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PREFACE This report was completed through joint efforts 
of many specialists. Anne Põldvere (Geological Sur- 
vey of Estonia) compiled the macrolithological cha- 
racterization of the drill core using the description 
by Kalle Suuroja (Geological Survey of Estonia) 
based on the results of detailed mapping of the cra- 
ter area (Chemical, mineralogical and grain-size 
analyses, thin-section studies, ete.; Suuroja et ai. 
1991, 1997).

Petrographic deseriptions of 59 thin seetions 
from basement rocks together with their mineral 
compositions were provided by Mati Niin (Geologi
cal Survey of Estonia). The wet silicate Chemical 
analyses of 17 rock samples (collected by Kalle 
Suuroja and Mati Niin) from impact-related base
ment rocks were performed at the laboratory of the 
Geological Survey of Estonia.

The content of traee elements in Palaeopro- 
terozoie rocks was determined by Kiira Orlova 
(Laboratory of the Geological Survey of Estonia) 
on the basis of emission spectral analyses of 270 
samples. Semiquantitative analysis of the mineral 
composition of the fraetured and breeeiated base
ment was performed at the University of Tartu (17 
samples collected by Kalle Suuroja).

Twenty-seven core samples for the major and 
traee element study of the impact-influenced rocks 
were collected by Kalle Suuroja, Väino Puura (In- 
stitute of Geology, University of Tartu), Jaan Kivi
silla, Heino Koppelmaa and Mati Niin. These samp
les were analysed by the instmmental neutron aeti- 
vation (INAA) method and X-ray fluorescence 
(XRF) speetrometry in the Institute of Geochemis- 
try, University of Vienna (Austria). The iridium con
tent of seven samples was determined by iridium co- 
incidence speetrometry at Vienna laboratory (Puura 
et ai. 2003).

Thin seetions were made of 20 samples from 
the breeeiated basement and impaet breeeias (col
lected by Väino Puura) to study mineralogical

The present issue of the joumal Estonian Geo
logical Seetions deals with the Soovälja (K-l) drill 
core from the northern coast of Hiiumaa Island 
(Dagö), northwestem Estonia (Fig. 1). The Soovälja 
drill hoie (815.2 m), the deepest drill hoie in Esto
nia reaehing the crystalline basement, was made in 
the Kärdla meteorite crater in the course of geologi
cal deep mapping of Hiiumaa Island in 1990 (Suur
oja et ai. 1991). The core is housed at Arbavere field 
station of the Geological Survey of Estonia. The 
souree material for this research is available in re- 
ports of mapping (Suuroja et ai. 1991, 1993, 1997) 
and applied geological studies (Suuroja et ai. 1974), 
held in the Depository of Manuscript Reports, Kada
ka tee 82, Tallinn. Results of detailed investigations 
and deseriptions of the petrography, mineralogy and 
petrophysical properties of sediments, and impaet 
lithology have been published in several papers 
(Lindström et ai. 1992; Puura & Suuroja 1992a; 
Koppelmaa et ai. 1996; Plado et ai. 1996; Puura 
et ai. 1996,2000a, b, 2002; Suuroja 1994,1996,1997, 
2002; Suuroja et ai. 1999, 2002) and are used in the 
present work together with recently obtained data.

INTRODU CTION

The Soovälja (K-l or F373) drill hoie 
(58° 58,530' N, 22° 46,333' E) is loeated inside the 
circular Kärdla impaet strueture (Fig. 1). It penetrates 
24 m thick Quatemary deposits, Ordovician post- 
impaet sedimentary rocks (to a depth of 301.2 m) 
and the 221.6 m thick polymict clastic impaet brec- 
cia complex (at 301.2-522.8 m). The following, 
65.7 m interval is represented by the strongly bree
eiated crystalline basement (crater floor from mono- 
mictic breeeia to a depth of 588.5 m; Fig. 2). The 
lowermost part of the Palaeoproterozoic suberater 
basement is fraetured (down to 815.2 m).

Fig. 1. Location of the Soovälja (K-l) drill hoie. Dashed lines show the 
position of the buried rim wall (inner) and the ring fault (outer).
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SOOVÄLJA (K-l) Laboratory of the Geological Survey of Estonia.
То improve the stratigraphic subdivision of 

post-impact sedimentary rocks, the Ordovician part 
of the core was additionally sampled for microfos- 
sils (27 samples). Chitinozoans were identified by 
Jaak Nõlvak (Institute of Geology at Tallinn Tech- 
nical University).

Data on electron microprobe analysis of biotite, 
X-ray diffractometry (XRD), XRF and INAA in 27 
Ordovician volcanogenic interbeds were provided 
by Toivo Kallaste (Institute of Geology at Tallinn 
Technical University), Kiira Orlova (Geological Sur
vey of Estonia), Kalle Kirsimäe (Institute of Geo
logy, University of Tartu), Warren D. Huff (Univer
sity of Cincinnati, USA), Stig M. Bergström (Ohio 
State University, USA) and Dennis R. Kolata (Illi
nois Geological Survey, USA).

Physical measurements of the core (92 samp
les) were performed by Jüri Plado, Argo Jõeleht (both 
from the Institute of Geology, University of Tartu) 
and Alla Shogenova (Institute of Geology at Tallinn 
Technical University). Photos of the core were taken 
by Tõnis Saadre (Pl. 1) and Heikki Bauert (Pls 2-4).

Useful comments by Jüri Plado, Juho Kirs and 
Jaan Kivisilla were of great help in finalizing the 
report.
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The description of the Soovälja (K-l) core is 
presented as a table on 15 sheets including the main 
lithological features of the rock (Appendix l). The 
first six sheets are given in the form previously used 
in Põldvere (1999, 2001); sheets 7-15 concentrate 
on impact-related features and, therefore, another is 
used.

I
I

815.2 L!

Fig. 2. Generalized stratigraphy and vertical distribu- 
tion of impact-related mixed Palaeoproterozoic (PP), 
Cambrian (C) or Ordovician breccia fragments in the 
Soovälja (K-l) core.

Sixty-six samples were studied from the crater 
filling post-impact Ordovician complex (24.0- 
301.2 m): 26 for grain-size composition, 8 for the 
content of CaO, MgO, C02 and insoluble residue, 5 
for physical properties and 27 for the distribution of 
chitinozoans. Twenty-seven volcanogenic and 
claystone interbeds (interval 170.9-256.0 m) were 
subjected to XRD or XRF analysis. From the 
Kinnekulle bed (173.0-173.4 m) microprobe analy- 
ses of biotite were performed.

Characterization of the impact-related depo- 
sits (301.2-588.5 m) comprises the results of 17

effects - K-enrichment and Na-Ca-depletion. These 
samples were examined using optical microscopy (by 
Väino Puura and Juho Kirs; both from the Institute 
of Geology, University of Tartu), electron microscopy 
and microanalyses (by Väino Puura and Aulis Kärki) 
in the Institute of Electron Optics, Oulu University, 
Finland. The same collection of thin sections was 
used for the quantitative study of the planar de- 
formation features (PDFs) of quartz (Juho Kirs, Ulla 
Preeden, Väino Puura; all from the Institute of Geo
logy, University of Tartu).

The contents of CaO, MgO, СО, and insoluble 
residue (8 samples, collected by Anne Põldvere) and Chemical analyses, 10 XRF analyses, 10 semi-

quantitative mineral composition analyses, 91 
semiquantitative emission spectral analyses, 48

grain size distribution of insoluble residue (17 
samples, collected by Kalle Suuroja) in the crater 
filling and covering complexes were analysed at the petrophysical measurements, 16 thin-section stu-
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dies of the lithological-mineralogical composition 
and 19 thin-section studies for the description of 
PDFs. The description of the crystalline basement 
(588.5-815.2 m) rocks is based on 29 Chemical analy- 
ses, 17 XRF, 7 semiquantitative mineral composi
tion analyses, 179 semiquantitative emission spec- 
tral analyses, 39 petrophysical measurements and 
43 + 1 (lithological-mineralogical composition + 
PDFs) thin sections.

То determine the degree of dolomitization of 
the carbonate rocks, 3% hydrochloric acid was used 
during field-work. The content of clay, the most com- 
mon terrigenous component in carbonate rocks, was 
assessed visually, according to the scheme by Oras
põld (1975), as follows: slightly argillaceous (in- 
soluble residue 10-15%), medium argillaceous (15- 
20%) and highly argillaceous (20-25%).

The descriptions of the textures of carbonate 
rocks are based on the traditional Estonian classifi- 
cations by Vingisaar et ai. (1965) and Loog & Oras
põld (1982), where the relative amounts of clastic 
and micritic components are crucial to identification 
of the textures. The content of carbonaceous clasts 
(including bioclasts) is given in most cases in per cent.

The partides with the diameter >0.05 mm are 
described as grains. For the major part of the core, 
the amount of grains was determined with the mag- 
nifying glass on the slabbed surfaces of the core. 
The micritic component consists of partides 
<0.05 mm in diameter. The terms used for textures 
are explained in Appendix 1. In case of mixed tex- 
ture, the dominant component is given last, while 
less important components are given before as ap- 
positions. The same principles were followed in deri- 
vation of descriptive terms also for other character- 
istics of the rock. The comparison of the Estonian 
classification with Dunham’s classification (Dunham 
1962; Põldvere & Kleesment 1998) is given, if pos- 
sible, at the end of the short description.

Several sedimentary structures are described in 
the way traditionally used in this bulletin (see 
Põldvere 1999, 2001). The relationships between 
different parts of rock are given in Appendix 1.

The classification of sandstones is based on the 
generally used 5-fractional classification of Pettijohn 
et ai. (1987), where the diameter of the finest sand 
partides is 0.05 mm. Fractions and terms for silt and 
sand are described in Appendix 1. Gravel-sized frag- 
ments (diameter 2-10 mm) are larger than coarse 
sand and finer than pebbles. Large angular fragments 
of rocks (with diameter >256 mm) are referred to as 
blocks. The term “terrigenous” is essentially syn- 
onymous with “noncarbonate” (e.g. terrigenous sand 
vs. carbonate sand) and is applied to sediments origi- 
nating from the land area and transported mechani-

cally to the basin of deposition (Scholle 1978).
The names of igneous rocks were derived on 

the bases on their genesis, and Chemical and mine- 
ralogical composition. Grain size limits are explained 
in Appendix 1.

Directional movement of rock partides along 
straight or arc-shaped lines inside impact-related 
sediments is observed on several levels. The surfaces 
of moved sediments are various, depending on the 
composition of the material, and size and character 
of flow directions.

The terminology concerning impact-related 
rocks and processes is based on Stöffler & Grieve 
(1994) and geological dictionaries. Below, a short 
glossary is given.

Allochthonous (allogenic) impact breccia -
synonymous to polymict impact breccia; indudes 
clastic matrix breccias (fragmental breccias, suevite 
breccias), impact melt breccias and dike breccias.
Autochthonous (authigenic) impact breccia -
synonymous to monomict (cataclastic) impact 
breccia.
Breccio-conglomerate - a rudaceous rock contai- 
ning both angular and rounded fragments. 
Cataclasis - the process of mechanical fracture or 
break-up of rocks, usually associated with dynamic 
metamorphism or faulting. The term is used both for 
small-scale, i.e. microscopic, structures, and also for 
large-scale phenomena. Hence cataclastic (adjective), 
and cataclasite - any rock produced by cataclasis. 
Another form of cataclasis is impacting, which 
involves planetesimal bodies such as asteroids 
striking the planet with enough energy to pulverize, 
or even melt, rock.
Ejecta (impact ejecta) - material, such as glass and 
fragmented rock, thrown out of an impact crater 
during its formation.
Fragmental (impact) breccia - polymict impact 
breccia with clastic matrix containing shocked and 
unshocked mineral and lithic clasts but lacking 
cogenetic impact melt partides; forms the bulk of 
the continuous ejecta blanket (*#• Impact formation) 
of impact craters.
Impact collision of two (planetary) bodies at or 
near cosmic velocity, which causes the propagation 
of a shock wave in both the impactor and target body. 
Impact breccia - monomict or polymict breccia, 
which occurs around, inside and below impact 
craters. =*> Monomict impact breccia. =+> Polymict 
impact breccia.
Impact crater - generally circular crater formed 
either by impact of an interplanetary body (projectile) 
on a planetary surface or by an experimental hy- 
pervelocity impact of a projectile into solid matter;
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nõus (allogenic) impact breccia) with clastic matrix 
or crystalline matrix (derived from the crystallization 
of impact melt) containing lithic and mineral clasts 
of different degree of shock metamorphism excavated 
by an impact from different regions of the target rock 
section, transported, mixed and deposited inside or 
around an impact crater or injected into the target 
rocks as dikes.
Resurge breccia - polymict impact breccia produced 
by force of resurge wave under sea conditions. The 
impact blows water away from the impact site and 
this water will retum as a huge resurge wave with 
mixed target rocks.
Shatter cone - rock feature formed when an intense 
shock wave travels through target rocks; points to 
the centre of impact and is one of the best macro- 
scopic confirmations for impact.
Simple impact crater - bowl-shaped impact crater 
with a relatively high depth/diameter ratio. 
Slumped breccia - breccial and intemally highly 
deformed downwards slided sediment bodies 
(blocks), often with directional movement character. 
Suevite or suevite breccia - polymict impact breccia 
with clastic matrix containing lithic and mineral clasts 
in various stages of shock metamorphism including 
cogenetic impact melt partides which are in a glassy 
or crystallized State; synonymous with suevitic 
impact breccia and mixed breccia.
Target rock(s) - rock(s) exposed at the site of an 
impact before crater formation.

craters formed by very oblique impacts may be 
elliptical.
Impact formation - geological formation produced 
by impact; indudes various lithological and structural 
units inside and beneath an impact crater (inner im
pact formations), the continuous ejecta blanket (outer 
impact formations) and distal ejecta such as tektites 
and impactoclastic air fail beds.
Impact melt - melt formed by shock melting of rocks 
in impact craters.
Impact melt breccia - impact melt rock containing 
lithic and mineral clasts displaying variable degrees 
of shock metamorphism in a crystalline, semihyaline 
or hyaline matrix (crystalline or glassy impact melt 
breccia).
Impact melt rock - crystalline, semihyaline or 
hyaline rock solidified from impact melt.
Impact metamorphism - metamorphism associated 
with the impact upon Earth of an extraterrestrial body. 
Impact structure - geological structure caused by 
impact irrespective of its State of preservation. 
Impactite - rock affected by impact metamorphism 
(indudes shocked rocks, impact breccias and impact 
melt rocks).
Impactoclast - rock fragment resulting from impact- 
induced comminution (=*> Comminution) of rocks; 
may display variable degrees of shock metamorphism 
(different shock stages).
Meteorite crater - impact crater with remaining 
fragments of the impacted meteoroid.
Monomict impact breccia - cataclasite (=*> cata- 
clasis, =£> autochthonous (authigenic) impact breccia) 
produced by impact and generally displaying weak 
or no shock metamorphism; occurs in the (par)autho- 
chthonous basement of an impact crater or as clast 
(up to the size of blocks and megablocks) within 
allochthonous impact breccias (synonymous to 
polymict impact breccia).
Planar deformation features (PDFs) - sub- 
microscopic amorphous lamellae occuring in shocked 
minerals as multiple sets of planar lamellae (optical 
dicontinuities under the petrographic microscope) pa- 
rallel to rational crystallographic planes; indicative 
of shock metamorphism; synonymous with the terms 
“planar elements” and “shock lamellae” which should 
be discarded.
Planar fractures (PFs) - fractures occuring in 
shocked minerals as multiple sets of planar fissures 
parallel to rational crystallographic planes, which are 
usually not observed as cleavage planes under normal 
geological (non-shock) conditions.
Planar microstructures - collective term compri- 
sing shock-induced planar fractures and planar defor
mation features.
Polymict impact breccia - breccia (=*> allochtho-

GEOLOGICAL SETTING OF THE 
KÄRDLA AREA

A crater structure (Fig. 3) buried under a thin 
layer of Upper Ordovician limestone in the north- 
eastem part of Hiiumaa Island (near the southeast- 
em border of the town of Kärdla) was discovered in 
1974. Its impact (meteoritic) origin was established 
in 1981 (Masaitis et ai. 1980). The morphology, age, 
possible formation mode, ete. of the Kärdla crater 
as a unique geological objeet have been diseussed 
in numerous papers (Puura 1974; Kala et ai 1978; 
Bauert et ai. 1987; Kleesment et ai. 1987; Žukov et 
ai. 1987; Puura & Suuroja 1984,1992; Lindströmet 
ai. 1992; Grahn & Nõlvak 1993; Grahn et ai. 1996; 
Koppelmaa et ai. 1996; Plado et ai. 1996; Puura et 
ai. 1989,1994,1996,1999, 2000a, b, 2001; Suuroja 
et ai. 1999, 2002; Suuroja 1994, 1996, 1997, 2002; 
Ainsaar et ai. 2002).

The age of the crater
The age of the Kärdla impact event is precisely 

established by micropalaeontological data (see 
Nõlvak in this võlume) and biostratigraphical corre-
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Fig. 3. Schematic geological section of the Kärdla crater and the location of main drill holes.

А - impact-influenced fractured, in the upper part (66 m) brecciated Palaeoproterozoic crystalline basement; 
В - impact-influenced rocks: Cambrian claystones, silt- and sandstones (thickness up to 120 m), Ordovician sand- 
stones and argillites (up to 8 m) and Ordovician limestones (up to 14 m); C - impact breccias (up to 220 m); 
D - impact-related ejecta layer (up to 14 m); E - impact-related turbidites (up to 28 m); F - post-impact Ordovician 
filling (argillaceous limestones, organic build-ups on the rim wall at Paluküla) and covering (limestones) complex (up 
to 256 m); G - Quaternary deposits (till, varved clay and sand; up to 24 m).

lations. The crater was formed in a shallow epiconti- 
nental sea not far from the non-sedimentation area 
(Puura & Suuroja 1992; Ainsaar et ai. 2002) 455 
million years ago (Upper Ordovician, Idavere Regio- 
nal Stage; Bauert et ai. 1987; Puura & Suuroja 1992;
Grahn et ai. 1996). At that time the crystalline base
ment was covered by mainly soft, water-rich, poorly 
compacted siliciclastic and clayey Cambrian 
sediments and an about 20 m thick layer of Lower- 
Upper Ordovician carbonate rocks. During the post- 
impact geological history, the sedimentary cover has 
been compacted and thinned to 150 m (Puura &
Suuroja 1992).

basement of the surroundings of the crater is over- 
lain by sedimentary bedrock consisting of siliciclastic 
and carbonaceous rocks, which have formed partly 
during the Vendian, but mainly during Cambrian, 
Ordovician and Silurian times.

Crystalline basement of the crater area
The structure of the crater and its surroundings 

has been established by the study of 1950 m of core 
from 60 closely spaced drill holes (Suuroja et ai. 
1974, 1991, 1993; Puura & Suuroja 1992).

According to the deep drilling data, the well- 
smoothed surface of the basement lies at a depth of 
175-330 m in Hiiumaa and is slightly sloping south- 
wards (3-4 m per km). The basement of Hiiumaa 
Island consists of Palaeoproterozoic metamorphic 
rocks, geologically and structurally forming an ex- 
tension of the Svecofennian folded belt in Southern 
Finland (Koistinen 1994). Metavolcanics and meta- 
sediments are mainly represented by amphibolites, 
biotite-amphibole, quartz-feldspar and mica gneisses, 
also by migmatite granites (Suuroja et ai. 1991). The 
topmost 5-10 m of the basement was subjected to 
pre-Vendian weathering.

