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Ecological catastrophe in connection y\with the impact of the Kaali meteorite
about 800-400 B.C. on the island of Saaremaa, Estonia
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IN'lRoDUCTIoN AND HISTORIC/\l BACK(;RoUND
(Alvaiez el a/.. 1980; Alvarez and O'Connor, 2000). Marc
regent ecological disasters from smallcr-scala metcotlte blasts
have byen I'ccordcd in 1 908 at Tunguska (\hsilycv, 1998) and
in 1947 at Sikhote-Anne (Krinov, 1963).

About 800-400 B.C. a )neteoroid Mt a thcn relatively dcnsely
populated island, forening the Kaali meteorite impact craters.
Unfortunately the people living at that time on tl)c island of
Saaremaa were illiterate and we have no direkt w:risten record
of flID ilnpact event. Indircct Writtcn historical records
interpreted as describing the Kaali meteorite blast event code

from Tacitus (1 942) and Pytheas from Massalia (see discussion

below). Direkt geological evidence of the Kaali impact (the
impact craters, meteorite iron, and d\tst and thc infJucnce of
thc blast) knust thus be studicd by scientific mctl)ods to evaluatc

the strength of the impact and its ecological signinlcance. The
aim of this work is to describe thc ccology. including thc
sun'ounding vegetation development, human habitation and
prchistoric land-use bcforc, during and aner thc impact event
at Kaali.

TI)erc is a growing intcrest in thc checks of impact even)ts.
Until recently exti'atcrrcstrial impacts were regarded as
umrnportant phcnomcna in gealogical ploccsscs. This attitude
x4 æ charged through planetaiy exploration, which showed that
al planens have byen heavily bombarded by coslnic bodies
throughout their history, although many craters on Earth have
becn erascd by erosion, deposition, volcanism or tectonics
(Gne.ve, 1990; Koeberl, 1 997). Altogether -1 60 impacl craters
have byen identified on thc Earth so fæ. mast dated to prchistoric
times. Terrestrial impact events have severely aÆected the
geological and biological evolution on the Earth and they
present a gral danger to human populatiolls. Such events aæ

not just of scientific intcrest but intrigue a vase audience
(Resolution 1 080. 1996). Devastating exatnplcs of metcorite
cabastrophes are well known from the Cretaccous--TcrtiaTy and
possibly Pcmlian-Triassic boundarics triggering thc lnost
massive extinctions recorded in the Earth's fossil record
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Kaali $1eteorite Impact Centers dcplcssion is today a shalloxx' ktke billed with water and at least
5-6 m oflake and bog del)osits (Fig. 1d). Thc clustcr ofsmallel'
moteoroids produced fight satellite ciaters with diamcteis
ianging from 12 to 40 m and up to 4 [n depp(Fig. 1c). Thc total
energy ofall ning impacts was -4.7 x 1 0 i2 J. which is equivalent
to -20 kilotons ofTNT. For co)nparison. tllc energy role:\sed
from the Hiroshima atomic bomb was 1 5-2(} kilotons ofTNT

(The Manhattan Engineer' Distrikt, 1 946).
vince the 1920s, wien the craters were first described as

of meteoritic origin (Kalkun, 1922; KI'aus et a/., 1928;
Reinwaldt, 1928), there have byen discussions about their
aue. ConH]r]nation of thc ]neteoritic origin of Kaali ciatcrs
game in 1937, with the binding of-100 g ofmetcoritic non
in satellite cratcr 2 (Rcinwald, !938). Rcinwald (1939)
concludcd that the craters formcd 4500-5000 years ago
considering the speed of the glacio-isostatic land-uplift on
thc island of Saaremaa. First radiocarbon (14C) dating of
charcoal, wood and Real from thc satellite craters suggcsted
that they forlned about 2500-2900 t4C ycars B.P. (Aaloc et

