorite and chlorite-corrensite type interstratified
phases. TIlemaximum alteration ofhornblende occurs in alteration
haloes surrounding the calcite-filled veins in the upper part of
the crater floor and central peak. Macroscopically unaltered
and weakly altered amphibole in this section is significantly
altered to mixed-layered chlorite-smectite (corrensite) type
phase . Chlorites are Ib(f39r) polytypes characterized by a single
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a
Chi Chi

A-33 Fluid Inclusions

FIG.6 . Representative XRD patterns of the <2 .u m fracti on in air dry
(A D) and in ethylene glyco l (EG) solvated state. (a) Sample A-33
from drill-core K-l, depth 588 m. (b) Sample A-35 from drill-core
K-l , depth 597 m. ChI = chlo rite, I-S = illite-sm ectite, Cor =

corrensite, Chl-Cor = chl orite-corrensite.

strong, but broad peak at 2.47 A(Fig. 5). Only I sample out of 18
revealed a lib polytype together with the dominant Ib(B97°) type .
Th e Ib(890°, 97 °) polytype chlorites are usu ally Fe-rich com­
pared to lIb type met amorphic chlorites (Curtis et al., 1985).

The clay fractions «2,um) contain mixed-layered chlorite
(corr ensite and corrensite-chlorite) and discrete Fe-rich chlorite
min eral s (Fig. 6). Th e presence of a 50 :50 chlorite-smectite
(corre ns ite) mixed-layer phase is confirmed by superstructure
d(OO I) spacing expansion from 29 A in air-dried state to 31.1 A
in EG saturated state (Fi g . 6b). Heating of the corrensite-rich
sample at 500 °C for I h cau sed the spacing to collapse to 24 A.
The slight Fe-rich chlorite peak shift towards higher d-spacings
and a peak broadening afte r EG solvation (Fig. 6a) probably
reflects the presence of chlorite-corrensite type phase in chlorite
r ich samp les . The XRD patterns of samples from the
autochthonous breccia sequence show the presence of a mixed­
layer illite-smectite, which also either have a hydrothermal origin
or, 1110st probably, reflect highl y illitic illite-sme ct ite, the mo st
abundant clay mineral in the Lower Cambrian clayey sediments
(Kirsimae et al., 1999), which formed the thickest part (~I 00 m)
of the sedimentary target at the impact event.

Fluid inclu sions (Fig . 7) were measured in fractured sing le­
crystal qu art z and granitic rock fragments in allochthonous
fragmental bre ccias . The size of the fluid inclusion s typi cally
vary from 2 to 10 zzrn, rarely up to 20-30 Jim. The inclusions
are most frequent in quartz grain s without any visible shock
features and in quartz where the fluid inclusion trails crosscut
the PDFs. In rare cases grains of yellowi sh-grey quartz were
identified with up to four sets of decorated PDFs with ga seous
single-phas e fluid in clusions a long PDF planes . The
composition of the fluid inclu sions is predominantly aqueous

(Na C I-H20 ), but rare H20-C02 (NaC I-H20 -C02) or C02
composition fluids were also found.

Th ese fluid inclusions were 1110st probably formed by
imp act- generated hydrotherm al so lutions. High temperatures
(>400 °C)-which are mu ch high er than the decrepitation
temper atures of fluid inclusi on s-and parti cul arly hi gh

pressures (> I0 GPa) during PDF formation in quartz (Grieve
et al., 1996) exclude the survival of primary flu id inclusions.
In add ition, the fluid inclusion trails, which crosscut the planar
elements, show that they postdate the impact event. This
confirms that the entrapped fluids are impact related. Similar
conclusion based on the relat ionship between fluid inclu sion
trail s and PDF systems have been drawn by Komor et al.
(1988), Koeber! el al. (19 89) and Boer et 01. (19 96) for the
Silj an, Roter Kamm and M anson imp act craters, respecti vely.

Th e results of hom o geni zation temp erature ( Th)
measurements of the quartz flu id inclusions encompass a wide
ran ge from 110 to 440°C, with the maximum peak between
150 and 300 °C (Fig. 8) . Thi s temperature range is sim ilar to
the Th values obtained for fluid inclu sions in quartz found in
Silj an (Komor et al., 1988), Roter Kamm (Koeberl et al. , 1989)
and in the Manson impact structur es (Boer et al., 1996).
Tr apping temperatures (Tt) are estimated as sum ing that
pressures during entrapment were due to the overburden of