In the Kärdla crater area, the surface of the base
ment lies deeper than 500 m in the crater depres- 
sion, while on the rim wall (at Paluküla) its altitude 
is some metres above sea level. The basement con
sists of Svecofennian läte orogenic migmatite gran
ites (Suuroja et ai. 1991; Niin 1997), metabasites 
(amphibolites, biotite-amphibolite and biotite 
gneisses) and quartz-feldspar gneisses. At Paluküla 
(towards ENE), the rim wall is mainly built of 
migmatized metabasites, whereas at Tubala (towards 
the WSW) the rim wall and the crater depression 
together with the Central uplift are composed of mig
matite granites and quartz-feldspar gneisses. Simi-

The morphology of the crater
The circular crater structure is 4 km wide and 

more than 500 m deep, with a Central uplift (dia- 
meter about 800 m) rising about 130 m from the cra
ter floor (Figs 1 and 3). The rim wall (the highest 
point 110 m above the target level) is cut by at least 
two resurge-excavated gullies (lowlands between the 
town of Kärdla and Paluküla village, and Ala and 
Tubala villages). The crater is surrounded by an el- 
liptical ring fault (diameter 12-15 km), with de- 
formed sedimentary rocks below the target level. 
Marine geophysical investigations in 1996 revealed 
a presumptive ring fault zone (Suuroja et ai. 2002) 
at two sites in Kärdla Bay, märked by а 5-10 m high 
terrace in the bedrock and by a submarine beach 
ridge. The blocks of the Cambrian sedimentary cover 
between the rim wall and the ring fault are strongly 
disturbed, fractured and folded, but dislocations do 
not reach the crystalline basement. In physical pro- 
perties the vertical influence of the impact is observ- 
able until the bottom of the Soovälja (K-l) core, 
but extends to the depth of about 950 m, that is about 
430 m below the crater floor (Plado et ai. 1996). The
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granites. By mineralogical composition, the majority 
of the rocks should belong to granites (Koppelmaa 
et ai. 1996). Plagioclase has been subjected to com- 
plete sericitization and pelitization, which has re- 
sulted in extensive outwashing of Na (together with 
Ca) and replacement by K. Quartz amounts to 30- 
35% (Appendix 5). Relatively small, rounded, pro- 
longated or jagged quartz grains are often fractured 
and have undulatory extinction. K-feldspar is repre- 
sented by cross-hatched microcline with quite fresh 
appearance, often replacing the earthy and corroded 
plagioclase. The amount of plagioclase in migmatite 
granites varies in wide limits. Plagioclase occurs as 
corroded and thoroughly altered with earthy masses 
crystals, often with very thin rims of pure albite. 
Frequently fresh microcline has grown into plagio
clase, accompanied by the formation of myrmekites. 
Biotite (content below 5%) forms small, relatively 
weakly altered laminae. Migmatite granites contain 
only single grains of homblende and garnet, but 
titanomagnetite, apatite and zircon are common.

The granites, occurring in up to 10 m thick veins 
are fine- to coarse-grained, rarely pegmatitic (Pl. 4, 
M), massive, in places gneissic. By mineral compo
sition they are plagioclase-microcline, more rarely 
microcline granites (Appendix 5), by Chemical com
position mostly belong to syenogranites (Appen
dix 2).

lar rocks occur also outside the rim wall in the nearest 
surroundings of the crater (Suuroja et ai. 1991; 
Koppelmaa et ai. 1996).

Basement rocks are mainly fractured and in 
places penetrated by secondary carbonate veins. The 
secondary alteration processes (chemical weather- 
ing and hydrothermal processes) in the crater have 
been more intense than elsewhere in Hiiumaa. The 
thickness of the altered rocks ranges from some met- 
res to 50 m and more.

The basement-derived granitoids and amphibo- 
lites in allochthonous breccias were subjected to high 
pressure (20-35 GPa) of impact metamorphism but 
in autochthonous position they were subjected to low 
shock pressure (less than 8 GPa). Rocks and min- 
erals are variably fractured and brecciated. The im
pact initiated significant chemical (K-enrichment) 
and mineralogical alteration (see Appendixes 2, 3) 
of rocks. Of major components, the content of MgO 
is slightly higher in the brecciated samples due to 
the replacement of homblende and biotite by chlo- 
rite. The trace element spectra show no (or not de- 
tectable) enrichment of crater rocks in an extrater- 
restrial component (Appendix 3; Puura et ai. 2003).

Optical microscopy of rocks shows that pla
gioclase has been widely substituted by submicro- 
scopical earthy material resembling sericite or saus- 
surite. The X-ray diffractometry, scanning electron 
microscopy and electron probe microanalyser stud- 
ies, however, have revealed the replacement of pla
gioclase by K-feldspar of orthoclase type (Puura et 
ai. 2000). Hornblende-type amphibole is widely 
chloritized and biotite shows kink-banding. Cross- 
hatched microcline has disappeared in places and 
been replaced by orthoclase. Only quartz is chemi- 
cally relatively stable, but has undergone crushing.

The occurrences of post-impact polymetallic 
ore (Pb, Zn-sulphides) formations are common in 
the crater region both in basement rocks and sedi- 
mentary bedrock (Suuroja et ai. 1991, 1993; 
Koppelmaa et ai. 1996; Suuroja 2002; see also 
Appendix 4).

The sub-crater basement section in the Soovälja 
(K-l)coreis 226.7 m thick (interval 588.5-815.2 m; 
Appendix 1, sheets 11-15). Dominating rock types 
are mainly pinkish-red or reddish-brown granitoids 
- migmatite granites and vein-forming plagioclase- 
microcline granites (Appendixes 1, 5, 6). They are 
mostly of plagioclase-microcline composition, with 
microcline predominating over plagioclase (Appen
dix 5, thin section 16100). Often fractured and po- 
rous rocks have been subjected to cataclasis.

By chemical composition, coarse- to fine- 
grained, massive or gneissic migmatite granites cor- 
respond to K-rich syenogranites, seldom to normal

The proportion of gneisses is insignificant. 
Quartz-feldspar gneisses are pinkish-red or greyish- 
brown, fine- to medium-grained, with weakly banded 
or gneissic structure and granoblastic or lepido- 
granoblastic texture. The quantity of quartz is 38- 
45% (Appendix 5).

Dark grey or greenish-black amphibolites 
occur in migmatite granites in the form of up to 40 cm 
thick veins, lenses or relicts (Appendix 1, sheets 11- 
15; Appendix 5). Migmatized amphibolites are me- 
dium- to fine-grained (grain size 1-3 mm), with lay- 
ered or massive fabric (Appendixes 1, 5), the tex
ture of amphibolites is nematogranoblastic, grano- 
nematoblastic, granoblastic or blastogabbroic.

Impact breccias
The polymict impact breccias of the Kärdla 

crater and its surroundings have been recovered by 
160 drill holes, of which only K-l, K-12 and K-18 
penetrate the entire complex inside the crater. The 
impact origin of the deposits was established by the 
discovery of quartz with planar deformation features 
(PDFs; Masaitis et ai. 1980) showing mosaicism and 
up to 2-3 Systems of PDFs (Appendix 7). In rare 
cases PDFs are seen also in cross-hatched micro
cline chips (Puura et ai. 2000a, 2003). Dispersed and 
strongly altered impact melt (rarely exceeding 20%)
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occurs in the Kärdla crater only in the suevite breccia 
(Suuroja et ai. 2002).

Outside the crater, the impact event is märked 
by а 0.01-14.0 m thickejecta layer of silt- to gravel- 
sized target rock debris. Shocked minerals (quartz, 
feldspar) often show multiple sets of planar fissures 
or deformational features (PDFs; Suuroja et ai. 
2002). Carbon-rich spherules are also found (Puura 
et ai. 2000b). The continuous ejecta layer in the lime- 
stone sequence is distributed at least within a dis- 
tance of about 30 km from the impact centre (Puura 
& Suuroja 1992). Coarse clasts (blocks, cobbles and 
pebbles) are found at a distance of up to 5 km from 
the impact site. The evenly decreasing grain size and 
thickness of the ejecta layer farther from the impact 
site bear evidence of the smooth sea floor at the time 
of the impact. The depth of water at the impact site 
might have been about 100 m. As numerical model- 
ling of an impact has shown (Shuvalov 2002), а 
smaller water depth could not have caused a resurge 
wave powerful enough to smash up the rim wall.

The target rocks have been subject to breccia- 
tion and fracturing of variable degree. There occur 
breccia dikes, metre-sized blocks, fine-grained clasts 
in breccia matrix and microfracturing of mineral 
grains. Fragmental breccia dikes are found at differ- 
ent levels in the crater walls and in the crater base- 
ment.

(up to 5 m in diameter) from the topmost part of the 
target and shock-influenced clasts of crystalline 
basement rocks.

Turbidites and post-impact sediments
Turbidites in the crater are deposited from the 

mudflow suspension and display a sorting effect: the 
coarsest material in beds is at the base and the finest 
material at the top. The lower complex (thickness 
1-2 m; Appendix 1, sheet 6, 300.0-301.2 m; Pl. 1, 
fig. 5) contains partides in size ranges 2-10 mm and 
20-100 mm. The immediately overlying layer (thick
ness 2-4 m; Appendix 1, sheet 6, 296.0-300.0 m; 
Pl. 1, fig. 5) consists of partides 0.1-2.0 mm in 
diameter and is covered by 22-26 m thick (Appen
dix 1, sheet 6,279.8-296.0 m) sediments with 0.005- 
0.1 mm grain size. Fine-grained well-rounded sand- 
and siltstone consists mainly of quartz. Conglome- 
ratic to coarse sand-sized partides are angular and 
contain abundant clasts of the crystalline basement 
rocks. Shock metamorphosed grains of quartz with 
PDFs are found in all described siliciclastic layers.

The thickness of post-impact carbonaceous 
limestones and maris in the crater deep is up to 
300 m, in the surrounding area about 90 m and above 
the rim wall only 15-20 m. The crater depression 
on the sea bottom has behaved as a sediment trap 
(Suuroja et ai. 1997).

In the crater deep, the turbidites are directly 
overlain by about 90 m (Appendix 1, sheets 4-6, 
189.4-279.8 m) of calcareous sediments with 5- 
50 cm thick interbeds comprising angular siliciclastic 
material (Appendixes 8,9) and features of directional 
movement. Three 2-8 cm thick volcanogenic 
(metabentonite) interbeds have been registered, not 
found outside the crater. Simultaneously (during 
about 100 000 years) about 0.5 m of lime sediments 
accumulated in the crater surroundings (Suuroja et 
ai 1997).

Two formations, Kärdla (Appendix 1, sheets 
7-11, 301.2-588.5 m; Pl. 1, figs 6, 7; Pls 2, 3; Pl. 4, 
I, J, K, L) and Paluküla (Appendix 1, sheets 4-6, 
189.4-301.2 m; Suuroja et ai 1991), are represented 
in the impact-related section (stratotype of the 
Soovälja (K-l) core). The about 50 m thick suevite- 
like impact breccia layer (Appendix 1, sheets 9-10, 
interval471.0-522.8 m;Pl. 2, D; Pl. 3, E, F, G)upon 
the strongly brecciated crater floor (Appendix 1, 
sheets 10-11; interval 522.8-588.5 m; Pl. 3, H; 
Pl. 4, I, J, K, L) consists of crystalline basement 
blocks and clasts. As a result of K-metasomatosis 
caused by the impact, the breccias have become de- 
pleted in Na20 and CaO and enriched in K20 (Ap
pendix 2). This enrichment in К is petrographically 
associated with the replacement of plagioclase by 
submicroscopic orthoclase masses. The borderline 
between autochthonous (lower) and allochthonous 
(upper) breccias is at 522.8 m. The layer of slumped 
breccias (contains over 90% strongly deformed Cam- 
brian blocks) is thinner over the Central uplift and 
thicker above the ring depression (ca. 40 and 140 m, 
respectively; Appendix 1, sheets 7-9, interval 334.0- 
471.0 m). Impact suevite-like and slumped breccias 
are covered by resurge deposits (Appendix 1, sheet 
7, interval 301.2-334.0 m; Pl. 1, fig. 6) consisting 
prevailingly (up to 40 vol%) of the clasts or blocks

The crater filling ends with an about 50 m thick 
carbonate sediment complex (see Appendix 1, sheets 
3,4, 133.6-189.4 m; Pl. 1, figs 3, 4) where up to 17 
volcanogenic interbeds have been recognized (core 
sections K-l and K-l 8). Pyritized two-ply discon- 
tinuity surfaces in the upper part of the complex are 
mainly strongly impregnated, with up to 20 cm bur- 
rows and excavations. In the lower part of the com
plex, the surfaces are slightly impregnated, in places 
phosphatized and often covered with rock contain- 
ing silt and sand. Sedimentary conditions were mark- 
edly different in а 100-300 m wide area near the 
inner and outer slopes of the rim wall in the sur
roundings of Paluküla village where 15-20 m thick 
organic build-ups of echinoderm columnal plates 
have formed. Abundant fragments of echinoderm
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buted to the formation of the bedrock topography 
of the Kärdla impact structure area. The pressure of 
2-3 km thick glaciers has compacted the underlying 
sediments. For example, the lower boundary of the 
Saunja Formation is tilted by up to 30° on the slopes 
of the rim wall, sünk down by about 60 m inside the 
crater and uplifted by up to 60 m above the rim wall. 
Thus the maximum divergence of the post-deposition 
vertical movements in the crater area was up to 
120 m.

crowns are found from maris in the westem part of 
the crater. Outside the crater, synchronous sediments 
are only 27-33 m thick.

By the beginning of Rakvere time the highest 
part of the rim wall was buried under calcareous mud. 
The conditions of sediment accumulation had equa- 
lized in different parts of the crater but the rate of 
accumulation was somewhat different. А 100-200 m 
wide arc-like ridge near Paluküla, and probably in 
the SW part of the rim wall, caused some difference 
in thicknesses of formations on the crater deep, on 
the rim wall and in the surroundings (respectively 
70, 40 and 55 m; Appendix 1, sheets 2, 3, 64.5- 
133.6 m; Pl. 1, fig. 2). In the up to 4 m thick basal 
part (missing in K-l), formed at the beginning of 
Rakvere time only near Paluküla, the crypto- to mi- 
crocrystalline limestone is rich in fossils, bioclasts 
(up to 50%) and cobble- to sand-sized crystalline rock 
fragments. The upper part of the Rakvere Stage con- 
tains 2-5 cm kukersite-bearing interbeds and 6-12 
pyritized discontinuity surfaces. The latter are mainly 
slightly impregnated, smooth or uneven. Under these 
surfaces the limestone is often burrowed and pe- 
netrated by 2-10 cm deep excavations. The amount 
of clasts is variable in different sections.

The Nabala and Vormsi stages are represented 
by very finely crystalline or crypto- to microcrystal- 
line limestones with mari and slightly argillaceous 
limestone interbeds. Of fossils, fragments of brachio- 
pods, trilobites, rugosae and calcareous algae are 
present. In the basal part near Paluküla village quartz 
and feldspar sand occurs. The upper part of the 
Vormsi Stage revealed 2-4 phosphatized or pyritized 
two-ply discontinuity surfaces, which are strongly 
impregnated, uneven or wavy with excavations. 
Pyritized bioclasts are often found under these sur
faces.

The Pleistocene glaciation removed about 60 m 
of the sedimentary cover from the rim wall. In the 
uplifted crater area, however, the erosion rate was 
higher (Možaev 1973). We cannot exclude also the 
influence of the post-burial deposits - the probably 
up to 300 m thick cover of the Silurian and Devo- 
nian rocks (at present missing in northem Hiiumaa), 
but lithostatic pressure from Continental glacier was 
stiil of greater importance.

DISTRIBUTION OF CHITINOZOANS

A total of 27 samples (Appendix 10) from the 
lowermost part of more or less normal sediments of 
the Soovälja (K-l) core (fine-grained sandstones 
and calcareous mudstones, Appendix 1, sheets 5, 6), 
formed after the impact event, were studied for acid- 
resistant microfossils. The main purpose of this 
study was to answer the question: which groups were 
the first to invade the crater? In contrast to the se- 
quences surrounding the crater, which give the pre- 
cise age of the event, those within the crater are vir- 
tually complete and therefore good models for eco- 
logical studies of restricted environments.

In the early 1970s the distribution of acid-re- 
sistant microfossils was studied using drill cores 
from the northeast märgin of the Kärdla impact cra
ter — Paluküla 412 and Paluküla 383. The data ob- 
tained from the latter were published in Grahn et ai. 
(1996, fig. 8). The age of the Kärdla impact event in 
the light of chitinozoans was determined in the 
Männamaa F367 core (Grahn et ai. 1996, fig. 9), 
about 20 km to the Southwest of the crater. In this 
core the impact-related layer lies in the transition 
between the Angochitina curvata and Lagenochitina 
dalbyensis zones in terms of the chitinozoan zona- 
tion (Nõlvak & Grahn 1993; Nõlvak 1999), in the 
early Idavere Age (Grahn & Nõlvak 1993, fig. 2).

Almost all samples from the Soovälja (K-l) 
core contained at least some remains of organic- 
walled fossils (chitinozoans, acritarchs, graptoloids 
and also scolecodonts), except for the lowermost one 
(sample M-14080, Fig. 4). The sample size varied 
from 0.2 to 0.5 kg (0.3 kg on average). Altogether 
31 chitinozoan taxa were identified, the distribution

The thickness of the Pirgu Stage in the crater 
area is 38^42 m, decreasing in the crater surround
ings to 34 m. Micro- and very finely crystalline lime
stone with mari interbeds (Pl. 1, fig. 1) is rich in 
pyritized discontinuity surfaces (up to 42). They are 
mostly slightly impregnated, uneven (wavy) or dis- 
jointed. Burrows and excavations reach up to 10 cm 
below the surface. Inside the crater, the widely dis- 
tributed Pirgu sediments are overlain by some relicts 
of the rocks of the latest Ordovician Porkuni Stage 
and the Silurian Juuru Stage, buried under the Qua- 
ternary cover.

The Quatemary cover inside the crater is 18- 
24 m (see also Appendix 1, sheet 1), but on the rim 
wall mostly 0.2-2 m thick. In the crater proper, the 
Upper Pleistocene till and varved clay (Baltic Ice 
Fake) layers are covered by Holocene Limnea Sea 
sand. The Pleistocene glaciation essentially contri-
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Fig. 4. Distribution of chitinozoans and the acritarch Leiosphaeridia baltica in the Haljala Stage (Idavere Substage; 
Caradoc) of the Soovälja (K-l) core.

of which is shown in Fig. 4. The number of specimens 
per sample increases upwards step by step and is 
relatively very high (more than 2-3 specimens per 
gram of rock) above the 271.4 m level (M-14089- 
M-14106). However, the preservation of chitinozoans 
varies largely. Below the 270 m level, they are totally 
flattened and bigger forms are often broken. Higher 
in section (in more argillaceous beds), they are poorly 
preserved in some layers, but generally specimens 
are not as compressed as in the ten lower samples.

At the same level (M-14089) the first grap- 
toloids (Climacograptus sp., Pseudoclimacograp- 
tus sp., Dicellograptus sp.) come in, but the first frag- 
ments of scolecodonts appear together with chitino
zoans. Rare colonies of the (blue-green?) alga Cloeo- 
capsamorpha prisca were found in M-14085 and M- 
14086.

It can be concluded that in general the chiti- 
nozoan assemblage in beds higher the 271.4 m level 
is very similar to that in both Paluküla (383 and 412) 
sections. A similar assemblage is widely distributed 
in the lower Idavere Substage in many studied sec
tions in the whole North Estonian Confacies Belt 
(Nõlvak 2002b), where these beds have a much more 
restricted thickness (up to 5 m). The species content 
of the Soovälja (K-l) core is rather stable and no 
märked changes are registered in the species level, 
except for the fossiliferous lowermost part where 
interesting variations are observed.