The ineteoritc impact site of Kaali(58'22' N, 22'40' E) and
the ei aht associatcd smallcr mctcarite cratcrs are located on the
island of Saaremaa. Estonia (Fig. 1a,b). Geological and
chemical studies in thc crater mea suggest that an iron mcteol'oid

of type IAB, weighing some 1000 tons felt to the Earth at an
anglc estimated to bc -35' (Bionshtcn, 1962; Aaloe. 1968).
The metearite iron sound at Kaali contains 7.25% ot'NI, 2.8 /tg/g

of Ir. 75 /zg/g of Ga and 293 /{g/g of Ge (Yavne1, 1976).
Altogether 2.5 kg ofmeteorite iron of'coarse octahedrite Glass
(Buchwald, 1975) has bccn collected in Kaali, thc largest piece
weighting -30 g (Saarse ef a/., 1 99 1 ). White penetrating thc
atmospheie, the metcoioid hcated up and brokc into piecos. It
is cstimatcd that the largest fragment was -450 tons, and
stnick thc ground surfacc, consisting ofSilurian dolomites with
an energy of4 x10i2 J, corrcsponding to an impact vclocity of
-15 km/s (Bronshten and Stanyukovich, 1963). Thc rcsulting
ciatcr is 16 in depp and has a dianlcter of 105-1 10 m. Thc
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a/., 1963). By intcrpolating thc pollen evidence from a
scdimcntary core in thc main Grafer. Kesse1 ( 1981) estiinated
theage ofthe impactas 3500 i4Cyears B.P. Saarse efa/.(1991)
radiocarbon dated bulk organic mattel from the near-bottom
luke sediments (calcareous gyUja) af the Kaali main crater at
3390 t 35 t4C ycars B.I'. and concluded the claters to bc -4000

i4C bears old 14C dating of a time-synchronous peas bayer
containing glassy silicate miciospherules (paiticles supposedly
fbrmed by melding and vaporization of impactor and target
matcrial duiing the inlpact) in bogs at various distancen fmm
tl)c craters suggest that thc impact tolk plage aro\md 7500-
7600 i4C years B.P. (Raukas e/ a/.. 1995; Raukas, 2000).
Element analyscs of pjat from Piila bog reveal a distinct Ir-
enriched layer attributed to the lnetcorito impact (Rasmussen
e/ a/., 2000). Radiocarbon dating of' the uppcr surhcc ofthc
peas bayer enriched with Ir praduces an age 2305 E 20 i4C
ycars B.P. (calibratcd date is 40(}-370 B.C. at Z la) ofthe Kaali
impact (Rasmussen e/ a/., 2000).

Indircct written evidence of the impz\ct age has beCH

investigated by Med(1976). Med analyzed the voyage of
Pytheas fioin Massalia (Marseilles). who bctwccn 350..-325 B.c.

visited Britain and possibly also thc island ofSaarcmaa (Ultimu
Thule) to get infomlation on the Baltic Sea(Metuonis) and its
amber. Pytheas wrotc in his book on thc "Earth Sca" --"thc
barbarian showed ine the grave where !hc Sun fall dead". Thc
sning mctaphor was repeated in thc cpic "Argonautics" of
Rhodos Appolonios (295-215 B.C.) whcre a sailor sound a
dccp take in the fku north--thc burial oftllc Sun. from which

still Fog rose as from the glowing wound." This gave Med
( 1 976) thc reason to suggest tl)at Laks Kaali and the metcorite
catastrophe were known among the geagraphers and
philosophcis before Corncllus Tacitus, who in his book De
Orfgfne e/ .S'f/n Ger/namo/ lr/n Z/Z)e/- wrote "Upon the right of
Elle Sucvian Sea [the Baltic] the Aestyat} nations [Estonians]
iesidc, who usc thc sami customs ai]d attirc witl] thc Suc\ fans

[Swedes]. They worship the hlother of dlo Gods." (Tacihis.
1942). The Motller of Gods. Cybcle, is associatcd with
meteorites (Bunke, 1986).

Thc island of Saarcmaa has bech inhabitcd sincc thc
Mosolithic (5800 B.C.; KI'iiska, 2000). During fhe Neolithic
and Bronze Age. Saarcmaa was densely populated; indeed, half

ofthe bronze artefacts ofEstonia come from this island (Ligi,
1992). Three Latc Bronze Age fortiHled settlcmcnts (Asva,
Ridala and Kaali) are known from Saarernaa(Aaloe e/a/., 1977)
(Fig. 1 b). The main ecorlomy was battle reuing and agrictUture.
.q.rchaeological evidence around, onside, and on the fadi center

slopes suggests human habitation sincc 700-5 00 n.c. (L6ugas,
1978). Tllis conclusion is bascd on artifacts and a radiocarbon

date of 2320 t 40 i4C years B.P. (410-350 B.C.) from an
archacological sctting (a stronghold) on tl)c crater rim. In this
contcxt tt is intel'esting to point out that the fortified settlement
of Asia (20 km case from the maja Grafer) burncd dawn
according to the tadiocatbon dating ofcharcoal fl'onl a --30 cm
charged settlement layer beth'ecn 2585 g 50 and 2520 d: 60 J 4C

ycars B.P. (800-400 B.C.; Aaloc e/ a/., 1977), which is close to
tllc agc ofthc Kaali iinpact (Rasmussen e/ a/., 2000)