FIG. 7. Photomicrograph (c ross ed polars) of flu id inclu sions in a
quartz grain with three se ts of PDF s in allochthonou s breccia. K-l
drill-cor e, depth 383 m. Arrow s indicate fluid inclu sion trails
crosscutting PDFs.
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DISCUSSION AND CONCLUSIONS

that the Ib poly types can be stable up to 300°C and IIb poly type
may possibly form at temperatures as low as SO °C.
Nevertheless, Inoue (1995) states that trioctahedral Fe-chlorite
appears ubiquitously in the higher-grade alteration zones where
the temperature exceeded 200°C in alkaline or neutral solutions
and at -300°C chlorite starts to react with illite and/or
K-feldspar to form biotite, Therefore we propose that maximum
temperatures of200-300 °C were reached during hydrothermal
alteration (widespread Fe-chlorite formation) of the
amphibolite rocks in the upper part of the autochthonous
breccias and in amphibolitic clasts including in the
allochthonous breccias in the central crater area. Chloritization
intensity decreases with decreasing fracturing downward into
the crater floor, where chlorite occurs only in immediate
proximity to the fracture planes and corrensite prevails within
macroscopically unaltered amphibolite blocks, indicating
maximum temperatures below 200°C.

The temperature range estimated from the alteration
assemblage is in good agreement with the most frequent quartz
fluid inclusion homogenization temperatures (150-300 "C) in

the allochthonous breccia. The temperature range of fluid
inclusion homogenization (110 to 440 °C) probably reflects
the temperature evolution in the central part of the hydrothermal
system developed in the Kardla crater. The highest fluid­
inclusion trapping temperatures were about 400-500 °C
directly after the crater formation. However, the absence of
the high-temperature hydrothermal mineral assemblages (e.g.,
garnet-actinol ite-epidote) suggests that the initial high­
temperature stage (>300 "C) was too short for alteration to
achieve equilibrium phases. The most intense f1uid-inclusion
entrapment and the hydrothermal alteration occurred at lower
temperatures (100-300 °C) resulting in the chloritization of
amphibole. Precipitation of calcite (rarely dolomite) in veins
and cavities reflects probably the final stages of the cooling,
when the temperature reached ambient conditions.

The most frequent PDF orientations in quartz are along the
{I 013} and {I 012} planes (our unpublished data), pointing a
shock stage Ib (Grieve et al., 1996) for the rocks at Kardla
crater. This corresponds to a shock pressure range of20-35 GPa
and post-shock temperatures of about 170-300 °C (Grieve et
al., 1996), which well agrees with the temperatures suggested
by secondary minerals and f1uid inclusion data. In the central
part of the crater depression, however, the high-temperature
(>300 "C) fluid inclusions suggest higher initial post-shock
temperatures. Also, the localization of the most intensive
chloritization in fall-back and resurge breccias around and
above the shattered rocks of the central uplift indicates that
the hydrothermal fluids were driven by convective passage and
discharge through the most heated central peak area of the crater
(Fig. 9). However, the approximate stratigraphic uplift of the
central peak in Kardla crater is S;I km, which would have added
a maximum of only 35--40 °C assuming a geothermal gradient
of25-30 °C km-! and average surface temperature of 10°C.
Therefore, the shear heating during formation of the central
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FIG.8. Histogram of the aqueous (H20-NaCl) quartz fluid-inclusion
horuogenisation temperatures (Th) in allochthonous breccia unit in
Kardl a crater.
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porous and unconsolidated fall-back and resurge breccias and

hence, nearly equal to the hydrostatic pressure. Consequently,
the pressure corrections are negligible and minimum T, values
are about 230-350 °C for the most common inclusions with
most frequent Th. The final ice melting temperatures of
inclusions range from -9.1 to -0.3 °C with a maximum at -3 °C,
which reflect fluid salinities between 13 and 0.8 wt% NaCleq,

with most samples S;5wt% NaCleq (Bodnar, 1993). The
aqueous fluid inclusions are NaCI dominated, although the
melting behaviour of some inclusions suggests a few CaClz
(CaClz-NaCI-HzO) inclusions.