The chitinozoan assemblage of the lower 
part of the Soovälja (K-l) core (below a depth 
of 271.4 m) has a specific characteristic, not regis
tered in the other sections inside the crater, e.g. 
Paluküla 412 (interval 240.0-274.0 m, 14 samples)
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K-bentonites are characterized by a clay matrix that 
consists chiefly of mixed-layer illite-smectite (I-S) 
with lesser amounts of kaolinite and mixed-layer 
chlorite-smectite (Kolata et ai. 1996; Huff et ai. 
1997). These clays are seldom found in abundance 
in other Lower Palaeozoic sedimentary deposits, 
hence, clay mineral Identification has become а 
useful means of establishing the volcanogenic 
identity of K-bentonite beds. Other methods of 
establishing their origin indude petrographic 
identification of primary volcanic minerals such as 
euhedral zircon, apatite, biotite, sanidine, plagioclase, 
beta-form quartz, and various amphiboles and 
pyroxenes (Haynes 1994; Bergström et ai. 1997; Huff 
et ai. 1998).

Powder X-ray diffraction (XRD) scans of the 
clay minerals in several Soovälja (K-l) beds were 
made in order to evaluate their suspected volcano
genic origin. Clay samples were prepared for XRD 
analysis by separation of the <2 pm and <0.2 pm 
size fractions in an aqueous suspension. The clay 
suspensions were applied to glass substrates by the 
pipette method and allowed to dry at room tempera- 
ture to achieve oriented clay aggregates. Air-dried 
and ethylene glycol solvated slides were scanned 
from 2° to 32°20 on a Siemens D-500 diffractometer 
with Cu Ka radiation at a sean rate of O.2°20/min at 
the Department of Geology, University of Cincin
nati, and from 2° to 4O°20 on a Dron 3M dif
fractometer with Cu Ka radiation in Estonia, with а 
step size of O.O2°20 and a count time of 3 s. Quan- 
titative estimation of illite and smeetite in mixed-

and Paluküla 383 (Grahn et ai. 1996, fig. 8, interval 
144.3-225.0 m, 88 samples), where beds of the Ida
vere Substage were studied very carefully. That spe- 
cific element of the chitinozoan assemblage consists 
in one to three (in one case five) speeimens, which 
until now (according to the data available) are 
known from much older layers. For example, Lau- 
feldochitina striata is known not higher than the 
upper Uhaku Stage; Conochitina elavahereuli from 
the Lasnamägi and lower Uhaku stages; Conochitina 
sp. 1 from the lower and Eisenckitina rhenana from 
the whole Kukruse Stage, ete. Most of these are stra- 
tigraphically important zonal forms among chitino- 
zoans (Nõlvak & Grahn 1993; see also Taga-Roostoja 
(25A) seetion in Nõlvak 1999 and Valga (10) seetion 
in Nõlvak 2001).

Such an unusual content of chitinozoans 
(märked with a blaek circle in Fig. 4) may be due to 
reworking. The aeid-resistant residues in the lower 
half of the investigated beds are very rich in fine- 
grained mica, the amount of which deereases up- 
wards. Mica has in general the same size as the most 
flattened chitinozoan speeimens, which are inter- 
preted here as reworked material from much older 
deposits. These chitinozoans were washed out of 
more argillaceous older layers and deposited into 
younger sediments (below 271.4 m) in the same way 
as small flakes of mica. This statement is supported 
by the fact that in the Soovälja (K-l) core all speei
mens not common in beds of this age are at the same 
time flattened and very rare.

layer I-S was made using the Computer program 
NEWMOD (Reynolds 1985) and the interpretive 
diagrams of Šrodon (1984) and Moore & Reynolds 
(1997).

K-BENTONITE MINERALOGY AND 
GEOCHEMISTRY

The Soovälja (K-l) core that penetrates the 
crater-filling sequence in the Kärdla impaet struc- 
ture indudes approximately 140 m of carbonate 
rocks from the Upper Ordovician Haljala and Keila 
stages (Appendix 1, sheets 3-6). Twenty-seven K- 
bentonite beds ranging from 2-40 cm in thiekness 
are found within this seetion (Appendix 1, sheets 
4, 5). The thiekest bed (173.0-173.4 m) occurs on 
the base of the Keila Stage and can be correlated 
with the widespread Kinnekulle K-bentonite (Pl. 1, 
fig. 4) of Baltoscandia (Bergström et ai. 1995). Here, 
additional information on clay mineralogy, whole- 
rock major and traee element geoehemistry and 
biotite geoehemistry is reported. These data are ap
plied to stratigraphic and tectonomagmatic models 
in order to further constrain the nature and setting 
of ash beds.

Powder X-ray diffraction scans (Figs 5, 6) in- 
dieated that all K-bentonites are characterized by 
interstratified I-S with R1 to R2 ordered inter- 
stratifieation. The appearance of 14.2,7.1 and 3.53 Ä 
peaks in the <2 pm fraetion of some K-bentonite 
samples (Figs 5,6) suggests that there has been some 
mixing of detrital muds with the ash. Computer 
modelling of ethylene glycol solvated pattems mea- 
sured at the University of Cincinnati indieates that 
the illite component constitutes as much as 87% of 
the in R2 ordered mixed-layer I-S. However, experi- 
mental evidence from the University of Tartu sug
gests the illite content in I-S varies from 70 to 75% 
when computed following the methods of Moore & 
Reynolds (1997) whereas the ordering of inter- 
stratifieation is intermediate between R1 and R2
(Fig. 7). XRD pattern modelling using NEWMOD 
calculations of the same patterns (Fig. 8) obtained 
the best fit between calculated and measured pro-

Clay mineralogy
With few exceptions, all Lower Palaeozoic
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Fig. 5. (A) Powder XRD patterns of ethylene glycol saturated samples. (B) Bivariate plot of Ti vs Fe/Mg oxides. 
Circles represent Soovälja (K-l) and Viki biotites and squares represent Kinnekulle samples from Mossen, Sweden. 
(C) Temary plot of biotites after the method of Abdel-Rahman (1994). А = anorogenic alkaline suites, P = Peraluminous 
S-type suites and C = calc-alkaline orogenic suites. FeO* = total Fe as FeO. (D) Plot of Mg+2/(Mg+2+Fe+2)* 100 vs. 
MgO showing the highly evolved nature of the source magma for the Soovälja (K-l) and Viki biotites.

Fig. 6. Representative XRD patterns of the glycolated 
oriented aggregates of K-bentonite clay from the Soovälja 
(K-l) core analysed at the University of Tartu. Samples: 
B3 - depth 173.2 m, < 2 pm; B3-2 - 173.2 m, < 0.2 pm; 
B4 - 174.6 m, < 2 pm; B5 - 177.4 m, < 2 pm; B6 - 
179.1 m, < 2 pm; B6-2 - 179.1 m, < 0.2 pm; B7 - 
181.4 m, < 2 pm; B8 - 185.3 m, < 2 pm. Legend: I-S - 
illite-smectite, I - illite, Chi - chlorite. Samples B3 and 
B3-2 represent the Kinnekulle bed at the Haljala-Keila 
Stage boundary, B4 is a sample of the Sinsen K-bentonite 
complex (Jõhvi Substage of the Haljala Stage) and samples 
B5-B8 represent individual beds of the Grefsen complex 
(Idavere Substage of the Haljala Stage). See Bergström 
et ai. (1995) for details.
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300 °C. Illitization reactions in I-S have been closely 
linked to periods of tectonism and basin deformation 
during which gravity-driven fluids mobilize available 
cations and increase their activity with respect to clay 
mineral structural exchange sites (Elliott & Aronson 
1987). The K-Ar ages of the K-bentonite clay 
<0.2 pm fractions of the Kinnekulle bed in the north- 
em Baltic basin vary between 357 and 384 Ma (K. 
Kirsimäe, unpublished data).

This period coincides roughly with the closure 
of the Iapetus Ocean and the Caledonian orogeny, 
when these sediments experienced the maximum 
burial under the Middle to Läte Devonian sediments 
deposited in a Caledonian foreland basin. However, 
the thermally very immature State of the organic 
material of Palaeozoic sediments in the northem part 
of the Baltic basin suggest that these beds were not 
deeply buried (< 1.5 km) and/or heated above

files for I-S with 72% illite in R1.5 ordered inter- 
stratification (N = 3... 12). The reasons for these dif- 
ferences in expandability estimates are not known 
yet. Illite-smectite ordering and the related percentage 
of the illite component in both cases do not appear 
to follow any systematic pattern of distribution with 
respect to the stratigraphic position or facies within 
the sediments investigated in the Kärdla crater.

While some studies have shown a general rela- 
tionship between the degree of burial metamorphism 
and illite percentage in I-S, there is no evidence of 
low-grade metamorphism or a deep burial history in 
these beds. By comparison, anchizonal metamorphism 
converted Silurian K-bentonites to I-S with about 
95% illite in the Southern Uplands (Merriman & 
Roberts 1990) and in north Yorkshire (Romano & 
Spears 1991), and maximum temperatures in these 
areas are estimated to have been on the order of

50IS (R1)random (R0)

• 40
IIS (R2)

V
■ 30 *?

о °o\ .E
ч ISII (R3)

-20 w
\

V\ Fig. 7. Ordering type of the illite-smectite (I-S) inter- 
stratifications in the studied samples. Modified after 
Šrodon (1984).
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0
7.5 8.07.05.5 6.0 6.55.0

I-S 001/002 peak position, °20 Cu Ka

I-S (72% I, R1.5)
EG Fig. 8. XRD pattern of glycolated < 2 and < 0.2 pm frac

tions of the sample (depth 173.2 m) from the Kinnekulle 
bentonite bed of the Soovälja (K-l) core in the Kärdla 
crater, and a NEWMOD modelled pattern of R1.5 ordered 
I-S with 72% illite layers. Asterisk marks the illite and/or 
highly illitic I-S (> 95% illite) impurity in the < 2 pm 
fraction. EG - ethylene glycol solvated.

<2 pm EG
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Table 1. Chemical composition of biotites of the Kinnekulle K-bentonite bed (173.0-173.4 m) 
of the Soovälja (K-l) and Viki cores by electron microprobe analyses

N* Si02 A12Q3 FeO* MgO A12Q3 K2Q Na2Q MnO TiQ2 CaO SUM
Average
Maximum
Minimum
Median

89 34.73 16.55 23.34 7.66 16.55 8.61
35.53 16.97 25.05 8.43 16.97 8.96
33.44 16.01 21.25 7.16 16.01
34.80 16.55 23.37 7.62 16.55 8.60

0.43 0.29 4.56 0.01 96.17
0.52 0.44 5.29 0.05 98.30

8.23 0.37 0.14 4.07 0.00 93.50
0.42 0.29 4.51 0.01 96.17

89
89
89

N* number of measurements; FeO* = total Fe as FeO.

50-80 °C (Talyzina et ai. 2000; Viiraja/. 2001). II- 
litization reactions are extremely sluggish (Lanson 
& Meunier 1995), however, and under very low-grade 
metamorphic or diagenetic conditions other geoche- 
mical and sedimentological factors are more likely 
to play a decisive roie in controlling smectite-to-illite 
transformation in these K-bentonites.

FeO*/MgO (Fig. 5B) compares the Soovälja (K-l) 
and Viki core (from Saaremaa Island) biotite 
compositions with the Kinnekulle K-bentonite from 
Mossen, Sweden (Bergström et ai. 1995). The beds 
are virtually indistinguishable and confirm the 
chemostratigraphic Identification of the Kinnekulle 
bed in the Estonian cores. Figure 5C shows a temary 
plot of A1203, FeO*and MgO. This plot is based on 
the data of known volcanic compositions from 26 
separate volcanoes and 329 biotite samples repre- 
senting alkaline, calc-alkaline and peraluminous 
magma sources (Abdel-Rahman 1994). A1203, FeO 
and MgO were used because they are interchangeable 
in the octahedral cation site of biotite. Alkaline mag- 
mas are iron-rich, due to crystal fractionation and 
the fact that iron oxides and iron-titanium oxides 
form läte in the fractionation sequence (Abdel- 
Rahman 1994). Calc-alkaline magmas are relatively 
magnesium-rich as a result of the increased water 
content that allows iron oxides and iron-rich amphi- 
boles to crystallize early, removing iron from the 
system. Peraluminous magmas are enriched in alu- 
minium due to partial melting of the Continental 
cmst, with abundant aluminium-rich minerals. Most 
biotite samples of the Soovälja (K-l) core K-bento
nites plot within the calc-alkaline magma source 
based on this plot.

Biotite geochemistry
Biotite was analysed by electron microprobe 

for the major oxides (Table 1). The data were used 
to calculate a widely applied fractionation index 
known as the magnesium number (Tatsumi & Eggins 
1995). The magnesium number, expressed as Mg+2/
(Mg+2 + Fe+2)*100, is a useful indicator of the de- 
gree of crystal fractionation, assuming a mantle-de- 
rived primary magma. Initial magma generated from 
the mantle has a magnesium number of about 90. In 
early stages of crystallization, magnesium-rich mi
nerals such as olivine and pyroxene crystallize out, 
so that differentiated magmas have a lower magne
sium number. Magnesium and iron values in biotite 
and amphibole are only slightly higher than the co- 
existing melt (Hess 1989), so, the biotite composi
tion is a reflection of the melt composition. Typical 
subduction zone magmas have a magnesium number 
around 60-70 (Hess 1989). Samples from the 
Soovälja (K-l) core have magnesium numbers be- 
tween 35 and 42, indicating a highly fractionated 
magma (Fig. 5D).

Oxide weight percentages are between 93 and 
99% of the total for biotite samples. Most of the varia- 
tion accounting for the differences in weight percent
ages between samples was in the Si02 content. А 
small portion of the biotite crystal consists of 
volatiles such as water and fluorine, which accounts 
for some of the missing weight in the microprobe 
totals. In unaltered biotites, the K20 concentration 
is approximately 9%. K20 values for the biotite 
samples were between 8.3-8.9 wt%. Even in grains 
with low K20 values, concentrations of other ele- 
ments, particularly Ti02, A1203, FeO* and MgO re- rapidly formed vitric ash beds since pyroclastic glass 
mained consistent within a sample, between altered tends to maintain a constant composition with dis-
and unaltered biotites. A bivariate plot of Ti02 vs. tance from its source (Sama-Wojcicki et ai 1987).

Trace element geochemistry
The use of immobile trace elements in altered 

and unaltered volcanic rocks to discriminate com
positions erupted in different tectonic settings is well 
known (Pearce & Cann 1973; Winchester & Floyd 
1977; Wood 1980; Pearce et ai. 1984; Harris et ai. 
1986). Discrimination diagrams, which are derived 
empirically from many analyses of lavas, must be 
cautiously applied to the interpretation of altered 
pyroclastics, however, and with due consideration
for the possible effects of phenocryst fallout and 
other lateral changes on the whole-rock composi
tion. These problems are minimized in the case of
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Preliminary studies of high field strength elements 
in K-bentonites (Merriman & Roberts 1990; Ro- 
berts & Merriman 1990; Huff et ai. 1991) indicate 
that they largely behave as immobile elements and 
do, within the range of sensitivity offered by empiri- 
cal discrimination diagrams, preserve characteristics 
of the original magma. They can thus be useful in 
reconstructing the setting of subduction-related island 
are and plate märgin voleanism. While not providing 
conclusive proof of origin, immobile element compo- 
sitions of K-bentonites can reveal important infor- 
mation conceming both the compositional characte
ristics of the parent magmas and the probable teeto- 
nic environment in which the eruptions oeeurred. 
Roberts & Merriman (1990) studied the mineralogy 
and traee element geoehemistry of one Ordovician 
(Caradoc) and three Cambrian K-bentonites from the 
Welsh Basin, and concluded that they all were de- 
rived from felsic magmas in a within-plate tectonic 
setting. In a companion study (Merriman & Roberts 
1990) of Upper Ordovician-Lower Silurian K-ben- 
tonites from the Southern Uplands they found evi- 
dence that the tectonic setting of the souree voleanoes 
changed from an ensialic are transitional to a baek- 
arc setting and involved attenuated sialic lithosphere 
and depleted mantle in the generation of the parent 
magma. We report here on the extension of these stu
dies to indude Ordovician K-bentonites in the U.K. 
ranging in age from Llanvim to Ashgill and repre- 
senting marine shelf and basin depositional environ- 
ments on both the northwest and southeast margins 
of the Lower Palaeozoic Iapetus prior to its elosure. 
For comparative purposes we have included in our 
data the Caradoc K-bentonite sample BRM-620 
studied previously by Roberts & Merriman (1990).

On the magmatic discrimination diagram of
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\ leriteRhyolite

Rhyodacite 
: Dacite

0.1 T rachyte»
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andesite
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Basanite
N Andesite

Alkali
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Fig. 9. Magmatic discrimination diagram after Winches
ter & Floyd (1977) based on whole-rock traee element 
data from the Kinnekulle bed (173.0-173.4 m) in the 
Soovälja (K-l) core.

Winchester & Floyd (1977) the Soovälja (K-l) 
K-bentonite sample plots as a calc-alkaline trachy- 
andesite (Fig. 9; Table 2). The sample has an Nb/Y 
ratio less than 1.0, which is characteristic of sub- 
alkaline magmas, whereas peralkaline magmas 
tend to have Nb/Y ratios greater than 2.0 (Winches
ter & Floyd 1977). Huff et ai. (1993) showed that 
Llanvim-Llandeilo samples in Ordovician K-ben
tonites of Great Britain have a slightly less fraetion- 
ated character than the Caradoc-Ashgill samples. The 
latter show a higher Nb/Y ratio generally considered 
to be characteristic of alkaline suites (Pearce & Cann 
1973).

Table 2. Major and traee element composition of the Kinnekulle K-bentonite bed 
(interval 173.0-173.4 m) in the Soovälja (K-l) core

Element (ppm)Oxide (wt%)
Tm 0.30
Yb 1.60
Lu 0.19
Pt 10.00
Pd 1.00
Hg 8.00
Sc 6.00
Mn 38.00

Pr 4.10 
Nd 18.80

Tl 0.2P 550.0Cr 10.0Ag 0.5
As 0.6

Si02 55.30 
A1203 20.20 U 5.3Pb 2.0Cs 9.0

4.10V 17.0 SmRb 143.0 
S 320.0 
Sb 0.2

Cu 2.91.0Au0.60CaO
Eu 0.42
Gd 4.20
Tb 0.70
Dy 4.70
Ho 0.88
Er 2.00

9.0WGa 21.0В 490.0
Ba 200.0
Be 2.0
Bi 0.6
Cd 0.2

MgO 4.34
Na20
K20 6.49

Fe203 
Ti02 0.22

Y 25.0
Zn 11.0
Zr 170.0
La 11.1
Ce 28.2

Hf 5.50.44
2.0SnLi 190.0 

Mo 2.0
Nb 22.0

Sr 100.02.74
1.0Ta

Th 12.0LONi5.0СоSUM 90.33

Analysed by the instrumental neutron aetivation method; Fe203 - total Fe calculated as Fe203’
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Conclusions
The Soovälja (K-l) core from the Kärdla im- 

pact structure preserves a remarkable record of 
Middle Ordovician explosive volcanism in the form 
of 27 distinct ash beds. These beds appear to be the 
product of a highly evolved magmatic source, most 
likely involving crustal contamination of partial 
melting of the collision märgin. The magnesium 
number derived from biotite analyses serves as а 
useful proxy for whole-rock data and provides fur- 
ther evidence of the felsic nature of the source 
magma. Trace element discrimination diagrams sup- 
port this conclusion. Clay minerals present are domi- 
nantly R2 ordered illite-smectite and suggest that 
these rocks have not been subjected to extensive 
burial diagenesis or low-grade metamorphism, as 
is seen elsewhere throughout the East European 
Platform.