METHODS

To evaluatc the results of the mcteorite cxplosion on thc
surroundings, a sampling site u,as selected in the peatbog closest
to the impact Grafer (Piila bog, 6 1(m nolthwest: Fig. 1b).
Sampling for pollen, radiocarbon, lods-on-ignition and x-ray
diÆiaction analyses XN'as carricd out in thc Piila bog by cxtracting
a inonolith åom thc vcrticaJ pjat-wall of an excux'ation (Fig. 2a).
Tllc sampling site is exactly u,here Rasmussen ef a/. (2000)
sound thc Ir-cnriched bayer and duted thc Kaali iinpact (thc
monoliths were takcn side by side).

Pollen Analysis-Pollen samples were takcn continuously
from the peas sequence beM eeR ] 85 and 1 64 cin as 5 mm slides

of material, and prcpared following the standard acctolysis
prclcedure (Berglund and Ralska-Jasiewiczowa, 1 986)
l 'co7)o(/fzi//l spots(Stockman', 1 97 1) weic added to a known
volume of sediment to estimate pollen concentmtion and inflnx.

Onc thousand treo pollen Brains were counted in bach sample
Pollen data is cxprcsscd as influx valuev (pollen glains cin"2
your' 1) and pcrccntages ofthe total pollen sum. Influx valuev

arc shown smoothcd witt] a running mean of 5. TI)c pollcrt
diagram of21 levcls is subdivided into 3 pollen zonen using
optimal splitting by infonnatiai] content method (using thc
'psimpo11 3.10" program; Bennett. 1996). Thc statistical
significance ofeach split is tcstcd against thc portion cxpcctcd
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from a broken-stick model, no ftlrther division can be justialed
(Bcnnett, 1 996). Psimpoll software is specially designed for
numerical analysis ofbiostratigraphical data in orden to obtain

statistically signifikant zone botmdarics floln a large matrix of
pollen data.

Lods-on-lgnition-The oiganic, CaC03 and terrigcnous
contents inthe sediment were estimated by joss-on-ignition from

l cm samples at 550 and 825 'C, respectively (Bengtson and
Ene11, 1986.).

Radiocarbon Dating (Carbon-14 Dating)-A 2 cm simple
was takcn from the sedimcnt monolith and i4C dated at the

Instihite of Geology, Tallhtn Technical University, Estonia using
thc conventional liquid scintillation counting tncthod (Gupta and
Polach, 1985). Radiocarbon dates of Rasmussen ef a/. (2000),
with a [ab index K arc a]so uscd in thc discussian.

The radiocarbon method (Libby, 1 955) is based on the rate
ofdccay ofthe unstable carbon isotopc (i4C), which is Formcd

in the rapper atmosphere through the effekt of cosmic-ray
neutrans upon nitrogen (t4N). Plante and animals which utilize

carbon in biological foodchains take ul) t4C during their
li6etilnos and they cease this metabolic Rtnction ofcarbon uptake
as good a$ they die. ttere is no replenishmcnt of nadioactive
carbon, only delay at a constant rate (half-lide /iæ - 5568 years).
RadiocaMon ilgcs are reportcd as 1 4C yeais B.P. (before present,

bcfore year 1950). Radiocarbon ycars are not equivalent to
calendar ycars, bccausc the atmospheric conccntration of i4C
is not konstant, but maries according to changes in solar' mdiation

and in the intensity ofthc Earth's rnagnctic s})icld. Radiocarbon
bears are calibiated to reflect calendar years (expressed as
calendar yeal's B.C/A.o.) using dendi-ochronology. which has
provided a direct comparisan between t4C and calendar years
(Stuix'er and Reimer, 1 993).