The formation of secondary clay minerals and particularly
of Fe-smectite (saponite), corrensite and chlorite in impact­
hosted hydrothermal systems is described in Allen et al. (1982),
Phinney et al. (1978), Komor et al. (1988), McCarville and
Crossey (1996), and Naumov (1999) . Chloritization of mafic
minerals (hornblende, pyroxene) begins with the formation of
saponite type smectite, which in progressive hydrothermal
alteration transforms to corrensite (Reynolds, 1988).
Corrensite, however, can form directly under hydrothermal
conditions at temperatures between -100 and 200 °C (Inoue
and Utada, 1991), whereas the upper limit ofcorrensite thermal
stability lies at 220-225 °C (T6masson and Kristmannsd6ttir,
1972). The next stage in corrensite-to-chlorite conversion is
the growth of chlorite layers in corrensite to form discrete
chlorite domains in a corrensite matrix (Beaufort et al., 1997).
Hayes (1970) concluded from studies ofsedimentary chlorites
that the natural polytype progression with increasing
temperature is Ibd - Ib(B97°) - Ib(B900) - IIb(B97°) with the
temperature for the Ib-IIb transition to be about ISO-200°C.
Thus, the prevalence of the Ib(B97 °) poly type and the rarity of
the lIb polytype in the Kardla samples would suggest fluid
temperatures of S;200 0C. However, Walker (1993) showed
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FIG. 9. Schematic reconstru ction of the short- lived impact- indu ced hyd rotherm al system at Kiirdla cra ter. Striped area sh ows the zo ne with
the maximum alteratio n. Dashed a rrow s indicate wa ter infiltration pathways and so lid arrows show probable location of the post-impact
hydrothermal system.

uplift and the rapid unloading of the target basement likely
provid ed an addit ional thermal impulse into this area, which
init iated the hydroth erm al fluid s movement (Masa itis and
Naurnov, 199 3; Crossey et al., 1994). A similar post-impact
hydrothermal system within a ce ntra l uplift was described in
the - 80 km diam eter Puchezh-Katunki impact crater (Naumov,
1999) and in the 35 km diameter Man son crater (Boer et aI.,
1996). Although scale and the amounts of ener gy released in
these impacts are considerably di fferent, both exhibi t similar
post- impact hydr oth ermal alteration patterns. Therefore, it is
reasonable to expect the same spatially limited hydrothermal
pr ocesses in all o th er terre stri al and, pre sum ably, in
extraterrestri al complex impact craters, provid ing that water is
present.

The low salin ity of fluid inclu sions is usually interpreted
as indicative of hydrothermal circu lation feed by meteoric
waters, whereas high salinity soluti ons are thought to be related
to the fluid release during silicate rock melting (e.g., Koeber!
et aI., 1989). Th e rather low salini ty of fluids in Kardla crater
« 13 wt% of NaCleq, most ::;5 wt% Na Cleq) sugges ts that the
hyd rothermal system was rech arged either by infiltration of
meteoric waters from the crater rim walls raised above sea level
after the impa ct, or by infiltration of seawater (3 .0-3 .5 wt%
NaCleq) throu gh the disturbed sedimentary cove r and fractured
crystalline basement (F ig. 9).

The maintenance time of such hydrothermal systems may
be few hundred years to several tens of thous and years for
small- to large- size craters (Onorato et al., 1978; McCarville
and Crossey, 1996; Newsom et aI., 1996) and up to 2 Ma for
the largest terrestri al craters (Iva nov and Deutsch , 1999). The
hydrothermal sys tem in Kardl a crater could last for several
hundreds of years , given its mod er ate size, high water/rock

ratios, absence of distinctive impact melt sheet and involvement
of both conductive and convect ive cooling mechanisms.

In co nclusio n, we pr opose that the form ati on of fluid
inc lusions and the hornblende degradation proceeded by
corrensite-to-chlorite transformation in Kardl a impact crat er
is related to the development of a local, prob ably short-lived,
hydrothermal system in the crat er depr ession immedi ately after
the cra te r form ati on in a s ha llo w « 100 m) sea bed.
Temperatures of the hydroth ermal waters record ed by fluid
inclusions and mineral associat ions range from 100 to 300°C.
The fluid inclu sion data suggest the initial temperatures ofthe
hydrothermal fluid s were up to abo ut 100-200 °C higher, but
the temperature decline to - 300°C was probably rapid , and
the high-temperature hydroth erm al mineral asse mblage was
not formed. The hydrothermal sys tem was possibly driven by
thermal conv ection of low salinity (::;5 wt% NaCleq) meteoric
or sea water through the crat er central peak area . The high ­
temper ature co ndi tio ns, exten si ve tluid excha ng e and ,
consequ entl y, the high-rate perv asive hydrothermal alterati on
processes existed probably for only a relati vely short time of
se ve ral hundred years . Alth ough the well-developed
hydrothermal system in Kardla crater is unrelated to the coolin g
of impact melt or suevite bod ies , it shows simi larity with
hydrotherm al sys tems in large, impact-m elt rich craters. The
thermal history of the shock heated and upli fted rocks in the
central crater area, rather than of melt or suevite sheets, controls
the distributi on and intensity o f these imp act-induced
hydrothermal processes.
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