Sanidine composition
After washing out fine clay material, the 0.04- 

0.1 mm fraction was separated from rest of the sample 
by sieving. The sanidine composition in it was stud- 
ied by XRD following the method of Orville (1967) 
and adjusted for bentonites (Kiipli & Kallaste 2002). 
Previous experience has shown that this fraction con- 
tains abundantly pyroclastic grains.

The coarsest K-bentonite fractions contain sa
nidine with a wide I reflection, possibly giving evi
dence about variable sanidine composition. Such 
sanidine cannot be used for reliable correlations. 
Sanidine containing 25.1 mol% NaAlSi3Og was de- 
tected in the sample at 173.1 m (K-bentonite at 173.0— 
173.4 m; Table 3 and Appendix 1, sheet 4), which 
proves correlation of this level with the Kinnekulle 
bed at the lower boundary of the Keila Stage (Kiipli & 
Kallaste 2001). Sanidine with a well measurable sharp 
reflection (containing 22.5 mol% NaAlSi3Og) was 
identified also in another bed, at a depth of 177.35 m 
(Table 3). On the basis of the sanidine composition 
this bed can potentially be determined in other 
sections as well.

CHARACTERISTICS OF VOLCANISM

Interbeds of K-bentonites and terrigenous clay- 
stone (interval 173.10-255.98 m) were investigated 
in the Soovälja (K-l) drill core (Table 3; Appen
dix 1, sheets 4, 5), whereas a large number of K- 
bentonites, 1-40 cm thick, were established between 
the depths of 177.0 and 187.0 m. These K-bentoni
tes correlate with the Grefsen K-bentonite complex 
(Bergström et ai. 1995). The Kinnekulle K-bentonite 
(Pl. 1, fig. 4) in the Soovälja core lies at 173.0- 
173.4 m, above the Sinsen K-bentonites (174.5 and 
174.8 m).

Comparison of the Chemical composition 
of bentonite and terrigenous claystone

Some trace and major elements were analysed 
by X-ray fluorescence (XRF) spectrometry (Fig. 10; 
Appendix 11). Potassium is a most important diag- 
nostic major element in bentonites (Kiipli et ai. 1997). 
The K20 content is below 5% in bentonites consist- 
ing mainly of smectite or kaolinite, 5-8% in K-ben
tonites containing mostly illite-smectite and above 
8% in K-bentonites rich in authigenic K-feldspar. In 
altered volcanic ashes, dominated by authigenic K- 
feldspar, the K20 content ranges from 12 to more 
than 15%, in argillites and acidic magmatic rocks 
commonly from 3 to 6%. In the Soovälja (K-l) core 
altered volcanic ash beds contain 5-10.5% K20, be- 
ing therefore typical K-bentonites. Higher K20 con- 
tents are registered in beds with maximum Ti02 con- 
tents indicating less evolved source magma (Fig. 10). 
This K-Ti correlation suggests that the sedimentary- 
diagenetic environment in less acidic volcanic ash 
favours fixation of K20 into the K-bentonite. The 
K20 content of mari- and claystone is close to that of 
K-bentonites but considerably higher than in typical 
argillites. This supports the suggestion that terri
genous material in the Soovälja (K-l) core is largely 
reworked from volcanic ash.

Comparison of the distribution of elements in 
K-bentonites and claystones revealed higher concen- 
trations of several elements in terrigenous (also mixed 
with K-bentonite) samples: CaO, Mn and Sr prob- 
ably bound into carbonate minerals, and Fe203, Zn,

Argillaceous interbeds are lithologically vari
able, containing usually light grey, in places yel- 
lowish-grey 3-12 cm thick K-bentonite in the lower 
part and dark greenish-grey argillaceous mari, clay
stone or K-bentonite in the 2-10 cm thick upper part 
(see Table 3). Some beds consist of only K-bentonite 
or grey claystone covered by limestone.

Main minerals
Main minerals in the bulk sample were identi

fied by X-ray diffractometry (XRD). On the basis 
of the main mineral association and previous expe
rience, the samples were further divided into volca- 
nogenic K-bentonites and terrigenous claystones. 
K-bentonites (14 samples) were considered to con
sist of illite-smectite, often with authigenic K-feld
spar. In two K-bentonite samples (at depths of 
198.25 and 203.03 m) traces of chlorite were found.

The six samples containing illite and quartz, 
less potassium feldspar, chlorite and calcite, were 
treated as terrigenous claystone. Five samples were 
identified as mixture of terrigenous and volcanic 
material.



Table 3. K-bentonite and claystone or mari interbeds in the Soovälja (К—1) core (after field-description by Kalle Suuroja)
oo

Bed characteristics
on Ё

Sls G О 
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О Й 
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СЛ

■s м2 
& Ö

<ue '
■S s.p <U

offl-g 
U >.

Upper / lower contactThickness (in metres) and description of the 
upper (U), middle (M) and lower (L) parts

Sample 
depth (m) 13Interval (m)Sample -Sa

H
Wavy, distinct / 
sharp, smooth

Dark grey mari and claystone 
Light grey microbedded bentonite

U: 0.05 
L: 0.350.4KK* 173.00-173.40K-l-1 173.10

Both wavy, distinctGreenish-grey mari and claystone0.03-0.041 177.20-177.24K-l-2 177.22
Wavy, indistinct / 
indistinct

Dark grey, argillaceous bentonite 
Light grey microbedded bentonite

U: 0.08 
L: 0.07

K-l-3
K-l-4

177.35
177.45 177.30-177.45 0.152

Both sharp, smoothLight greenish-grey, thin-bedded bentonite0.043 177.60-177.64177.62K-l-5
ИDistinct /Greenish-grey, argillaceous bentonite 

Light grey bentonite
U: 0.07 
L: 0.08

177.90
178.00

K-l-6
K-l-7

cn
4sharp, smooth177.85-178.00 0.154 О
I—(

Both wavy, distinctLight to dark grey argillaceous mari178.80-178.83 0.02-0.03178.83 5K-l-8
Sharp / 
sharp, smooth

U: 0.02 
L: 0.03

Light grey bentonite
Dark greenish-grey argillaceous mari

178.90K-l-9
6 178.90-178.95 0.05 ОIndistinct, wavy /

distinct
Greenish-grey argillaceous bentonite
Light grey bentonite 
Greenish-grey argillaceous mari

U: 0.06 
M: 0.05 
L: 0.04

K-l-10
K-l-ll

179.05
179.10

ffl
Оre. О0.15179.00-179.157E
О
M

c Distinct / 
sharp, wavy

Dark greenish-grey argillaceous mari, upper 0.02 m hard 
Light grey bentonite

U: 0.1 
L: 0.05 О.S 8 180.20-180.35 0.15K-l-12 180.32 >g

rLight to dark greenish-grey argillaceous mari with clasts Both distinct180.85-180.90 0.05180.90 9K-l-13
слJD

i
Both indistinct, wavyDark greenish-grey argillaceous mari and claystone10 181.00-181.08 0.05-0.08181.02K-l-14 tr

ПIndistinct, wavy / 
sharp

Dark greenish-grey argillaceous mari 
Light grey bentonite

U: 0.04 
L: 0.06

4
>—i5 181.35-181.45 0.1K-l-15 181.40 11 О42

О Both indistinctGreenish-grey sandy bentonite with clasts181.67-181.70 0.03181.70 12K-l-16 c oo
Both indistinctMari and claystone, clasts on boundaries181.85-181.90 0.05181.90 13K-l-17
Sharp, smooth / 
indistinct, wavy

U: 0.07-0.1 Light grey silty argillaceous mari 
L: 0.1 Dark grey wavy thin-bedded argillaceous bentonite0.214 182.50-182.70K-l-18 182.60

Wavy/ sharpLight grey bentonite, in the lower part clasts0.0315 185.30-185.33K-l-19 185.32
Both distinctLight grey bentonite0.0116 186.40-186.41186.40K-l-20
Indistinct / sharpDark grey argillaceous claystone and bentonite0.02197.20-197.22197.21 17K-l-21
Sharp / 
sharp, smooth

Dark grey argillaceous mari and claystone 
Light grey bentonite

U: 0.08 
L: 0.12

K-l-22 
K—1-23

198.15
198.25 0.218 198.10-198.30

Both distinct, wavyDark grey bentonite203.00-203.05 0.0519203.03K-l-24
Indistinct /Greenish-grey argillaceous mari 

Mottled yellow bentonite_____
U: 0.02 
L: 0.03 sharp, smooth255.95-256.00 0.0520255.98K-l-25

KK* Kinnekulle K-bentonite.
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Fig. 10. Distribution of some trace elements and major components of K-bentonite beds in the Soovälja (K-l) 
Filled rhombs represent pure volcanogenic K-bentonites, empty quadrangles reworked terrigenous claystone or mari 
and mixed volcanogenic-terrigenous samples. Curves jõin the samples belonging to the same magmatic cycle. Tri- 
angles denote samples from the Röstänga section (Bergström et ai. 1997). The samples succession see in Table 3.

core.
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can be identified as andesites. Plot of the Zr/Ti02 
ratio (Fig. 10) against the bed succession in the Soo
välja (K-l) core revealed three magmatic cycles: (1) 
at 256.00-198.10 m, (2) at 186.41-177.60 m and (3) 
at 177.45-173.00 m. These cycles began with source 
magma of intermediate composition, which changed 
gradually towards acidic magma. It is possible that 
the earliest record of the first magmatic cycle in 
Estonia is an authigenic K-feldspar-rich bed in the 
uppermost part of the Kukruse Stage (recognized by 
J. Nõlvak in 1967; see Nõlvak 2002a), characterized 
by andesitic source magma. However, this bed is not 
present in the Soovälja (K-l) core. Changes within 
cycles probably refer to fractional crystallization and 
concentration of acidic material in the upper part of 
the magma chamber. Compositional shifts at cycle 
boundaries can be explained by the appearance of 
new volcanic sources, rise of fractionated magma 
from the lower parts of the magma chamber, or 
melting and intrusion of new portions of surrounding 
rocks. It is difficult to decide which of these versions 
is true. Differences between the cycles (opposite 
behaviour of В a in the first magmatic cycle compared 
to the second and third cycles; notably higher 
maximum values of Zr and Nb and a considerable 
stratigraphic interval without bentonites between the 
first and the second cycle) suggest the probable 
formation of a new volcanic source at the beginning 
of the second cycle. The beginning of the third mag
matic cycle is characterized by a big drop in the con- 
tents of Zr, Nb, Th, and rise in Ba. No great changes 
are observed in the Ti content. Two studied K-bento- 
nites from this interval contained sanidine with a well 
measurable composition contrary to the lower beds 
where sanidine composition was variable. All these 
features favour again the hypothesis of a new vol
canic source also at the beginning of the third cycle.

The Kinnekulle bed in Estonia and K-bento- 
nite beds from the upper part of the Idavere Sub- 
stage of the Haljala Stage contain among volcanic 
phenocrysts much of gamet (almandine; Vingisaar 
& Murnikova 1973). Similar in this respect volca
nic rocks are well known from the Caradoc of the 
Lake District area in England (Fitton et ai. 1982). 
Garnet is а rare phenocryst in volcanic rocks; for 
example, it is not mentioned in two review studies 
on recent volcanic rocks (Ewart 1979,1982). There- 
fore, the presence of almandine in volcanic rocks of 
both mentioned areas strongly speaks in favour of 
the same source. Volcanoes were most probably lo- 
cated under the North Sea in the area where elonga- 
tion of the Lake District-Southeast Ireland Ordovi- 
cian island are (Fitton et ai. 1982) crosses the Kinne
kulle ash distribution axis (Huff et ai. 1996). Un- 
usually great thiekness of the Grefsen K-bentonites

As, Pb and Ni common in pyrite and other sulphide 
minerals. Possibly some initial organic matter existed 
in terrigenous sediments, generating anoxic condi- 
tions favouring sulphide formation. Also, higher con- 
centrations were registered in lower layers both in 
bentonites, and mari- and claystone showing gene- 
rally parallel trends. Remarkable is a high Pb con
tent (438.2 ppm) in the lowermost K-bentonite at 
255.95-256.0 m (Fig. 10; Appendix 11). Probably, 
the source of sulphide elements was the volcanic ash 
itself, but better preservation conditions in terrigenous 
interbeds caused differences in concentrations of
elements.

Immobile traee elements Ti, Ga, Zr, Nb, Th and 
Y, too, have undergone changes during sedimentary 
reworking of volcanic material. The Ti content is 
slightly higher in terrigenous mari- or claystone than 
in elose-lying bentonites in the upper part of the see- 
tion. The opposite relation can be traeed in the lower 
part of the seetion. This behaviour evidences about 
the intermediate Ti concentration in terrigenous ad- 
mixture, causing an inerease in lower volcanogenic 
concentrations and deerease in higher volcanogenic 
concentrations in the mixing proeess. Bromine dis
tribution closely resembles that of Ti. Being a halo- 
gen, Br could be expeeted to be highly mobile in the 
sedimentary environment, but here it has retained the 
average level of magmatic rocks correlating well with 
immobile Ti. Incompatible traee elements Ga, Zr, Nb, 
Th and Y have generally lower concentrations in 
mari- or claystone samples. Concentrations of mo
bile (Rb, U) and immobile elements correlate well 
in the Soovälja (K-l) core. The content of immobile 
elements is lower in terrigenous sediments.

Barium is relatively stable (between 100 and 
200 ppm) in mari or claystone samples but shows а 
peculiar distribution in bentonites. In the three lower 
samples (Fig. 10; Appendix 11), Ba has positive cor- 
relation with immobile Th, higher in seetion nega- 
tivecorrelation with Th. Correlation of Ba with other 
incompatible elements is similar but less clear.

Source volcanoes
The composition of source magma in K-bento

nites, which has altered fundamentally in sedimen
tary proeesses, cannot be determined from the con
tent of main components. An alternative way is to 
use ratios of immobile traee elements. Following the 
approaeh of Pearce &Cann (1973), Batchelor & Weir 
(1988) used Ti, Zr and Nb ratios on their ternary dia- 
gram: Ti is higher in basic, Zr in acidic and Nb in 
felsic rocks. Based on this diagram, most of Soovälja 
(K-l) K-bentonites fail to the rhyolite and daeite 
field, but four K-bentonites (depths 181.67-181.7, 
182.5-182.7,185.30-185.33 and 186.40-186.41 m)
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at Röstänga in southemmost Sweden (Bergström et pressional (P-wave) velocity and electric resistivity. 
ai. 1997)pointstothemoresoutherly location of the The post-impact limestones have mean grain (ö) 
sourceforthe second volcanic cycle (uppermostpart and water-saturated (SJ densities of 2690 and 
of the Idavere Substage). 2510 kgm 3 (Table 4), respectively, which are com- 

parable to densities of limestones and maris from
Comparison with the Röstänga section

Bergström et ai. (1997) described Ordovician Jõeleht & Kukkonen 2002). However, in the Soovälja 
K-bentonites in the Röstänga section in southemmost (K-l) core, densities tend to decrease towards the

other areas of Estonia (Shogenova & Puura 1998;

Sweden and correlated them with some probability lowermost Ordovician part of the sequence due to
with the K-bentonites formerly studied from the an increase in the clay content. All the impacted rocks
Baltoscandian region (Bergström et ai. 1995). The show low densities compared to the unshocked
lower part of the Röstänga section was correlated basement of Hiiumaa Island (Plado et ai. 1996). Itis
with the upper part of the Grefsen K-bentonite com- notable that Sg is relatively similar in all three varie-
plex. The Zr/Ti02 ratio obtained from the table by ties of breccias (Fig. 11 and Table 4), but A shows
Bergström et ai. (1997) reveals a change from the much larger variations, which are mainly due to
second to the third magmatic cycle similar to that in varying porosities. Crystalline- and sedimentary-
the Soovälja (K-l) core (see Fig. 10). This confirms rock-derived allochthonous breccias and strongly
the correlation of sections in Bergström et ai. (1997), brecciated basement have the lowest õw values that
although exact bed-by-bed correlations are not pos- are more variable in the allochthonous sequence
sible. (Table 4). The fractured basement (588.5-815.2 m)

shows an increase in Sw with depth from the values 
of about 2400 up to about 2550 kg nr3. Part of the 
density increase is probably due to compaction, but 

A total of 92 samples from the Soovälja (K-l) another part could be related to gradual decrease in
core were measured for their physical properties in shock-induced stress and fracturing with depth. А
the 1990s (Appendix 12). Densities, porosity, mag- slight downward increase in Sg is observed as well,
netic, electrical and thermal properties were investi- possibly häving two simultaneous reasons: (1) the
gated mostly in the laboratories of the Geological existence of numerous impact-produced micro-
Survey of Finland and Research Institute of Earth’s fractures that are non-penetrable to fluids at labo-
Crust of St. Petersburg University. For detailed de- ratory measurements and, therefore, give lower
scription of the methods and techniques, see Järvi- densities at depths closer to the impact centre; and
mäki & Puranen (1979), Prijatkin & Poljakov (1983) (2) lower values may be due to post-impact meta
and Puranen & Sulkanen (1985). The results and in- somatic processes, which occasioned precipitation
terpretations are published in Jõeleht (1995), Plado of low-density K-feldspar in impact-produced
et ai. (1996), Puura et ai. (2000a) and outlined be- fractures.
low.