X-Ray Diffraction-The mineralogical komposition was
investigated in c]evcn ] cm beat sanlples. The samples were

ignited at 450 'C for 3 h to remove organic inaterial. The ash
was llolnogenizcd and unorientcd air-dry preparations were
analyzed using a Dræn-3M ditTractometer with Ni Hlltered CuKzz
radiation according to standard techniques(Klub and Alexander',
1974). Skanning steps of0.02 '20 from 2 to 50 '2ø with time
steps of 10 s were uscd. X-ray di#raction patte]ns were ther]
decomposed into elementary peaks in the 20 to 40 '20 region
using Axcs-19a code (Måndar ef a/.. 1996). 'rbe di#raction
peaks were assumed fltting with symmetrical pseudo-Voigt
funktion share curvc doublets (Jones, 1 989). Thc relative
abutldance ofthc mincral pt)anes was cstimatcd åom thc integral
intensities of selected type peaks. Pcaks at 3.47, 3.34, 3.24,
3 . 1 9 and 3.04 Å conesponding to anhydrite, quartz, K-hldspar.
plagioclase, and calcite were uscd. respectivcly (Davis and
Johnson, 1 989; Nakamura, 1988).

'[Yace E[ements-Additiona] samp]es for track element

analysis were taken from thc basal sediment unit ofthe nlain
amter at Kaali(Fig. 1d). The mixhlre ofthe clayey-to-gravelly
inatcrial rcprcscnts the bayer of inwasl)cd hllback dccta on
top of the cntshed and broken dolomite blocks at the crater
bottom. Iridium was lneasulcd &om Kvo 50 g sedimcnt sailtples
at the XRAL laboratorics (Toronto, Canada) by i)ickel sulphidc
collcction followcd by inductivoly couples mase spectromctry.
The dctection lilnit is 0. 1 ppb.

Principal Component Analysis--ln ordet to reduce
multidilncnsional data to a two-dimcnsional plot displaying thc
major directions ofvariation within the data sot, and to facilitate
colrclation of the rcsults of diR'urent methods, the principal
componetlt analysis, a multivariate correlation analysis, xvas
applied (using Canoco 4.02; Tcr Braak and $milaucr. 1997-
1999 and CanoDraw 3.10; Smilauer 1997). The principal
co)nponent analysis was canied out on [he joint ana]yzcd da ta
set ofthe Piila bog, pollen influx valuev, iridium koncentration,
lost-on-ignition values and }nincral komposition of pct\t ash

t4C dates Lithology Mineral composition of pest ash. wt% Quartz / Anhydrite+Calcite
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were combined by levels. The analysis wus pcrfomlcd on a
covariancc matrix (ccntered by variablas) using utl-transformed
data (Chatnield and Collins, 1 980). Scallng in correlation biplots
\bds focused on intel'-sample distancen. Principal componcnt
analysis i$ used to reduce the overall dimensionality in the delta,
to idcntib' a smal l sct of factory that delInG thc intcnelationship
among a group ofvariables, and to define subgroups of'i'ariables
that aie highly corrclatcd (Birks and Gordon. 1985). The
resulting dimension reduktion pemlits graphical repræsentation
ofthe data so that signiHicant relationships among observations
or salnples c3n be idcnti6icd. The inst principal komponent
(principa[ component ana]ysis avis ]) is dte conlbination of
variablcs that cxplains the grcatest amount of variation. Thc
second principal komponent (principal conlponent analysis
axis 2) defines thc next kirgest alnount of variation and is
independent to the first principal komponent.
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RESULTS

The sediment column at the sampling site in Piila bog is
dcscribed on Fig. 2a. Rasmussen ef a/. (2000) showed a wcll-
dcvelopcd pcak/plateau in tl)e content ofiridium(up to 0.5 ppb)
in thc beat ofPiila bog at 172 to 177 cm below the bog surfacc
(Fig. 3). TI)c upper pilot of tl)is scdiment unit (172- 173.5 cm)
was radiocarbon dated to 2305 t 20 t4C yoars n.p. (K-6693;
w-hicl) corirsponds approximatcly 400-370 B.('.). 'This iridiuin-
rich bayer is considered to be thc marker horizon for the impact
event by Rastnusscn e/ aJ. (2000). TI)cy cxplaincd thc Ir double
pluk by simple mechanical balling ofparticles through the bog
surfåcc. Wc l-adiocarbon datcd the some l)orizon at 172 cm
beloxx' the bogs surface tQ 24t5 & 45 i4C years n.p.(Tln-2273;
approximate1}, 400-520 B.c.). Associatcd with thc Ir-enrich)cd
horizon is & marked bayer ofcharcoal, charged wood, and wood
shtmps (gcneially less thai 10 cn\ in diamctel'). TI)is chancd
laycl' is sound over an arca of5 kmZ across thc Piila bog. Loss-
on-ignition analysen ofpeat show two levcls ofincreascd input
of inolganic allochthonous matcrial (terrigcnous fraktion:
Fig. 4). Thosc levels coincide with the iridium and x-ray
diÆraction data and visual observations ofcharcod and tnincral

particles (quartz and fbldspar Brains vx'ere faund in pollen
sanlples at the 169 cm levcl).