PHYSICAL PROPERTIES

The porosities of the post-impact limestones 
Most of the samples were taken from the lower vary from 5.9 to 15.6% (Table 4), revealing the origi- 

part of the core (Fig. 11, Appendix 12): 55 from the nai sedimentary and diagenetic porosities. Relatively 
fractured (588.5-815.2 m) and strongly brecciated high porosity and wide fluctuation are characteris- 
basement (522.8-588.5 m), 32 from the crystalline- tic of crystalline- and sedimentary-rock-derived 
and sedimentary-rock-derived allochthonous breccias allochthonous breccias and strongly brecciated base- 
(301.2-522.8 m) and 5 from the post-impact sedi- ment. A very sharp boundary (588.5 m) exists in po- 
ments (24.0-301.2 m; see also Appendix 1, sheets rosity, as well as in most of the other physical pro-
2-15). The lower quarter of the crystalline-rock-de- perties, between strongly brecciated and fractured
rived allochthonous breccias (471.0-522.8 m; 23 basements. It shows that these two basement types 
samples), i.e. granitoid-rich polymict breccias consis- have different impact-related origin. Because of the
ting of small-size fragments, has been sampled more porosity increase with depth within the strongly brec-
densely than the uppermost part. The upper, sedi- ciated basement (see Fig. 11) and presence of the
mentary-rock-rich allochthonous breccias consist of sharp boundary, we suppose that the strongly brec-
large clasts that are believed to reflect mainly the ciated basement has been mobile in respect to the

fractured basement during the modification stage of 
The grain density of the rocks of the Soovälja cratering. There are also lithological differences

(K-l) core is fairly variable between lithological above and below 588.5 m (see Fig. 11) that influ-
units (Fig. 11). Generally, density is inversely propor- ence porosity and may have affected the cratering 
tional to the porosity, and proportional to the com- process as well. Compared to brecciated basement,

impact target properties.
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Fig. 11. Physical properties of the Soovälja (К—1) core. Refer to Appendix 1 for lithology.
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Table 4. Statistical parameters of petrophysical properties of the Soovälja (K-l) core

'—-
*4 ^0 III

сл

•ö- e£ ;§•w e cja ^7e
v—у

0)3чД 3Rock type Interval (m)
£

Post-impact
sedimentary
rock

N 5 5 5 5 5 0 5 5 50.0-301.2
Avg. 2 690 2 510
Med. 2 700 2 470
Min. 2 648 2 405
Max. 2 737 2 636

11.1 3 740
13.8 3 420
5.9 3 210
15.6 4 670

99 50 50 25.3
60 40 29.486

36 30 10 2.9
190 80 130 50.9

Crystalline- 301.2-522.8
and sedimentary-
rock-derived
allochthonous
breccia

N 32 32
Avg. 2 600 2 420
Med. 2 570 2 400
Min. 2 444 2 145
Max. 2 907 2 822

32 12 8
10.9 4 080 10 470 2.7 2 440
10.0 4 100
0.1 3 190

24.6 5 880 118 950 3.2 12 010

17 32 20 20
150 2.9

331 2.8 810 120 1.5
171 2.4 14 20 0.7

460 17.6
Strongly
brecciated
basement

N 16 16 16 7 6 167 14 14522.8-588.5
Avg. 2 590 2 410
Med. 2 590 2 380
Min. 2 474 2 345
Max. 2 684 2 516

11.1 3 280
11.5 3 140
5.9 2 520
13.4 4 300

390 2.7 2 080 110 1.7
280 2.7 1 630 120 1.2
179 2.4 370 10 0.4
797 3.2 6 700 300 9.8

Fractured
basement

588.5-815.2 N 36 36
Avg. 2 580 2 510
Med. 2 560 2 510
Min. 2 454 2 318
Max. 2 939 2 886

19 19 39 39 39
4.3 4 950 3 080 3.0 3 990 370 2.8
3.9 5 120 1 150 3.1 2 310 220 2.4
0.4 3 440 314 1.7 170 30 0.2
9.4 5 760 26 118 4.7 19 550 1 640 14.8

38 19

Physical properties: Sg - grain density; Sw— wet density; ф- porosity; vp - P-wave velocity; p - electric 
resistivity; 2-thermal conductivity;;^- magnetic susceptibility; NRM - intensity of the natural remanent 
magnetization; Q - Koenigsberger ratio.

Statistical properties: N - number of measurements; Avg. - average; Med. - median; Min. - Minimum, 
Max. - maximum. Refer to Appendix 12 for individual values.

the mean porosity of the fractured basement is smaller 
(4.3%; Table 4) and varies in a much narrower seale. 
A trend towards deerease in porosity with depth is 
observed here. The primary reason for that is the 
deereasing shoek pressure away from the impaet 
centre. Secondary proeesses, sueh as hydrothermal 
aetivity and eompaetion, have also influenced the 
slope of the trend.

The average P-wave velocity in the post-impact 
sediments is generally low (3740 m s-1; Table 4), 
deereasing downwards where limestones are richer 
in clay. P-wave velocities in the crystalline- and sedi- 
mentary-rock-derived allochthonous breeeias vary 
largely from 3190 to 5880 ms-1. High individual 
values are from the samples that contain bigger elasts 
of relatively unfraetured rocks. Because of high po- 
rosities, the strongly brecciated basement shows low 
velocities (as low as 2520 m s-1)- Similarly to den
sity and porosity, a depth-sensitive trend in P-wave 
velocity appears in the fractured basement (Fig. 11).

Electric resistivity of post-impact limestones is 
low (around 100 Hm), whereas all the other rock 
types show higher values (Table 4). Only 12 mea
surements come from the lower part of allochthonous 
breeeias. Therefore, one high value (118 950 Qm;

unfraetured granitic elast at a depth of 476.5 m) has 
great influence on the mean resistivity of the inter
val, the median being as low as 346 Q m. The strongly 
brecciated basement reveals distinctly lower values 
(Fig. 11) because of the smaller elasts sampled. Un- 
like other physical properties of the fractured base
ment, no distinet trend is observed in electric resisti
vity; the slightly higher values at dephts from 625 
to 700 m may have lithological reasons. Compared 
to unshoeked granitic rocks in the crater surroun- 
dings (about 60% of measurements revealed resisti- 
vities above the deteetion limit, 100 000Qm; see 
Plado et ai. 1996), all the impaeted rocks are good 
conductors. It is definitely due to a shoek-indueed 
inerease in the porosity and, thus, in the fluid content 
of shoeked rocks.

The thermal conductivities of crystalline- and 
sedimentary-rock-derived allochthonous breeeias 
and strongly brecciated basement are all in the same 
range (Fig. 11), and are low in general. This can be 
explained with the porosity effeet and K-feldspar- 
rich lithologies. The thermal conductivity of the frac
tured basement is getting elose to typical values of 
granitic rocks elsewhere in Estonia (Jõeleht 1995). 
Only two measurements of thermal conductivity of
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tibilities and NRM intensities, especially in compa- 
rison with unfractured varieties (see Plado et ai. 
1996). Depending on the samples (rich in clasts/ 
matrix), the magnetic properties of allochthonous 
breccias are highly variable but generally similar to 
those of the strongly brecciated basement (Table 4). 
The low susceptibility values at 320-350 m are from 
the sedimentary clasts (Appendix 1, sheet 7). Mixing 
of crystalline rocks with dia- and paramagnetic sedi- 
ments, higher porosity and post-impact processes 
(oxidation, formation of new magnetic phases) are 
the possible reasons for lower susceptibilities of 
allochthonous breccias and strongly brecciated base
ment compared to the fractured basement counter- 
parts. The strongly brecciated basement reveals 
significantly lower NRM intensities and, therefore, 
lower Q-values than the fractured basement. Addi- 
tionally to the above reasons, we note the possible 
impact-caused rotation of magnetization vectors that, 
on the sample level, gives low NRM values due to 
the randomizing. Magnetic susceptibility and NRM 
intensity of the fractured basement do not show 
significant depth-related trends. Elowever, systematic 
changes in the palaeomagnetic behaviour as а 
function of depth are reported in Plado et ai. (1996).

amphibolite samples are available. They both show 
unexpectedly low values (1.72 and 1.86 W пг1 K-1) 
considering that the homblende in amphibolites is 
replaced by thermally more conductive chlorite. The 
porosity of these samples is less than 5%. The re- 
duced conductivity may be explained by the occur- 

of Fe-rich chlorite, which has a lower valuerence
than usual in chlorite, and the small grain size of 
plagioclase. The sedimentary sequence has been 
studied in the neighbouring lithologically and 
petrophysically similar K—18 drill core (Jõeleht 
1995). There, the decrease in thermal conductivity 
with depth (from about 3 W nr1 Kr1 to 2.3 W nr1 Kr1) 
is due to high clay content in carbonate rocks, where- 
as the high values of resurge conglomerates (up to 
4.2 W nr1 K'1) can be attributed to the increased
quartz content.

The magnetic susceptibility and intensity of the 
natural remanent magnetization (NRM) of post-im
pact sediments are typically low in limestones 
(Shogenova & Puura 1997, 1998). The Q-values 
(Koenigsberger ratio) of the sediments are fairly 
high, but as the low magnetic susceptibilities and 
NRMs are close to the detection limit, some of the 
high values may be artefacts and cannot be regarded 
as reliable. All the impacted rocks have low suscep-
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APPENDIX 1

DESCRIPTION OF THE SOOVÄLJA (K-l) CORE

The description is given in a standardized form. The tables are divided into vertical columns based on 
the type of information. The format of the table is changed on sheets 7-15 concentrating on impact- 
related features. The values occurring rarely are given in parentheses.

STANDARD UNITS — Chronostratigraphic and geological time units.
LOCAL STRATIGRAPHIC UNITS — Stages, substages, formations, members and complexes.
CORE BOX NO./FIGURES — Numbers of boxes, location of the intervals of core illustrated in Plates 1-4.
DEPTH/SAMPLES — Depths of the boundaries and sample levels: В - electron microprobe analyses of 

biotite; Ch - chitinozoans; E - CaO, MgO, C02and insoluble residue; F - X-ray fluorescence analyses; 
G - granulometric analysis of insoluble residue; К - Chemical analyses; N - instrumental neutron ac- 
tivation analyses; Ph - physical properties; S - spectral analyses; T - thin sections, PDFs; X - X-ray 
diffractometry.

LITHOLOGY — For legend see next page. The core section is given at a seale of 1:400.
SEDIMENTARY STRUCTURES —According to thiekness of beds: micro- (<0.2 cm), thin- (0.2-2.0 cm), 

medium- (2-10 cm) and thick-bedded (10-50 cm); massive - visible bedding is missing. According 
to size of nodules: thick-nodular (vertical diameter of nodules >5 cm), medium-nodular (2-5 cm) and 
thin-nodular (<2 cm).

MARL BEDS — The most frequent thieknesses of the mari beds; in parentheses - infrequent thieknesses. 
Colours were identified on damp core. Contacts between mari and other types of rock may be dis- 
tinet (D) or indistinet (IND).

MARL PERCENTAGE — The content of mari beds in the deseribed interval was estimated visually.
SHORT DESCRIPTION — Main types of rocks are in boid. The colour of rocks was identified on damp 

core; the dominant size of limestone crystals (in italics) was estimated visually: cryptocrystalline (or 
aphanitic) <0.005 mm, microcrystalline 0.005-0.01 mm, very finely crystalline 0.01-0.05 mm and 
finely crystalline 0.05-0.1 mm. The percentage of allochems, e.g. bioclasts and clastic material, is 
also indieated. In deseriptions the rock types according to Dunham (1962) are given, if possible, in 
parentheses. Clastic fraetions (size of partides; in italics) are deseribed as follows: clay <0.005 mm, 
fine silt 0.005-0.01 mm, coarse silt 0.01-0.05 mm, very fine sand 0.05-0.1 mm, finesand 0.1-0.25 mm, 
medium sand 0.25-0.5 mm, coarse sand 0.5-1.0 mm, very coarse sand >1 mm and gravel 2-10 mm. 
Grain size limits for igneous rocks (in italics) are as follows: fine-grained 1-2 mm, medium-grained 
1-5 mm, coarse-grained 5-30 mm and very coarse-grained >30 mm.

ROCK FABRIC — Mainly mechanical and seeondary changes in rock struetures are deseribed. Impact- 
related features are given in italics.

AGE & ABUNDANCE (%) OF MIXED CLASTS — Ages of rock fragments or sediments from lithologically 
distinet time divisions are estimated visually. Numbers denote the amount of elasts in the deseribed 
interval. PP - Palaeoproterozoic; C1 - Lower Cambrian; 02 - Middle Ordovician; 03 - Upper Ordo- 
vician.

IMPACT-RELATED DEPOSITS — Distribution of the basement rocks and crater filling.
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Appendix 1 continued
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DESCRIPTION OF THE SOOVÄLJA (K-l) CORE

Location: 58° 58.530’ N, 22° 46.333’ E. Length of core 815.2 m. Elevation of the top 6.0 m above sea level.
APPENDIX 1, SHEET 1
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Plate 1

Selected intervals of the Soovälja (K-l) core
(depth increases towards the bottom of the page)
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Fig. 1. Moe to Adila formations; 39.5-41.4 m. Fig. 2. Paekna to Saunja formations; 92.2- 
93.7 m. Fig. 3. Kahula to Hirmuse formations; 137.0 —139.0 m. Fig. 4. Haljala to Keila stages; 
172.2-173.6 m. Fig. 5. Kärdla to Paluküla formations; 295.5-301.4 m. Fig. 6. Kärdla Forma- 
tion; 325.4-329.5 m. Fig. 7. Kärdla Formation; 366.4-371.8 m.



Plate 2
Selected intervals of the Soovälja (K-l) core

(depth increases towards the bottom of the page)
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(A) Suevi:e-like breccia containing granitic clasts. Interval 365.95-366.08 m. (B) Suevite-like breccia containing disintegrated clasts of granite, quartz grains and 
cement crushed to submicroscopic seale. Interval 366.4-366.53 m. (C) Suevite-like breccia containing rounded or angular quartz grains, granite, gneiss, and 
microcline clasts in cement crushed to submicroscopic seale. Interval 374.90-375.04 m. (D) Impact breccia containing more or less rounded, zoned and disintegrated 
clasts of g-anitoids, migmatized amphibolites, biotite-amphibole gneisses in breccia cement with directional movement character. Interval 475.27^475.36 m.



Plate 3

Selected intervals of the Soovälja (K-l) core
(depth inereases towards the bottom of the page)
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(E) Variously disintegrated clests of granite and quartz grains in cement crushed to submicroscopic seale. Partides of impaet breeeia are variously rounded. Interval 
490.9-491.07 m. (F) Suevitic breccio-conglomerate with angular and rounded elasts of granite, quartz and microcline. Interval 495.1-495.24 m (G) Variously 
rounded elasts of granite, quartz and amphibolite in suevitic breeeia cement (crushed to submicroscopic seale). Interval 508.9-509.08 m. (H) Biotite gneiss and 
migmatite granite of strongly fraetured basement (crater floor) with suevitic breeeia cement injeetion and white post-impaet quartz veins. Interval 524.4-524.57 m.



Plate 4
Selected intervals of the Soovälja (K-l) core

depth increases towards the bottom of the page)
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(I) Biotite gneiss and migmatite granite of strong.y fraetured basement (crater floor) and suevitic breccia cement crusred to submicroscopic seale. Interval 
536.9-537.02 m_ (J) Breccia with granitoid and gndss fragments in strongly fraetured basement (crater floor). Interval 57230-572.44 m. (K) Breccia in strongly 
fraetured basement (crater floor), containing variously rounded elasts of biotite gneiss, amphibolite and quartz grains Veining breccia eement erushed to 
submicroscopic seale. Interval 580.9-0581.04 m. (L) Suevite-like breccia with variously rounded quartzite, graritoids and amphibolite elasts in strongly fraetured 
basement (crater floor). Interval 584.46-584.59 m. (17Г) Brscciated granite-pegmatite in fraetured basement. Interval 644.5-64^.62 m.
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-64.5 <<5D >=IND3E1 Sh11 ZL r< 10DЦG >Irregularly thin- to 
medium-nodular, 
wavy micro- to 
medium-bedded

Light grey, in places greenish-grey, slightly to highly argillaceous, 
microcrystalline to very finely crystalline limestone (grains 10-25%, 
wackestone). Discontinuity surfaces are pyritized and phosphatized, 

two-ply, strongly impregnated, below with burrows and 
excavations

50INDI E ä £
Ph C

12 .210IND 1OJ•s Vi §I I D СЛ а13 -c< 0.2 cm, 
0.5-5 cm 

grey or dark grey

SP
»o 220

Гr-14 -78.4 оr Y P Ос.r ОП

73Light beigish-grey, aphanitic, in the lower part micro- to 
cryptocrystalline limestone (grains < 10%, mudstone). Characteristic 

are calcite-filled primary and secondary veins. In the lower part 
some Palaeoporella (=Dasyporella) and Vermiporella ffagments occur

< 0.2 cm, 
up to 0.5 cm, 

0.5-4 cm

Wavy
thick- to medium- 
bedded, in lower 

part thin- to 
medium-bedded

4i m15 c
оJ

h £< 10£ D ■3£ 16 brownish-grey or 
dark brownish-grey

оа СЛо
с1

13 и « sp cr а?
2 н17и ел Гп ми£ L" I-D
СЗ 18 \J_ -93.0 G

19 Light greenish-grey, in places slightly argillaceous, very finely 
crystalline, in the lower part microcrystalline limestone (grains 
10-25%, wackestone). At 93.6-94.4 m and 101.3-101.8 m occurs 

beigish-grey aphanitic limestone. Discontinuity surfaces are pyritized, 
strongly (102.8 m) or slightly impregnated, wavy or with excavations

and burrows

§ Irregularly thin-, 
thick- to medium- 
nodular, in places 

wavy thin- to 
medium-bedded

< 0.2 cm, 
0.2-1 cm,
2-7 cm 

IND
dark greenish-grey

'■§
30-40E

20 G£.
t TT21C3
Cu
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Пгргргт- 105.122 Sl а < 0.2 cm, up to 1 cm,xi Light grey to greyish-beige, microcrystalline to aphanitic limestone 
(grains < 10%, mudstone). Discontinuity surfaces are pyritized, 

mainly slightly impregnated, smooth, wavy or excavated

Wavy medium- 
to thin-bedded, 

(irregularly nodular)

<52 D
3 greenish- to 

brownish-greye2 /И723
- 110.8 \J— /WWVr n ti 0

"T tn/ oo24 Irregularly medium- 
to thick-bedded, 

in places irregularly 
microbedded

H< 0.2 cm, 
up to 2 cm 
rND or D 

grey

Light grey to beigish-grey, aphanitic limestone (grains < 10%, 
mudstone). Discontinuity surface is pyritized. At 116.0 m occur 

fragments of calcareous algae (DasycladaceaeT)

T°T О< 10§ „ äll zП

252 £ £ 
и o| 2 u. S
> öJ
’Л > : = 

:cd

>Ph z
оП

26 mП cПП ГOh < 0.2 cm, 
0.2-3 cm

Wavy medium- 
to thick-bedded, 

in places irregularly 
microbedded

c CLight grey to beigish-grey, aphanitic limestone (grains < 10%, 
mudstone). At 133.1-133.6 m occurs microcrystalline limestone

o27 о
•—H

<5 sun DTn ngrey to brownish-grey

< 0.2 cm, 
up to 0.5 cm

IND
dark grey

< 0.2 cm, 
up to 2 cm,

in lower part 7 cm 
IND

dark greenish-grey

< 0.2 cm,
1-25 cm,
IND or D

dark greenish-grey

- 127.8 >СЛ
28 -GLight grey, microcrystalline limestone (grains 10-25%, wackestone). 

In places occur sand grains. Discontinuity surfaces are pyritized, 
mainly strongly impregnated, wavy, smooth or excavated

Bluish-grey, in places greenish-grey, slightly to medium-argillaceous, 
finelyl crystalline limestone (grains 25-50%; wackestone) and mari 
with bioclasts (up to 50%). Sand grains occur. Discontinuity surfaces 

are pyritized, mainly strongly impregnated, wavy or excavated
Argillaceous mari with light greenish-grey, slightly 

to highly argillaceous, silt-containing microcrystalline limestone 
(grains 25-50%; wackestone) nodules

Г
V-1 СОrzrn <5 WIrregularly nodular Пя■;

_ 133.6 
- 134.1 G

29*2 4О—------ bL
3 *

1 Eо x

cd >—IоCP

%:i> r Irregularly nodular, 
thin- to medium- 

bedded

zxn---- *' 'J *и и и 20-7030 p 137.3 слс
*я ■->■У.-: Есд
и •3GG
В 31 •->
■В 00

(Е>> Irregularly nodular 
and wavy bedded

60-80- 143.8 л»
32f G

f 1 S 10-30/•
'S £1з я 
<D 33 P

cd з

“ (Л

33

SES
Light grey or light greenish-grey, very finely crystalline and 

microcrystalline limestone (grains 10-50 %, wackestone), with slightly 
argillaceous interbeds. The lower part contains calcitic mari (bioclasts 

up to 25%) with limestone nodules. In places occur sand-gravel 
(quartz, feldspar, granite) grains. On the lower boundary lies light grey 

(upper 5 cm dark grey) K-bentonite bed (thickness 40 cm)

40
< 0.2 cm, 

up to 1 (2-3) cm, 
up to 10 cm 
IND orD 

dark greenish-grey

20
Irregularly thin- to 
thick-nodular, in 

places medium-bedded
34

40-70w2
tr-

" (EÜ ■
35 ö

■

36 Al

Lehtmetsa*- Lehtmetsa Mcmbcr; Oandu*- Oandu Stagc; Hirm*- Hirmusc Formation; T*- Tõrrcmäe Member; Küdeva*- Küdeva Membcr



APPENDIX 1, SHEET4

Ü : -о -СЛ
X Wo g
eo P
w 2
Oi 0-

1 а 

- Iw <

№c£

< w
•-J < СЛ
< Вй н
3lšli SHDIMENTARY

STRUCTURES
LITHOLOGY MARL BEDS SHORT DESCRIPTION2 и£oo 00Q -О

r- —оS.

36 C0Э ' ,—
\___ 'i.V: ”

/ <•> оJJ Ph follow upc^= 00
<DE 36Aо

ьо и
я § e
co У

I M
JAÜ

" Cr*. 1 •
г—

tr

e37 о* £ ^ 
2. c 3 Г
-C 3 
я 4>
X ^

£b 13А» Light greenish-grey, slightly, in the lower part slightly to medium 
argillaceous, very finely? crystalline limestone (grains 10-25%, in the 

lower part 25-50%, wackestone), containing sand and silt grains, in the 
lower part granite pebbles. Discontinuity surfaces are pyritized 

or phosphatized, with burrows and excavations

ОЪ-*- CA
38 >лG 0.2-2 (7) cm,Irregularly medium- 

nodular, in the lower 
part in places 

medium-bedded

СЛ_ i73.4 fbxn lillil I I I I I I I I I I I I
ОIND caГ Ш-_щ_ 20-40x ZEnn e Оgreenish- to 

brownish-grey
I О

<s1039 ОZL □_ 177.2 w
xkfhf ✓ I Ту -L-v-1j±-LLL±ll iii

I _ r/l n . LLL*-0
I ------------ 1------ ULUL 11 i~V7

Ü-L im 111

"xi '"ё] n70
П - 10- >Intercalation of calcitic mari, limestone and volcanogenic interbeds. 

Calcitic mari (bioclasts 10-50%) beds contain limestone nodules, sand 
and silt. Light grey or greenish-grey, in places slightly to highly 

argillaceous, finely crystalline to microcrystalline limestone (grains 
10-50%, wackestone) contains sand and silt (in places quartz, feldspar 
and granite gravel) of different grain size. Rare argillaceous calcareous 

sandstone interbeds (thickness 2-3 cm) occur. At 182.7-182.9, 
192.5-194.0 and 205.4-206.2 m are spherical limestone nodules 3-5 cm 
in diameter. Volcanogenic K-bentonite interbeds consist often of two 

parts. The lower part (thickness 2-12 cm) is light grey and the upper 
part (thickness 4-10 cm) is dark greenish-grey. Mari and clay content 
of beds changes vertically. Wavy or smooth contacts of beds are clear.

Bed surfaces bear seldom sand-gravel grains and bioclasts. 
Discontinuity surfaces are pyritized and mainly slightly impregnated

F40- <-'
*HFXf

gfя
СЛ

JJLL snnr 40-50£ •rrT Ao41 ui q- 185.3 fx G О.2in sWavy thin- to 
medium-bedded, 

in places irregularly 
nodular or lenticular

ъ 2-7 cm 
IND

greenish-grey and 
dark greenish-grey

to
Vu r-42 - 189.4
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45
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s_LLLF46
Intercalation of argillaceous or calcitic mari and limestone. Mari 
beds contain thin (medium) nodules of limestone. Light greenish- 

grey, slightly argillaceous, microcrystalline and very finely crystalline 
limestone (grains 10-25%, wackestone) beds altemate rhythmically 
(particularly at 209.3-227.0 m). Sand-silt grains (< 10%, unevenly 

concentrated) and bioclasts occur. At 232.4 m is 5 cm thick calcareous 
sandstone interbed with bioclasts. Indistinct discontinuity surfaces?

are pyritized

■Jя C/jC3

47
r 209.3

5-40 cm, mostly 
25 cm 

D, IND 
greenish-grey

Ph T Г?' Wavy medium- to 
thick-bedded, thin- 
(medium-) nodular

48
50-60

n
w

49 LtJ

Tatru*- Tatrusc Formation; Jõhvi*- Jõhvi Substagc
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follow up®=50 П
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>53 z
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О54 о
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55 -с П
>о- 240.5äa'il"5 с в

OO X) п и

г
й56 . п ■

-■ У3 mИ СЕArgillaceous and calcitic mari with limestone nodules and interbeds. 
Sand and silt grains occur. Pyritized burrows (thickness 1-3 mm) in 
mari contain bioclasts. Limestone is light grey, slightly to highly 
argillaceous, very finelyl crystalline (grains < 10-25%, mudstone)

П- JJ.S 23 иms < 0.2 cm— . —ä 
■—<

u
cMedium- to thin- 

nodular or 
wavy thin-bedded

0.2-2 (5) cmn57 ЛЛЛМ оIND 60-70 CC3
C- z■IH: greenish-grey and 

dark greenish-grey
t/jc58 •.wr. £Л/VWV

Li
0059

0- 256 0pÖ Argillaceous and calcitic mari with limestone nodules and interbeds, 
containing sand- to silt-sized grains and bioclasts. At 259.8-259.9 m 

occurs a sandy limestone interbed 
Light grey sandy limestone

i i i i 11 111 i i 11 i 11 i 11

Irregularly thin- and 
medium-nodular 

or lenticular
Massive

n '
ЛЛЛУЛ

C=1 5
AWVt £

■ am

0.2-2 cm, IND 
greenish-grey 6060

_ 260.0 Ch n
“ 260.5 Lk л Ф $ 

n CA
Cch
ь Ch (E> •61 Ch Argillaceous, mostly calcitic mari with limestone interbeds and 

nodules are characteristic. Light grey, in places with brownish tinge, 
sandy and silty limestone or calcitic sandstone interbeds with 
bioclasts, burrows, pyritized spots and clear contacts. Single 

claystone interbeds are present

bCh° W & Wavy thin- to micro- 
bedded (medium- and 
thick-bedded), thin- 

(medium-) nodular or 
lenticular

< 0.2 cm 
0.2-2 (5) cm, 

D, IND 
brownish- 

grey to dark grey

• dZb .
^ ЛЛЛМCh

62 Ch
Clb°h

. n -v_r-? n
Л ^E<Ä 60

Ch63 n jCh
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-271.7 сь
-274.0 ГСК0 
-274.5 c"ai

Irregularly thin-nodular
orwavy thin-bedded 
Irregularly thin- to 
medium-bedded, 

dip 30“
Irregularly thin- to 

thick-bedded 
or massive

0.2-3 cm, D 
dark grey

< 0.2 cm, D 
dark grey

9064 Argillaceous mari with grey limestone nodules. Lower 5 cm sandy

Light grey, sandy and silty, very finelyl crystalline limestone

Argillaceous and calcitic mari, in places silty. Argillaceous limestone 
nodules and interbeds occur. Core yield is 40%

b
|=| ^5)

£
Оs гск Ф ■ <5

Ou
65 1=1 □ scx

5 stCh 9 0.2-4 cm, > 10 cm, D 
grey to dark grey

jo..■...= 279.8 ch 95 GO9liCh «2 ОS C=l о<U о 
йО во ей Q <Ell 66j Light grey, medium-eemented siltstone. Grain size and proportion of 

eement inerease downwards. Mostly monomineralic rock partides 
(quartz) are rounded to well-rounded and sorted. In places occur small 
quantities of feldspar, gamet, biotite, museovite, magnetite, pyrite and

glaueonite

з О 
СЛ p_ Massive

. (horizontal bedded)
— r1: F

Tfä;3.S
ca <U

>
А----- 4

67
?U*

О аJ о 2Grey, fine- to medium-grained, weakly to medium-eemented 
sandstone. Monomineralic rock partides (quartz) are subrounded to 

well-rounded and grain size inereases downwards. In places are 
found small quantities of feldspar, biotite, museovite and pyrite

Mottled, reddish-grey, medium- to weakly eemented unsorted sandy- 
gravelly deposits consisting of angular to subrounded quartz (50%), 
feldspar (30%), biotite, pyrite and amphibolite. Grain size inereases 

downwards. In the lower part occur granite, clay and limestone 
angular elasts

F
Xi
<D r- 296.0 Г

68 Thick-bedded; 
PDFs occur

ПQ ■ •e5 О300.0
301.2

F gо о Massive
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©<&”• Ф • r68 5 - 301.2 Mottled, reddish-grey breeeia consisting mostly of granite and gneiss, less 
amphibolite, limestone, claystone, sandstone, argillite and siltstone fragments 

(diameter 1-10 cm) eemented with greenish-grey unsorted 
clayey-sandy-silty (mixtite-like) deposits

-----

Breccial PP,-C., 02.3

50-70
69 m

t/i
HоLight grey, very finely crystalline limestone (grains 10-25%, waekestone) block 

of the Lasnamägi Stage. Dark grey distinet mari beds (< 5%) are up to 0.2 cm 
thick. Characteristic are calcite-filled primary and seeondary veins. 

Slightly impregnated discontinuity surfaees are pyritized

2<0 •-313.0 x >ZE .23 Irregularly bedded, in 
places breccial, dip 40°

■zo2 о70 31T~” •j о1 П '
-317.2 42 mt£k$<£>SS? О<Ds? rBreccia blocks consisting of granite, limestone, claystone, sandstone and 

migmatized gneiss fragments (diameter 0.2-10 (up to 30) cm) eemented 
sandy-clayey deposits.

Breccial, deformed, 
breccial-conglomeratic sPP.Cj, o2 ОPh ■j О71 ей

CS7^

XX n
(u u .2 b
fSl-iСЛ •§ В «

fSlI 72

>Ph r- 326.0 Block of light grey, very fine-grained, weakly to medium-eemented sandstone 
(Tiskre Formation) with strongly eemented sandstone globules (diam. up to 0.5 cm) 
Greenish-grey, in the lower part mottled, silty claystone, argillaceous siltstone and 

greenish-brown sandy limestone (Pakri Formation) blocks containing in places 
angular granite and limestone material (diameter 1-10 cm)

Light brownish-grey, sandy, finely crystalline limestone block (Pakri Formation) 
Blocks of greenish-grey claystone containing interbeds of sandy-gravelly 

sediments of directional movement character (Lükati Formation). In the middle 
is silty claystone with light grey siltstone fragments (diameter 5 cm)

Block containing reddish-brown angular granite fragments (diameter 
up to 15 cm) and veins of greenish-grey unsorted sandy-clayey material

j

00€—-. Massive6 M- nPh-329.0и H30-40
c„o2

Irregularly bedded, 
deformed

Irregularly bedded, 
dip 90"

ОI Z- 332.7
- 334.0 Ph СЛЛ?

Irregularly bedded, 
deformed

€

’ЬсгЛ 
| ол

73
= 340.5 
-341.5 Breccial 2+' + /+ ~ PP; 90

u
p

-c
03

C7
& Blocks of greenish-grey silty claystone (60%), light greenish-grey, in places 

mottled argillaceous siltstone (10%) and light grey siltstone (20%) intercalated 
with greenish-grey unsorted clayey-gravelly sediments of directional movement 
character. Granitoid elasts are gravel- and pebble-sized. On the lower boundary 

occurs a reddish-brown fragment from the basement weathering erust 
(thiekness 15 cm)

EPh =€Breccial, deformed
Vi

74 I
i
x.
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I follow up®=
l£7>75

= 360.5
PhK Ю *

ШШ
Ph

PP,-GjBreccial, deformed, 
in places clasts are 

fissured, PDFs occur

Crystalline rock-derived breccia containing granite blocks and fragments 
(diameter 0.2-5 and 5-30 (up to 100) cm, rock often altered). In places 
deformed claystone (Lükati Formation) pockets occur. Contacts with 

interbeds of light greyish-brown or pinkish-red, in places greenish-grey, 
strongly cemented, crushed to submicroscope seale rock are 

distinet or indistinet

• 2
О

>30А juT

В
”.

h7 О76
ОIV+t+j; <* o°o

nn:<
>=<U

3TTT
C оT Ph >о

о
/—s

•C7--
- 378.5 i

Light greenish-grey, with red-brown spots argillaceous siltstone block 
with museovite flakes (Voosi Formation)

Light grey coarse-grained siltstone block, containing > 90% quartz, a little 
pyrite and museovite (Tiskre and Soela formations)

Irregularly thin- 
bedded, deformed

Deformed

«1 а7>ч
u ° u !>¥§•§ 

Й|Ё|
■Я $2?
• 2L, ocd o)im

2-383.0 nf
c.-

f77
n - 385.0

П
О О

-D
Light greenish-grey, with red-brown spots, in places sandy, argillaceous 
siltstone block with rare sand- and siltstone interbeds (Voosi Formation)

!
Irregularly bedded, 

deformed
■GI .2g

I <D

T3
<D\~ CL

I- 397.2

i/3
Blocks of light grey coarse-grained siltstone (> 90% quartz), 

(Tiskre and Soela formations)
Ph

«IMassive

78

- 408.0 Light greenish-grey, with red-brown spots, argillaceous siltstone and 
silty claystone blocks. Interbeds of sandy gravelly sediments of directional 

movement character and granitic fragments occur (Voosi Formation)
72> ‘ CiI Deformed, breccialX (PP) UJ

\D
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2 * —Blocks of light greenish-grey sandstone containing silt- to gravel-sized partides 
and argillaceous interbeds. In the lower part grain size increases 

and red-brown spots occur (Voosi Formation)

Ои -0° Fissured, deformed €c- £ ОP 3 Гs о
* О

—Hnloo 
I S)C>

>
§>H 

i
JS

79 Г
-438.6сШи со

Only red-bown sandy gravelly sediment fragments available (typical cover 
of the basement weathering erust). Gamma logging showed 

the presence of sandstone

Reddish-brown breeda contains angular blocks and fragments of granite 
(amphibolite), diameter 0.2-5 cm, up to 10 cm, often edged. At 475.0-477.0 m 

breeeia is greenish-grey. At 477.0-485.5 m occur mainly fragments of granitoids, 
less migmatized amphibolites, banded biotite gneisses and biotite-amphibolite 
gneisses (all > 0.5 cm in diameter). Breccia is pink to greenish-grey, strongly 

eemented and erushed to submicroscopic seale

Blocks of pinkish-grey or orange-pink plagioclase-microcline granite (60-70%) 
and crystalline rock-derived breccia (elasts diameter < 10 cm). Contacts are 
indistinet, some veins are distinet. In the lower part rock is reddish-brown

m7 n-. core is 
missing 4Iilи

HHо
2:-471.0 s

■C7.C+70 -77.

СЛ
s

D
PhPhPhp

PhT

.2s PP
Breccial о

<5 ss g50-6080E X)sо с

.+ ■ +" +' +

Ts
Phl’h<5 Ph TNF| 

PhPhrs
В2

— 485.5 s
PP81 s

Breccial, cataclastic Mottled (yellowish- to greenish-grey, reddish-brown) quartz and feldspar elasts 
(diameter < 3 cm) containing weathered breccio-conglomerate. А 30 cm thick 

bed of coarse- to fine-grained sandstone occurs in the upper part

V.VCJ+rhs
•+. + . +. -O-E

_ 492.0 .
4930XNF:’

82 PP,(€,)'СЯО'.О ■/+\. Breccial-conglonieratic
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Й 2es u-$
s

СЛQPä :h uи <
'Г493Ю ^
: TTphPhK^NF 
- 496.6 Phxss

,6.(P- |> ,o
Light pinkish-grey suevitic breccio-conglomerate (clasts diameter < 1, seldom 
up to 5 cm). In places green chloritized amphibolite and greenish-grey claystone 
fragments (diameter up to 1 cm) are found. At 495.6-496.6 m rock is reddish- to 

greyish-brown. At 495.8 m chloritized amphibolite (thickness 10 cm) occur

Breccial-conglomeratic, 
PDFs occur

V PP,(€,)F82 <40V
<0-^J.v.aSS 
a o. ch>J <L

“Г.ъЖ
C • va' •
C7 * L±-A*t? . •

а 40P.O a- 
CA (V>. I? •'« .

b:-Rbõ «?>•

TS
Phs
xs ‘liiy83

s pp Light pinkish-grey to greenish-grey or reddish-brown, in places light brownish- 
grey crystalline rock-derived suevitic breccia. Fragments mostly 1 -2 cm, 
granitoid clasts 10-20 cm in diameter, amphibolite is chloritized. Cement 

(40-60%) consists of clastic material crushed to submicroscopic seale. 
Characteristic are calcite-filled seeondary veins

TPhPhS Breccial, fissured, 
PDFs occur .2 Оs c? 40-60 о оs

p <s *Icj84 TTTI.S
PhPIVhNFS

X) >’
G

-
Oks >Ss

7 ■ X .-P ' '

,C>
Яxs <3 •

b. -о- у.--õj

1
TNFS

-516.0ttTts
85

ОPhs 2o> u-2 Ösm
м S-о >

Mottled (light brown to reddish-brown, dark grey) crystalline rock-derived 
suevitic breccia with granitoid clasts (diameter 1-20 cm). Cement contains 

clastic material crushed to submicroscopic seale

s ppBreccial, 
PDFs occur

ГsU 60 r
ns >b

PhSя О- 522.8 Ph.S s•f.bp • v-:s
/Ху ^ 'H sx86

^2) о^4/Хуs qq
S /ХУ /Ху

<5’/Ху /Ху <^7S

PhTS + +
^ ^ХУS /Ху -MBrownish-red, in the lower part pinkish-red, fmely-folded biotite-gneiss and 

medium- to coarse-grained migmatite granite, in places slightly altered and 
crushed. In branch-like veins (thickness 1-20 cm) and lenses (both amount 
to 20-30%) occurs grey, unsorted clastic material of directional movement 

character, crushed to submicroscopic seale. Contacts of veins are distinet or 
indistinet. In the interval 543.0-553.0 m core yield is 20%

О87 ajjv ■ j\js Breccial, folded; 
in upper part dip 20-40°; 
in lower part cataclastic

E• r c+37-'
/\у /Ху <Ху

PhphNF 
S TX 

PhsXK

OJ
Vjpp
03
X

/Ху /ху .

0JI S /Ху /Ху <Ху

С?С? 5s /Ху /\у О

S /Ху . /Ху

TPhS88 /Ху

S
/Ху * /Ху ^ /Ху tJ3S 4 сс? °о О/ху /ХуS

£з
/Ху /Ху^ /Ху 00S
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ШСУО■S. о <
S ’ • . • o..