The x-ray di H'raction analysen reveal that the main mineral

phases in thc pest ash ale calcitc, anl)ydiitc, and quartz, with
tFaces of K-feldspar and plagioclilse (Fig. 3). The relative
abundance ofcalcitc in the ignition residuc gradually increascs
upward through the sektion, whereas the content of anhydrite
dccreases. Calcite (CaC03) and anhydrite (CaSO4) arc conlmon

authigcnic phascs in pjat asll that fomi during ignition at thc
cxpense ofCa, S and C present in organic material (Nakamura.
1 988 ). The arnount and i'atio ofcalcitc and anhydrite depcnds on

the availability ofCa and S in Ideal matcrial. Quartz and 6eldspars

arc allochthonous phases. Tåle content ofquanz varmes bcN'ccn 3
and 5% in the rapper and lover par ofUtc sektion, whcæas in thc
middle ofthe section. at depths around 173- 1 80 cin. it reacl)cs up
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[;r(}. 5. ['rincipa] componcnt ana]ysis bip]ot ot'thc joint Pii]3 data sct of' po]jcn inf]ux \'a]ues, iriditlln conccntration, ]oss-on ignition va]ucs
and n\incrat komposition ot' peilt ash, combined tay levels. Thc variabJc loadings (arrows) i\nd thc !)osition ofsarnfllcs (circlcs) are plotted as
scores on thc first two principal componcnt axcs. Thc wmplc lcl.'cls arc in stratigruphical ordcr ttoin bottoin to top of tjxc ins'cstigate(t
sequcncc. C']ustcl's ofsamptes conlprising po]]en zoncs h:wc boer indepctldcnt]y dc] imitcd on t])c b:\sis of numci'ic-aJ zonation (psi mpot 1 3. ]0
software; Bcnnctt, 1 996 ), circ]cd and ]abe]cd. The first principa] componont ana]ysis avis cxptains 68.2% and thc second principa] komponent
ana[ysis avis a hinhcr t9.6% ofthc variation in thc (tata set. Print:ipa] componcnt ana]ysis wi\s ap})]ied in ordet [o -cduce mu]tidimet]siot]a]
data to a two-dimcnsional l)lot displaying thc major dircction$ of variation within thc data sct. to dGfiot} subgroups of variablcs tl\at alc higllly
col'relatcd, and to thcilitate cni'rcl:\titel\ ofthc results ofdi t'fercllt mcthods. 'lhe resulting diincnsion rccluction pci-Hits grapllici\l rcpicsentation
of the (tata so that significant lclationships among observations or samples can be idcntified.

to 20% ofthc mincral komposition ofthe ash. Inthe sami intcll'al
small amounts of K-6eldspar and plagioclase XN ere sound. This
i\bmpt change in hc conlposition ofpeat ash at deptl) 173- 1 80 cJn
is batter expressed in a quartz/(calcite + anhydrite) relative
abundance ctlrve. which shows tl)e deal increase of quartz
compared to calcite + anhydrite in tMs interval (Fig. 3).

TI)c pollen diagram was divided into three statistically
signifikant pollen zones using psitnpoll soRwurc (Bennctt.
1 996). The sami zones independently show up in thc principal
colnponent analysis plot (Fig. 5). The total intHux of pollen
diminishes abniptly for an order ofthree at -1 78 cm (boundary
betwecn pollen zone l and 2), talen gi'adua1ly rccovers upwards

(Fig. 4). The decreasc in zone 2 is sogn in bree pollen, pollen of
brand-let\'s'ed treks and serb pollen influx. The influx ofdwarf

shmbs, on the othcr hand, incleases. The perccntage diagraln
shows an increase ofPirnls' (dotted line) in pollen zone 2 (Fig. 4).
At tllc game time tl)cre is an incrcase itl the influx of Ca//ulla,
Bricaceae and Hac'c//zfzJm-type. The influx diagran) shows
noticcably grcate)' aæumulation ofcharcoal ofall sizes in pollen
zone 2, where f]n(]hgs of (:ha/7?Gene/'!on. U}.r/ca and Pfe/'/dizrm

arc dole frcqucnt. ]ndicators of culti'b'atcd land, sucl) as the
cereals 7}'fricl/m, llnrr/eK/n and Saga/e ("sum of cultivated
cereals" profile) arc prcscnt in pollen zonen l and 3, but almost
disappear in zone 2. '1bc influx of.%)Æag/?umi incrcascs 6'om abort

1 72 cm upwards. In pollen zoilo 3 thc total pollen acctunulation
is again comparablc to that ofzonc l.