. /Xy

/х/ ^

'■N-/ ■ .

follow upОS cr*
Ts

^ • Я7s °o
- 553.0 phS

s m89 r^j /V

C^rj6-a -
C/3Brownish-red, folded, /;«e- to coarse-grained migmatite granite (70%) with 

crystalline rock-derived breeeia interbeds. In indistinet lenses and 
distinet veins (thiekness 10-20 cm) occurs grey rock, erushed 

to submicroscopic seale, in places weathered

PhS
4PhSX K Breccial, cataclastic, 

folded, dip 30-50’; 
in lower part gneissic

; Оs 'Vj pp z
i—i

c>
3s ts >о 'V еЧ/ . 'Ч/

. О• о P
V-н z

STX оrnu «,.1 UrmOO -§ E W

Я ЯТЗ ^ 
— SCO J

PhS
£ О-o-N

r. rо S ^4^90 ОsaGreyish-pink or red, in places greenish-grey crystalline rock-derived breeeia. 
Granitic fragments are 1-10 cm in diameter. Contacts are mainly distinet. Rare 

amphibolite elasts are chloritized
Pinkish (orange) to reddish-brown crystalline rock-derived breeeia with 
granitoid fragments (diameter 1-5 cm). Contacts are in places indistinet

T3 - 567.5 1111: О
h-H

PPО T3BreccialО s p40-50 По
- 570.6 phNFs

XKS

= 573.6 Ph

3 >
йГ ■<з'ч£? • ^

J pp
я ГBreccialо 40-50 а с/з

ffl
й\/ •

■Q-о-ЧсЬ '

TS О60s Hс
91 : i—i

ОPhphXXKj Yellowish-, pinkish- (orange-), greenish- and brownish-grey breeeia. In the 
interval 573.6-580.0 m (core yield 27%) occurs yellowish-grey sandy eement with 

quartzite pebbles (diameter 1-2 cm). At 580.0-581.0 m are dark pinkish-grey 
migmatite granite fragments. In the lower part clastic material (diameter up 

to 7 cm) contains quartzite, less granitoids and amphibolite. At 588.3 m 
chloritized amphibolite fragments (thiekness 10 cm) occur

cÕ Zs
1Лк А

Breccial, in places 
cataclastic

PP5 • 'v •
hk~- • . Y
UÖ p о S\o

40-70KTs
sL

Phs
i

s о & 40-5092 XNP
XTb

TNFS
PhNhS

- 588.5 Pinkish-red, mainly medium-grained migmatite granite, in places with gneissic 
outlook. At 589.0-590.6 m (rarely lower) porous breeeia, below 593.0 m 

single amphibolite veins (thiekness 5-20 cm) occur 
Greenish-black melanocratic medium-grained amphibolite with coarse- to 

medium-grained granite patches (10%). In the middle occur eurved 
....... calcite-filled veins

Intercalation of medium-grained amphibolite (30%) and medium- to coarse- 
grained granitoid. Veins are filled with thin-erushed breeeia

h°s .^v оBreccial, in places 
fissured, gneissic 

or pegmatoid

EPh S M.E о ЙЧ_/ " 'V _ /\у о
7 оTSХ> V V . .93о rss2 С PhKg

- 596.5 nf
XNFTa

2 ’О2 О
о" у.

W ■ V • V .' V. 2и
JH Dip 40-50°, massive

Breccial, cataclastic, 
_____ fissured______

to - 597.9
KNps 2

1-

* 04^
C- 94

V • ' V u-s
601.6 ЙЧ/
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b— KKTTÜ
601.6PhNFs

- 604.0 s

*• V • * V •:v-.v: Greenish-grey, melanocratic, medium-grained amphibolite with single pinkish- 
red granitoid veins. Some veins are calcite-filled

Pinkish-red,/гие- to coarse-grained migmatite granite with interbeds (thickness 
up to 30 cm) and relicts of weathered amphibolite (10%, in the lower part 

up to 40%). Rock clasts in veins are chloritized

Fissured, dip 30-40”V •95
'Чу О

*”NFTs 'Чу 'ЧУ'ЧУ

V • ' V о Cataclastic, fissureds
'Чу 'V4 • • V • • V . • ‘jo96 •V * 'Чу * 'Чу-611.4 cns о'Чу V О'Чу

Pinkish-red or orange-red, mainly medium-grained migmatite granite (in places 
after metabasite) with relicts of slightly weathered amphibolite (<10%; in the lower 
part 50%). At 612.9-613.6 m occurs dark greenish-grey melanocratic amphibolite, 

whose lower boundary is märked by a mylonitic vein (thickness 1 cm)

Reddish-pink, pinkish-red or greemsh-pink, //7ie- to coarse-grained migmatite 
granite with interbeds and relicts of amphibolite. In places rock is penetrated by 

sets of fissures. The lower part contains migmatite interbeds and up to 1 cm
thick breccial veins

Ts )v v О
PhNFs <О'Чу 'Чу Cataclastic, deformed, 

massive
о

'ЧуPkS
~ D P V P

о rо
NFS >v v'Чу

-619.297
*

учу * r\y • '4/

*
'Чу 'Чу Cataclastic, deformed, 

in places breccialphTS VV 'Чу

T\y о
Õ

.2 s 2° ~ P v д~°~
- 625.8 s £7 r'Чу 0> -j-I *!s О

Gfl3 r+ +
PhKTSо 2 b+ ++ П98c- 2=)S•y.

W + + ОT3<L>
J2

s *+ + + Greyish- or reddish-pink to pinkish-red (orange), /i«e- to coarse-grained, in 
places medium-grained migmatite granite and fine- to coarse-grained granite. 
At 626.2-634.6 and 635.0-639.6 m rock is often crushed, penetrated by sets of 
impact-related fissures. In the interval of 635.1-636.6 m very coarse-grained 
plagioclase-microcline granite-pegmatite occurs. At 641.2 and 642.8 m are 

lenses (thickness up to 5 cm) of amphibolite

to
sа

Cu + + 3phXNFT ++ + Breccial, cataclastic, 
deformed, in places 

massive

s h+ +
P-'Чу гчу 'ЧуXS + + bs + ++99

b+s +
+ + +TS + +s V + +

+ Vs
- 643.0 S Orange to red granite-pegmatite. Plagioclase is kaolineous and white.

Slickensides dip is 45".....................................................
Greyish-brown or red,fine- to coarse-grained plagioclase-microcline migmatite 

granite with amphibolite relicts. Rock is strongly influenced by the shock. 
Breccia intervals contain granitic fragments. In places rock is slightly weathered

+ + + + +
м Deformed

Breccial, cataclastic, 
in places porous, 

in lower part bedded

s100 =
-645.6 s ■'Чу * 'Чу * 'Чу .

'i, pv уз
.'Чу 'Чу Чу ■ 

* 'Чу

О

РРPhS О

IS (50)S
'Чу

- 650.8 s101 Breccial, cataclastic 
porous,

in places massive

о+ + +S Reddish- to pinkish-grey,fine- to coarse-grained, mainly medium-grained
plagioclase-microcline granite

+ +
phs + + + о

102 ±± о Ы
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KKTTS + + *s + + follow upC^=*+ ++s
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/чу ^ /чу/чу mоS Brownish-red, greyish-pink or grey,fine- to coarse-grained migmatite granite 
with crystalline rock-derived breccia interbeds and veins. Rock is strongly 

influenced by the shock

cnо/ЧуS
HPhphs Breccial, porousС3 /чу ^/Чу/Чу cоTS z)—>/Чу оСОS /Чу '"Чу /Чу >“ 668.2 NFS Z/ЧУ/Чу /Чу

*103 s /ЧУ /Чу Си/Чу /ЧУ /чу
т с! /Чу /чу

г/Чу/Чу /ЧуS с*1/Чу /чуS С
нч/Чу /ЧуS Г)Pinkish-red,y?ne- to coarse-grained plagioclase-microcline migmatite granite 

with rare amphibolite relicts (diameter up to 1 cm). In places thin veins of 
secondary carbonate, crystalline rock-derived breccia lenses and impact 

related fissures occur

rs /Чу >S° r104 s */Чу /Чу /Чу Breccial, cataclastic, 
in places massive

g о
v. со2 ! /Чу /Чуs СЗ mо -О/Чу /чуS /Чу Оо.

% -а
PhTS Но/ЧУО

J3
/Чу—

* 3 ОСЗ

CU оо /Чу /Чу /ЧУ
S О Z/Чу /ЧуS £ сл- /Чу /Чу105 рЧт5 */Чу

S /ЧУ /Чу

/чу а 'VyS

Phs /Чу /Чу /Чу

/Чу /чуS
TS /Чу /чу /Чу

рь5 /Чу /Чу106 . 'Xx

= 699.7 KS + 03 + +
+ + а 

+ + о +
Yellowish- or beigish-grey to dark grey or reddish-brown fine- to coarse-grained 

granite, strongly influenced by the shock
Pinkish-grey, dark grey or reddish-brown, medium- to coarse-grained plagioclase- 
microcline granite with rare amphibolite relicts. Rock is penetrated by tight sets 

of impact-related fissures. Slickensides are chloritized. The lower boundary is 
märked by a brecciated vein (thickness 0.1 m) containing granite fragments (30%)

Breccial, cataclastic, 
porous

s

kXTS
- 703.2 s + + +

p\NFb +
+ со + + Breccial, cataclastic, 

in places massive or 
fissured

оS + + *107 s + ++
Ph-j-s + +

±+
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s + + 4 + + i107 follow up<®=PP; 30s ++
- 712.5 s

УЧуУЧУ УЧУ О

S о+ +
S

'Ч/ 'Ч/ 'Ч/

108 Ph KTTS УЧУУЧУ

+ +S СО++ + ОS
УЧу УЧУ Оs + + + о <оTS
учу УЧу

Breccial, cataclastic, 
gneissic, in places 

fissured and porous

ГPiS Reddish-brown, pinkish-red or reddish-grey, mainly medium-grained migmatite 
granite (in places granite gneiss) with rare amphibolite (amphibole gneiss) 

relicts. In places penetrated by impact-related sets of fissures

++ +109 s >+ + *phTS УЧуучу УЧу ЯО/ч< УЧУS о
учу учуS

++ +S U
о

+ +Ts 2-X

S
учу Е3. гоPhSч U

V3
X) 'Чу 'Чу

О г-1Ö а по s ++ +
X)с оо + +sо тзCU о/Чу 'Чу 'Чу (L)Sу.

WТу
<3 SУЧу 'Чу

to Sл
CU 4++ +PhNFs + + о [Zт5 О

'Чу 'Чу'Чу

S
'Чу

PhsPhb Reddish-brown and dark grey, coarse- to medium-grained migmatite granite 
with indistinet amphibolite relicts (10-20%). In places rock is influenced by the 
shoek. At 745.9 m a brownish-red haematized vein occurs, underlain by a white 

ealeite-eemented breeeiated impact-related veins (both are 3 cm thick)

'Чу 'Чу 'Чу

*- 745.9 s о^ 'ЧУ "ЧУ 0 
Ч/ Чу 'Чу

'Чу ^ учу

УЧУ УЧу V

111 ОS Cataclastic, in places 
breccial and porouss

-751.2 Ts
УЧУ УЧу УЧУ

S Чу УЧу О

№s УЧУ Чу УЧу

*S УЧУ УЧу

Reddish-brown with dark grey spots, /b?e- to medium-grained migmatite 
granite with rare amphibolite relicts. In places rock is influenced by the shoek.

Chloritized veins occur

Breccial, cataclastic, 
in places porous

Ts УЧУ О112
ОVs УЧУ

*S УЧУ УЧУ

P-IS УЧУ УЧУ

S 4ХУЧУ учу

Z 762.8
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ŠŠ£сл -ПCC 2О

H оc/i <
762.8 Й? V- V+ Intercalation of greenish-black,/гие- to medium-grained migmatized 

amphibolite (< 70%) and reddish-brown coarse-grained plagioclase- 
microcline granite. In places rock is chloritized and weathered

Greyish-brown migmatite granite with rare amphibolite relicts. 
Reddish-brown veins are impregnated with iron oxides

Greyish- to reddish-brown, coarse- to jine-grained migmatite granite and 
coarse- to fine-grained granite with greenish-black amphibolite interbeds 

(thickness up to 40 cm) and lenses. In places occur weathered veins 
with iron oxides

Greenish-black, medium-grained amphibolite, in places migmatized 
Greyish-brown migmatite granite with greenish-black amphibolite relicts 
Greenish-black, medium- to fine-grained amphibolite, in places migmatized

Mottled greyish-brown, coarse- to fine grained migmatite granite with greenish- 
black amphibolite relicts (20%). Rock is weathered in places

s . + . 
v . v. ‘v_

V

■ V .
Brecciat, cataclasticKTTS

113 s
s

- 769.0 Brecciat, porous, 
cataclastic

'ЧУ учу 'ЧУ

‘ilTPhXS _ w'Чу
-771.3 СЛV V V Hs

О'ЧУPhTS О z
i—iV V V о Breccial, cataclastic, 

in places massive
s

>'чу 'Чу114 zs + + + 
+ + •KTS * cis и- 780.7 S

_ NP-781.6 Phs
“ 783.8 PhTs
- 784.9 s

ОHomogenous 
Brecciat, cataclastic 

Homogenous

V V
Г'ЧУ V
Оs УЧУ

t а
i—i

V • V- -V
у у115 E П'Чу УЧУ©< s

>V
-Г.. 'Чу . 'Чу£ ts Breccial, cataclasticI rs V'Чу Xi

1 о

i vучуTSa. ГПP- 790.9 s
NF_

W Пиja 3/\у 'Чу Учу
oo

£ Greyish-brown, coarse- to fine-grained migmatite granite with amphibolite 
relics, impregnated with iron oxides. Rock is strongly influenced by the shock 
Mottled black, reddish-brown, white and greenish-grey, coarse- to fine-grained 

migmatite granite, weathered, impregnated with iron oxides, influenced by shock 
Whitish-pink weathered migmatite granite vein, chloritized slickenside 

Greyish-brown, coarse- to fine-grained migmatite granite (in the lower part 
granite gneiss), with greenish-black amphibolite relicts (thickness up to 25 cm). 

Rock is strongly influenced by the shock

Hs "Jcaeu xs Оv hУЧУ

Breccial, cataclasticT\ x'ЧУ УЧУ Zeo116 TS сл
-796.8 
= 798.3 
" 798.9

7°
s Fractured

Peruus
учу • /чу • 'Ч'

'ЧУ учу

Ts УЧУ учу /Чу

S
XNhs Breccial, cataclastic, 

porous; in lower part 
dip 30-50" gneissic

о'ЧУ 'Чу

V ++
ts

Ph iy
KKS

+V 4++117 -805.0
-o- -o- -o-s

-o-
Ts Homogenous, 

gneissic or cataclastic, 
in places fractured, 

dip 30-50°

Pinkish-red and greyish-brown, fine- to medium-grained granite gneiss 
with rare amphibolite relicts and breeeiated veins

Ph S
*-о- V -°-s

s118 -o- -o- -o-

815>^ V

»_ ____ ....
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Chemical composition of the Soovälja (K-l) core (wt %)

d gz ■а I
§ * 
О г“~ 
tu ^

03

zM
o. Sample depth ■a Оs о

ts2 о <DctJ
С/Э

О(m) Si02 A1203Rock Ti02 Fe203 Na20 K20 p2o5 C02J f—FeO MnO MgO CaO oo CU

0.28 11.63 1.04 2.30 0.03 1.26 0.33 0.19 8.50 0.10 <0.10
0.23 12.54 0.89 2.01 0.01 0.90 0.33 0.13 11.17 0.08 <0.10

0.06 1.77 0.20 0.13 7.71 0.11
0.05 2.76 0.10 0.14 9.06 0.07
0.06 4.61 0.52 0.10 6.99 0.29

0.33 12.29 0.95 3.74 0.03 1.98 0.43 0.13 8.60 0.08 <0.10
0.02 0.97 0.10 0.21 9.28 0.08
0.05 4.94 0.51 0.17 7.05 0.11
0.02 0.10 0.03 0.12 4.85 0.02
0.02 1.11 0.07 0.13 8.46 0.05
0.11 1.76 0.12 0.36 8.72 0.09

brec mat 
gran clast 
brec mat 
gran clast 
brec mat 
brec mat 
brec mat 
brec mat 

brec mat sandy 
brec mat 
gran brec 
brec mat 
brec mat

brec mat gran clast 
brec mat 

brec vein fill 
brec mat 

brec
gran brec 
gran brec 

gran 
amph 
amph 

amph mig 
amph-gran brec 

amph wk crushed

71.69 
72.26

72.70

65.20

54.10 
69.64

72.20

60.70

87.10

67.30

69.20 
63.55 
74.80 
70.68 
82.78 
69.96

70.20

68.50 
70.90

73.10 
69.64

49.30

47.50 
60.70

62.10 
44.60

1.38 98.73

101.41

100.50

99.50

99.90

100.02

98.70

99.40

99.10

99.80

99.90

99.85

99.90

3.6013610

13720

3733830

3734836

3734925

14950

3734952

3735090a

3735150

3735210

3735347

15570

3735710

15720

15778

15820

3735870

3735887

3735895

3735920

15950

3735960

3735970

15985

3735990

16018

361.0-361.2

372.0-372.2

383.0

483.6

492.5

495.0-495.2

495.2

509.0

515.0

521.0

534.7

557.0-557.2

571.0

572.0-572.2

577.8- 578.0 
582.0-582.2

587.0

588.7

589.5 
592.0

595.0-595.2

596.0

597.0

598.5-598.7

599.0

601.8- 602.2

44.74 
3.12 0.27 85.92

59.31
64.71 
69.90 
66.15 
44.19 
41.47 
40.42 
65.08 
24.22

5.60 0.27 254.25
36.50

4.00 0.19 48.43
1.60 0.19 64.44

47.44
30.72
48.73 
42.68
28.74 
66.15

О0.86
О0.48 11.20

0.74 14.10
1.94 13.40

1.62 4.49 - <
>'■5.671.65
Г4.27 13.60
>1.82 5.11

0.610.59 11.80
0.96 14.40
0.14 6.10
0.47 10.80
0.55 13.20
0.39 15.51 2.41 2.87 0.05 2.01 0.41 0.04 10.17 0.11 <0.10
0.56 12.50

2.78 i
3.94 6.54

а0.20 0.44 та
г8.47 2.91ев

=2 Г1.36 4.52IЯ
Оz

2.33 О
и0.03 0.50 0.10 0.26 9.49 0.04

0.23 12.02 2.77 1.11 0.02 1.03 0.22 0.21 10.17 0.07 <0.10
7.38 0.32 1.15 0.01 0.52 0.22 0.09 5.80 0.03 <0.10

0.37 11.68 2.24 2.66 0.02 2.50 0.36 0.16 7.59 0.08 <0.10
0.45 11.90
0.77 14.20
0.65 12.30
0.47 12.20
0.33 12.29 0.95 3.74 0.03 1.98 0.43 0.13 8.60 0.08 <0.10

0.20 6.32 12.13 0.27 2.87 0.13
0.09 10.80 3.33 0.79 3.47 0.20

0.39 12.80 2.46 4.99 0.04 6.60 0.41 0.36 6.25 0.12 <0.10
0.67 12.80

0.47 1.18
1.08 99.61

0.09 0.41 98.80 
99.55 
99.90 
99.90 
99.40 
99.50

100.02
99.20
99.90
99.03
99.80 
99.36

1.93 5.19
0.03 1.97 0.12 0.25 7.68 0.08
0.03 2.25 0.08 0.15 7.31 0.09
0.03 1.38 0.06 0.22 9.39 0.06

<0.01 0.60 0.09 0.34 9.77 0.07

3.35 3.89
2.38 4.11
0.85 3.61

■У 0.69 2.20
Г', 1.82 5.11
1; 0.98 15.50 

1.79 13.60
2.40 9.12 10.63:

& 5.24 13.10 4.39
•5 3.91 8.00 0.19 17.36

22.63а, 0.05 6.25 0.47 0.27 6.11 0.06
0.46 15.68 4.53 8.76 0.12 10.18 7.22 2.29 2.00 0.14 <0.10

4.39 6.64
4и3.38 14.26 0.87
-J
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6 g 9,z

p1 S
te- tq

cd

5c. я ОSample depth o6 5 моcdm co2(m) Na20 K20 P205 f—A1203 Fe203 -JRock Si02 Ti02 te.OOFeO MnO MgO CaO
1.2499.80 

99.90
98.80
99.80 
99.68 
99.90 
99.74 
99.20 
99.27
99.46 
99.40

100.53
98.70
99.97

100.46 
99.90
97.80 
99.90
98.97 
99.93

13.800.18 10.30 7.90 1.82 2.26 0.09
<0.01 0.69 0.16 0.29 8.13 0.01
<0.01 0.73 0.02 0.31 7.99 <0.01