Two samples from the basal sir unit iepresenting the laye!
of post-ilnpact inwash of dolomite duft of thc main cr&tcr at
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Kaali at the depth 563--5 72 cm bclow thc present-day sediment
suhce contain 0.8 e 0.1 ppb of iridium.

Kaali, in K6ivasoo bog, island of Hiiumaa. This contradicts
by tar the cstiinatcs ofainount und distance ofthc impact ejccta
from the Kaali craters (Bronshten, 1962; Rasmussen e/ a/.,
2000), (4) Thc komposition ofthe glassy silicate miclosphcntles
sound in Deal (Raukas, 2000) diff'ers cheinically hom those
discovered in the clatcrs. thc latter containing 20-30 vol% of
magnetite (Judin and Smyshlyayev, 1 963)

Based on thise disagrecments the 6270-6500 B.c.
microsphentle horizon shout(i be considered to represent a
diHerent event, not even necossarily an impact e'b'ent. as pohlted

out also by Rasmussen er a/. (2000).

DISCUSSION

The .Agc of the Kaali Craters

Jberg arc culTcntly two contradicting hypotheses about the
age ofthe Kaali meteorite impact (Raukas, 2000; Rasmussen
ef a/., 2000). Bath poly on 14C dating of pjat layers with a
minor cor)tcnt of extraterrcstria] materiel and possiblc impact
ejecta sound in nearby bogs. Thc peas horizon with glassy
silicatc microsphcntlcs (Fig. 2b) is J4C datcd back to abort
6270--6500 B.C. (7500--7600 14C years n.p.) by Raukas ef a/.
( 1 995) and Raukas (2000). The authors insist that this is the
true age of the Kaali meteorite impact. Element analysis of
pjat revealed a distinct Ir-enrichinent in Piila bog, lnost likely
produced by the meteorite impact (Rasmussen ef a/., 2000),
which is radiocaJbon daten at 400--370 B.c. They bclieve this
is the date ofthe impact. Our data seems to speak in favør of
the latter date, with some colrections. Rasmussen e/ a/. (2000)

interprcted tt)c highest stratigraphic lcvcl in thc Ir-rich platcau
as the maiken for the impact. They suggested that iridium
particlcs were partly tnlnsported downwards in thc sedimcilt.
The pollen evidence in zone 2 suggests disturbanccs in
vcgctation at 178 cin. The change in vcgctation occurrcd
simultaneously with the impact. So we may considel- the 400-
370 B.C. age of the impact as "not liter than" and proposc
placing the impact marker level inside pollen zone 2 at 178-
176 cnl, w-hich is approxilnately 820-570 U.C:. (2560 J: 85 B.P..
K-6290). At this stage of research the precision of dating the
dale of thc Kaali impact cute)' livs within zone 2 and betxx'ccn
800-400 B.(:. Our conclusion is mainly based on the fugt that
a bog surface is not a horizontal solid surfåce--the fine-grained
impact ejccta and thc pollen gl'wins were originally distributed
over some centimeters ht thc sediment, as also pointed out by
Rasinusscn e/ a/. (2000).

Sevcral Ihtes ofevidence support the Ir theoTy ofRasnlussen

ef a/. (2000) and our obscrvations v.v. tåle thcory of Raukas ef
cz/.(1995).(1) Two samples from the basal sir laycr inside thc
main crater at Kaali contain 0.8 ppb of iridiuin. This shows
that iridium, an element typically enhance(t in meteorites, x4'a$
present in tl)e Kaali mcteoritc ilnpact ejecta. Part ofit fejl back
into the cnater and/or xx,3s u-ashed in from the crater slopes.
The bulk ofil'idiunt, though, was depositcd in the neighbolhood,
and can today be sound as an iridium-marker-horizon in the
Piila bog. (2) Although tl)c dating ofthe sediments in tl)c Kaali
mail cratcr is ditficult Olving to various disturbanccs, buch as
inu,ash ofold humus and hård-water cffect, the t4C dates and

pollen analysis ii)dicatc thc sent of organic accumulation around
1730-1630 B.C. Ifthe meteorite fejl T6400 B.C. it is hard to
bclieve that no sediincnts accumulated in tl)e water-billed 1 6 m
deep crater during the followhtg 5000 ycars. (3) Microspherules
of 6270 6500 B.c. agc have byen fotmd also 70 km north of

The Efltct ol the Impact

As mcntioned bcforc, the total energy of the Kaali impact
event, 20 kilotons ofTNT, is comparable to the energy released
from tl)c Hiroshima atomic bomb. For collaparison, thc
Tunguska event was about three orders ofmagnitude stronger
(15 mcgatons of TNT). but the explosion took plage at i\n
attitude of5-1 0 km above the Earth's surf'.ace. As a rendt, the

Tunguska shock wavc lcachcd thc ground pioducing a 4.5-5
magnitudc earthquakc (Pasechnik, 1 986). equivalcnt to 5-
32 kilotons ofTNT, therefore comparable to the Kaali impact.

The Ttmguska cxplosion dcvmtated -2 1 00 km2 oftorcst (Fig. 1b)
!ind produccd a radial bum of flora at more thitn 100 km!
(Vasilyev, 1998). TI)c dcvastation in Hiroshimu was smallei
and roughly circular in shape. Allnost all life and
constructions up to abort 1 .5 km from tl)e cpicentcr were
wiped out, collapse of buildings xxas observed up to 8 km
away and flash ignition of drl' combustiblc nlateiial was
observed as hr as 3 km from the epicenter (The Nlanhattan
Engincel' Distrikt, 1946).

The meteorite exp]osicln at Kaa]i must have hack at beast a
similar impact on thc sunotmdings. ranging betwecn tåle eÆccts
of Hiroshimii at)d Tunguska. It must t)avc induccd wildflres.
which reached at beast 6 km northwest fioln the epicenter ( i. e.
to tllc Piila bog). Thc whole bog probably suÆcrcd fro)n a
levere bum,judging fTOtn the oxtent ofcharcoal and wood bayer
Thc bum brought on a change in peas accumulation and a shift

Bom a P/rp'ag/}pires--(:a/'e.x--fbm-xxood fen peas to a X})/rag/nln?
EI'fopÅo/u/zi onlbrotiophic bog pjat. We can not cxclude. of
course, the possibility that the charred bayer in Piila bog was a
result ofnatural files. Spot padicles at thc Cretaceous-Tertialy
bouncl:lry are explained as possibly the result of a global fire
triggcred by heat fioin an iinpact by a nlcteorite ol' asteroid
(Wolbach e/ []/., 1988). Small meteorites are not able to start
global wild6ircs (Jones and Lim, 2000), but they certainly
product some buming in the vicinity of' the impact. Svctsov
(1996) showed that thc mdiation energy from the Tunguskit
cxplosion was sufficicnt to set flrcs within -20 km . The impact
ofKaali must have ignited vegetation in its target area, the niro
thcn probably sprcad in the dcvastatcd forest in differcnt
dlrections. An intriguing topic in connection with the files is
tl)e buming ofthc Asva fortified settlement around 800--400 ti.C
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alæady pointcd out by Aaloe ef a/. (1 977). Although diis hypothesis
is in nhed offnrther detailcd investigation, it is clear that thc end of
Asva and the impact ofKaali overlap in time and maybe in space.

The explosion also felled forestå and thc ]esulting cleared

landscape is shown by the presence ofx4'00d stumps, a decrease
in treo pollen influx, and a grcater infhix of.gzo»icz/a in pollen
samples (Fig. 4). The lods-on-ignition and detailed pollen influx
data åom the Piila bog indicatc disturbances in the vcgetation
history and Fedt accumulation. Tertigenous magter tlccumulated

in the peas during the explosion and/or laber dating the period
of increased aeolian crosion of thc fire-dostroyed field laycr
and topsoilinthc sui-roundings.

TI)c three zotlcs identified from pollen cvidcnce roughly
conespond to: pollen zone (1) prc-impact conditions, pollen
zone (2) conditions directly after thc impact and pollen zone
(3) the recovery to "nonnal" conditions. The ecological
development is best summaiizcd on thc principal colnponeilt
analysis plot (Fig. 5). The pre-impact \'egetation conditions
around Kaali produccd -3000 pollen Wains cm 2 yea)"i (Fig. 4).
The vegetation in the surroundings of the Piila bog bef'ore the
Kaali impact was Poaceae-Polypodiaccac--Cypcraceac-Sa7/fÅ
dominated fbn in naturel conditions as shows by pollen influx
data and the cluster ofsample levels (pollen zone 1; samples in
betwcen 1 85-178 cm) and the loadings ofthe abovc-mentioned
taxa (Fig. 5). The impact explosion swept the surroundings
Glenn offorcst shop'n by the threcfold decrcasc in the total pollen
influx and thc relative dominance of Pfn!/.9 0n the percentage
diagram (Fig. 4). Over-reprcscntation ofPfnr/i percentagcs is a
common Feahlre ofbarren landscapes. The broad-leaved forest
outsidc the bog on fertile solis was mast amected. indicating
that the disruptions in vegetatian were not j\tst lokal feahires
:usund thc sanlpling site in the bog.

Simple levels ofpollen zone 2 (sainples 1 77--171) on the
plincipal komponent analysis plot a rc positively corJclatcd with
iridium, largcr fractions af charcoal, allochthonous mincna is
(quartz, K-feldspar and plagioclase) and pollen typen indicating
burning (('/lanzaene/'/on). Thc correlation is negative with treo
pollen and pollen of tåle broad-leaved forcst (e.8., "nomlal
woodland conditions") indicating open landscapes around thc
bog. Indicatol's ofcultivated land, buch as the cereals 7}'flfcl//li,

/7o/.(/e1//71, and Sec'a/e, which were pl'event in prc-ilnpact
conditions, disappear in pollen zone 2. Continttous siges of
field cultivzLtion on Saaremaa appear after 2300-2150 B.C.
(Veski, 1 998; Poska and Saarse, 2001). The clisappearance of
cercals in pollen zorlc 2 suggests that fanning. cultivation and
passibly human habitation in the region ceased for a period.
Howcvel, archaeologicztl evidcncc from the ring-wall of the
main crater at Kuali display's signe of habitation in thc Lade
Bronze Age-Pre-Roman Iron Agc(approximately 50(F700 years

B.c:.; Låugas. 1980), indicating that people did not abandon
the alba, but, on the contrary, immediatcly used the rim of the
cratcr as a part of their fortiHlcation.

The transition from pollen zone 2 to 3 is interpreted as a
gradual recovery ofvegetation from the inlpact ofthe mcteoritc.

Thc help diversity is largcr due to open landscape and thc
simple levcls at 169-170 cm show good correlation with
Ca//Irma (Fig. 5). The eHect of fire in Estonian bogs has byen

thoroughly studied by Nlasing ( 1 960). One ofhis case studies
was carried out in the Piila bog, xx'llich se\ erely bumed in the
1 950s. Ca//r//za, typical to vegetz\lion rccovcries after bogfires
(in this case with an untypical trigger), fl ourishes directly after
the fire for up to 50 years (Maling, 1960) and is then taken
over by Ericaceae (/f/idr'o/}ieda, Ledt//æ.) and Haccf/z/u/}!. The
pollen evidence reveals a similar pattem (transition from simple
lcvels 170 to 164 cm). Pollen and spore typcs buch as U/r/ca,
Chenopodiaceae, and /'ferfdfn/ z show disturbed vegetation
Finally. the vcgctation around Kaali reaches "namlal" wclody
conditions, the upper simple levels ofpollon zone 3(samplos !66-
1 64) carrclatc positivell' with treo poncr} influx and brand-leaved
forest. The e6ect of the Kaali impact event on the landscape is
coveied by now generations ofvegctation. but its inlpaat on people
may be discussed by analyzing the archaeological materiel from
thc island ofSaaæmaa,the epics ofthc gitmo-Ugrians(Med, 1976),

the voyage ofPytheas, or the works ofTacitus.

,fcXnmv/Cage/Benet--l'hc research n'as s\ipportcd by Estonian 'l'a rget
Fhuncing pn)jext$ (E1'1') 0330358s98, 033] 758s01 and Estonian Scialce
Four(nation (ESF) griLnt 3621 . Wc thiink Prof. K. D. BcJmett, Uppsala
Univcl'city, Sveden, tbr valuablc ciiscussion. Dr. EI isabcRa Picrazzo.
University ofArizona, USA and Prof: Christian Kocberl. University' ot
Vicnna, AusRia are thankeø tbr theil' constl'uc#ivc ævicws

C(/ffof'/a/ Æa/i(//fng. W. K. HaNmann
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