0.06 9.76 0.30 0.08 5.68 0.09

2.31amph 
gran brec 
gran brec 
amph fg 
gran ff 

gran brec 
gran ff 

gran brec 
gran fr

gran st crushed 
gran brec 

gran wk crushed 
gran brec 

amph wk crushed 
gran wk crushed 
gran wk crushed 

gran brec 
gran brec 

gran st crushed 
gran fr

46.20
77.20
75.70
51.80 
81.68
87.30
80.80
85.30 
81.10 
84.77
84.30 
72.66 
74.00 
45.40 
69.58
46.70 
68.10 
81.50

1.04 13.90
0.19 10.60
0.19 10.20
0.93 14.50
0.09 8.47 0.36 1.29 0.01 0.39 0.38 0.88 5.67 0.03 <0.10

<0.01 0.28 0.04 0.20 4.14 0.02
0.24 8.36 0.45 1.37 0.01 0.39 0.48 0.42 6.72 0.03 <0.10

<0.01 0.48 0.07 0.44 4.58 0.05
0.21 8.36 0.61 1.22 0.01 0.39 0.42 0.94 5.50 0.04 <0.10
0.09 6.35 0.64 0.65 0.01 0.54 0.33 0.07 5.60 0.05 <0.10
0.33 7.11 1.16 0.05 <0.01 0.84 0.10 0.67 4.34 0.05
0.36 12.53 1.19 1.51 0.02 0.78 0.36 0.98 9.22 0.06 <0.10

3736030

3736060

3736144

3736180

16280

3736320

16558

3736690

16890

17005

3737050

17170

3737405

17660

17780

3737815

3737915

3738010

18045

18150

603.0

606.0

614.4 
618.0

628.0-628.2

632.0

655.8-656.0

669.0

689.0-689.2

700.5- 700.7 
705.0

717.0-717.2

740.5

766.0-766.4

778.0-778.2

781.5

791.5 
801.0

804.5- 804.7 
815.0-815.2

28.03

25.77

71.00

2.020.62

3.010.70

10.905.70
m6.441.790.43 СЛ
H20.701.750.600.17 5.45 О
Z16.001.970.47

10.411.080.450.21 6.60

• 5.85 
1.36 0.19 80.00

1.970.47
Q

0.36 mg о6.481.220.51 Г£ О2.87 9.410.86§■ О
4.591.660.62 0.17 1.55 7.12 0.07

0.15 9.31 9.17 3.55 1.61 0.06 <0.10

1.050.45 12.00

0.49 15.48 4.34 7.71
0.25 13.88 0.72 2.26 0.02 1.72 0.54 1.27 8.50 0.06 <0.10

0.19 7.31 8.50 1.41 1.05 0.06
<0.01 0.47 0.25 3.08 7.00 0.04
<0.01 2.05 0.24 0.22 4.76 0.06

0.17 8.54 0.65 1.29 0.01 0.85 0.33 0.18 6.50 0.04 <0.10
0.38 12.56 1.15 1.47 0.01 0.60 0.19 1,11 9.00 0.03 <0.10

<0.01 nа
>0.4512.912.70
Г3.23 6.691.66 И

0.7411.36.022.20 15.20
0.35 14.80
0.26 6.67

n
42.272.041.63
О2.63 21.64 

2.08 0.27 36.11
2.78 0.19 8.11

1.56 z
0.8379.31 И
0.9172.52

S t - total sulphur;
LOI - loss on ignition;
F2031- total iron as Fe203 (Fe203 t=Fe203+l.l 1 lFeO);
"Total" indudes Fe203t if Fe203 and FeO are not determined separately;
amph - amphibolite; brec - breccia, brecciated; carb - carbonate; fr - ff actured; fg - fme-grained; 
gran - migmatite-granite; mat - matrix; mig - migmatized; st - strongly; wk - weakly.

Samples collected by Kalle Suuroja, Mati Niin, Heino Koppelmaa, Jaan Kivisilla (all from the Geological Survey of Estonia) and Väino Puura 
(Institute of Geology, University of Tartu), analysed at the Laboratory of the Geological Survey of Estonia (samples 1...) and University of Vienna, Austria 
(samples 373...).

Notes:



APPENDIX 3

XRF data of the Soovälja (K-l) core
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9.8 10.1 16.5 9.5 23.3 1.1 8.9 18.8 6.0 10.7 9.8 8.6 6.2 4.8 49.1 14.8 36.2 1.9 1.4 35.4 0.7 1.6 3.7 6.1 50.4 6.9 3.4
152.0 87.0 86.0 44.0 154.0 21.0 56.0 65.0< 15.0 59.0 91.0 59.0< 15.0 23.0 445.0 115.0 296.0< 15.0 < 15.0 249.0 19.0 18.0 37.0
39.9 48.3 43.7 44.2 94.2 10.8 52.1 58.2 5.9 61.6 65.6 34.6 29.8 6.1 195.0 91.8 451.0 4.4 2.3 407.0 47.0 8.4 13.2

9.9 12.6 28.9 6.6 13.7 1.7 8.5 11.7 3.0 14.3 12.0 10.4 3.6 8.0 46.1 16.0 42.7 3.7 2.0 21.4 2.7 2.1 2.7
17.0 28.0 53.0 15.0 37.0 7.0 14.0 26.0 7.0 31.0 26.0 18.0 12.0 18.0 43.0 53.0 129.0 9.0 <9.0 68.0 14.0 <9.0 <9.0

<2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 9.0 <2.0 <2.0 2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0
61.5 59.8 166.5 34.0 59.3 8.4 38.0 45.8 30.2 42.0 78.0 41.0 30.0 14.0 88.9 39.8 92.5 61.0 27.0 91.6 13.0 12.0 14.0

0.2 <1.0 1.0 <0.5 0.1 0.6 <0.6 <0.8 0.6 0.3 <0.4 0.1 0.1 <0.5 1.3 0.1 <2.0 <0.5 <0.5 <1.0 <0.5 <0.3 <0.1
137.7 157.7 191.3 155.0 131.0 90.0 146.0 175.0 227.3 160.0 166.0 213.0 242.0 54.9 33.7 100.6 38.3 242.0 214.0 99.7 101.0 127.0 140.0
66.0 78.0 48.0 61.0 61.0 67.0 50.0 126.0 36.0 80.0 93.0 84.0 45.0 53.0 79.0 66.0 115.0 17.0 15.0 37.0 65.0 72.0 66.0
25.0 50.0 153.0 23.0 23.0 10.0 21.0 46.0 31.0 30.0 172.0 23.0 26.0 25.0 71.0 34.0 25.0 53.0 27.0 21.0 10.0 11.0 15.0

186.7 255.0 323.0 220.0 221.0 49.8 217.0 254.0 343.0 231.0 241.0 279.0 339.0 220.0 203.0 247.0 79.7 224.0 310.0 127.0 121.0 90.3 101.0
16.0 16.0 27.0 16.0 17.0 7.0 15.0 14.0 21.0 14.0 15.0 14.0 20.0 17.0 23.0 17.0 11.0 18.0 14.0 22.0 6.0 7.0 10.0
0.1 <1.0 0.8 <0.1 0.1 0.2 0.1 <0.2 0.1 0.1 <0.1 <0.1 0.1 0.1 <1.0 0.1 <1.0 <0.1 <0.1 0.1 <0.1 <0.1 <0.1
1.2 2.7 4.9 1.6 2.0 0.3 1.8 2.5 1.5 2.5 3.0 2.6 1.7 0.5 0.4 1.5 0.5 0.7 0.5 1.7 0.6 0.4 1.0 1.5 2.5 0.8 0.9

1340.0 682.0 435.3 715.0 573.0 580.0 542.0 1320.0 743.3 781.0 1090.0 1030.0 863.0 196.0 133.7 414.3 180.0 105.0 69.6 161.3 617.0 642.0 602.0 1080.0 187.0 946.0 561.0
59.5 56.5 67.7 25.3 38.3 18.5 31.0 51.6 26.7 59.4 47.4 16.7 62.0 38.8 18.3 77.1 12.5 207.0 116.0 36.2 31.8 12.0 28.9

117.0 114.0 155.0 56.2 73.3 39.8 59.3 98.9 53.4 117.0 97.1 34.3 110.0 81.1 49.6 173.0 27.2 423.0 205.0 66.6 58.5 22.8 54.1
43.8 45.4 71.4 24.9 32.2 13.6 26.1 46.3 20.2 50.2 47.9 12.4 43.1 37.3 26.3 75.0 15.0 198.0 86.9 25.8 26.1 11.9 27.0

8.0 9.2 14.6 5.7 5.5 2.5 4.3 8.6 4.5 9.7 9.7 3.0 6.9 5.8 7.5 14.0 3.6 32.7 14.1 4.5 4.4 2.0 5.0

Sc
V 17.0 596.0 28.0 26.0 

4.8 56.8 2.4 14.9
2.4 42.9 5.0 3.3
8.0 37.0 <9.0 6.0
7.0 89.0 <2.0 <2.0 

23.0 83.6 36.0 15.0 
0.3 <2.0 <1.0 <1.0 

249.0 60.2 128.0 129.0 
75.0 147.0 148.0 74.0 
21.0 46.0 23.0 23.0 

324.0 247.0 181.0 147.0 
18.0 13.0 12.0 10.0

<0.1 2.2 0.1 0.1

Сг а
-Со
ГNi Г

Си ОоZn
ЙAs

Rb
Sr
Y

EZr c.
Nb
Sb
Cs
Ba
La 45.5 17.5 64.5 15.5

88.0 38.3 125.0 32.0 
36.2 22.2 56.3 12.5

5.2 5.6 8.2 2.2

Ce
Nd
Sm

4^
VO
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Palaeoproterozoic ErathemKärdla Formation

■s*■g «
u’g
§ 1 CQ C

СО c

§ оu■j uu
сл u <£? 3ts tstata ta Sžta £ta £O. ^ 8 &43J2 Оа в£E В ВВ -С X8 X

"О.Xiс.
X-1

"о.ts ВВ В я §о£ I Sо
оj § в5 В XВ Яв cdСЗ 1 бь ав а а а аа £ а аЯУн1- а а я

■и
XX в

я

Я0.8 1.5 1.4 0.6
5.0 6.7 7.3 2.7
0.7 1.3 0.9 0.5
0.4 1.0 0.3 0.3
2.5 7.0 2.1 2.1
0.4 1.1 0.3 0.3

10.2 4.9 5.5 4.2
1.0 1.5 0.3 0.4

12.7 4.1 13.1 5.4
2.5 3.8 1.0 1.0

<1.0 <1.0 <1.0 <1.0
7.5 4.0 <24 <12
5.2 1.1 13.8 5.4
3.6 4.2 4.9 2.9

31.8 50.2 33.1 35.0
10.7 3.4 21.9 12.0
12.2 1.7 20.6 4.9
0.5 0.7 0.5 0.8

0.6 0.5
2.8 1.8
0.4 0.3
0.1 0.2
0.8 1.0
0.1 0.1
4.0 2.2
0.1 0.1

35.5 4.7
1.4 0.7
0.2 <0.6
7.7 <9.0

26.3 7.1
0.9 2.5

30.1 41.6
33.5 15.5
28.7 8.3

0.5 0.9

0.60.9 0.6
10.6 3.8

1.3 0.7
0.5 0.4
2.6 2.7
0.4 0.4

11.0 3.3
0.2 1.4

17.5 6.7
2.9 3.0

<0.6 2.0
3.6 <10.0
6.0 2.3
6.6 5.4

28.2 39.0
55.0 2.4
30.3 9.2

0.2 0.4

1.2 0.6 1.7 1.8 1.4 1.3
6.4 5.1 9.4 10.5 4.9 23.8
0.8 0.8 1.8 1.6 0.9 3.3
0.4 0.5 1.5 0.7 0.5 0.9
2.8 3.3 10.8 4.4 3.4 5.3
0.4 0.5 1.6 0.6 0.5 0.6

10.8 6.5 4.4 6.7 2.0 10.6
1.1 0.6 1.8 0.8 1.0 0.4

20.3 14.2 1.9 13.5 0.8 26.2
2.7 2.0 2.9 2.3 1.1 5.7
0.1 0.2 <2.0 <2.0 <3.0 <0.8
3.6 < 11.0 < 14.0 1.0 6.0 3.2
7.6 7.1 0.7 5.8 0.8 4.6
3.1 2.7 9.6 5.7 15.1 7.9

31.4 33.7 45.7 36.6 39.5 21.1
10.2 10.7 2.5 8.2 2.1 28.6
15.2 8.1 1.1 11.7 2.5 26.5
0.5 0.3 0.6 0.5 1.0 0.1

2.0 0.81.5 1.1 1.6
8.0 4.9 6.9
1.3 0.9 1.1
0.9 0.5 0.5
6.2 3.6 3.1
1.0 0.5 0.5
7.6 10.1 6.3
0.7 1.4 0.8

7.7 15.1 18.2 19.5 14.3
3.6 0.7 2.3 3.7 3.0 2.6

89±18 <2.0 <1.0 <3.0 <2.0 <1.0 <1.0 <1.0 <1.0 <2.0
5.0 <9.0 <9.0 6.8 <2.0 2.0 < 11.0 < 18.0 2.0 7.3
6.9 7.0 4.9 6.3 3.9 11.8 6.5 4.9 6.5 5.5
4.3 4.3 3.8 1.8 2.7 2.4 2.1 2.8 1.4 4.2

33.9 36.8 67.4 39.1 45.9 30.9 31.8 33.2 34.0 36.8
7.3 10.3 3.3 5.6 5.2 11.5 8.2 10.8 7.3 8.0

15.5 10.3 4.7 6.6 9.0 13.3 9.3 5.6 5.1 12.8
0.5 0.6 0.4 0.5 0.8 1.1 0.6 0.5

1.2 1.8 2.2 0.9 1.3 0.9 0.8
6.1 7.9 16.2 5.3 4.7 2.2 3.6
0.9 1.3 3.1 0.8 0.8 0.4 0.6
0.4 0.6 1.5 0.4 0.4 0.2 0.3
2.6 3.7 9.8 2.6 2.9 0.9 2.3
0.4 0.5 1.3 0.4 0.4 0.1 0.3
5.5 6.9 4.8 5.6 4.8 1.6 6.8
0.8 0.7 1.4 1.0 0.9 0.1 0.8

14.0 13.2 17.9 14.2 14.1
2.0 1.9 3.6 2.3

Ей сл
Ч5.415.2 3.4Gd О0.70.63.1ть

0.30.41.5 >Тт
В 2.12.59.2Yb оX 0.30.41.3Lu Я

2.8 О9.47.4Hf я0.70.6 0.7Та Оо
1—

13.117.117.3Th
П2.13.03.4U >0.50.9 <1.01г Гх

X 1.5 оо7.61.7Au Я6.15.0 5.7 ОTh/U
La/Th
Zr/Hf
Hf/Ta
La/Yb
Eu/Eu*

2.21.02.7
О36.632.6 29.8

11.9 13.6 Сл3.8
9.43.5 4.5
0.40.80.6 0.5
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* Eu normalized value obtained by interpolating between the normalized values of Sm and Gd.
Notes: amph - amphibolite; brec - breccia, brecciated; carb - carbonate; fg - fine-grained; gran - migmatite-granite; mat - matrix.

Samples collected by Kalle Suuroja, Mati Niin, Heino Koppelmaa, Jaan Kivisilla (all from the Geological Survey of Estonia) and Väino Puura (Institute of Geology, University of Tartu). 
Analysed at the University of Vienna, Austria.
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APPENDIX 4

List of samples for semiquantitative emission spectral analyses 
of major and trace elements of the Soovälja (K-l) core

Sample numbers
14710
14725
14740
14754
14768
14787
14790
14805
14820
14832
14838
14848
14858
14870
14882
14894
14905
14919
14930
14944
14959
14965
14978
14990
15002
15014
15026
15038
15050
15062

15074
15086
15098
15110
15120
15132
15144
15156
15168
15180
15192
15204
15216
15228
15242
15256
15270
15284
15298
15312
15326
15340
15354
15368
15382
15394
15406
15418
15430
15442

15454
15466
15478
15490
15504
15518
15531
15544
15556
15568
15581
15596
15610
15624
15638
15650
15662
15675
15690
15704
15718
15732
15746
15760
15771
15782
15792
15805
15818
15830

15844
15858
15872
15886
15890
15902
15914
15926
15938
15952
15965
15979
15992
16004
16016
16028
16040
16054
16067
16080
16093
16104
16114
16129
16136
16147
16158
16169
16180
16192

16204
16215
16227
16245
16258
16268
16279
16290
16300
16314
16328
16342
16351
16366
16379
16392
16405
16418
16430
16443
16456
16470
16485
16496
16508
16520
16532
16544
16556
16568

16580
16594
16608
16620
16632
16644
16656
16670
16682
16696
16710
16724
16738
16752
16766
16780
16794
16808
16822
16836
16850
16864
16878
16892
16906
16920
16934
16948
16960
16972

16984
16997
17009
17021
17033
17046
17060
17073
17086
17100
17113
17126
17140
17154
17168
17182
17196
17210
17224
17238
17252
17266
17280
17294
17308
17322
17336
17350
17364
17378

17392
17406
17418
17432
17446
17459
17472
17485
17498
17512
17525
17538
17550
17563
17576
17590
17602
17614
17628
17642
17657
17668
17682
17696
17710
17724
17738
17753
17768
17780

17793
17799
17807
17816
17827
17838
17849
17860
17872
17884
17896
17909
17920
17932
17944
17956
17968
17980
17992
18004
18016
18030
18044
18058
18072
18086
18100
18114
18128
18140

The first digit in the sample number denotes the number of the drill hoie, 
other digits show the sample depth in decimetres.

Samples collected by Jaan Kivisilla and Mati Niin,
analysed by Kiira Orlova in 1991 (all from the Geological Survey of Estonia).

i
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APPENDIX 5 ^

Thin sections from Palaeoproterozoic rocks of the Soovälja (K-l) core

Mineralogical composition (%) / 
plagioclase No. (An%)

Thin
section* NotesStructureRock name Texture

Brown groundmass contains some angular fine (quartz, feldspar) 
and coarse grains (quartz, feldspar, granite)

14760 Breccia-cataclasite

Granitic Massive14816 Fine- to medium-grained plagioclase- 
microcline granite

Q 35-40; Mi 35-40; P1 20-25; 
Bt 1-2; Op 0.5; Ap, Zrc
Q 25-30; Mi 20-25; P1 30-35; 
Bt 10-15; Op

Lepidogranoblastic Gneissic, 
banded

14835 Fine-grained biotite-gneiss 
(banded migmatite)

И
tл
4
ОCataclastic Similar to thin section 1476014850 Breccia-cataclasite Z
MBrown groundmass contains some angular fine to coarse grains and 

fragments (quartz, feldspar, granite)
Cataclastic14950 Breccia-cataclasite

оSimilar to thin section 14950, groundmass is darker14980 Breccia-cataclasite Cataclastic
MSimilar to thin sections 14950 and 1498015080 Breccia-cataclasite Cataclastic ОrQuartz-feldspar groundmass containing angular fine quartz grains, 

seldom K-feldspar and granite (Q 80%; diameter 1 cm)
15150 Microbreccia Cataclastic Оонн
15300 Fine-grained migmatized biotite-gneiss Q 35-40; Mi 20-25; P1 25-30;

Bt 10-15; Op, Zrc
Lepidograno
blastic, cataclastic

Gneissic П

P
15360 Medium-grained plagioclase- 

microcline granite
Q 30-35; Mi 35^10; P1 20-25; 
Bt 3-5; Hbl, Op, Zrc, Ru, Chi

Granoblastic,
cataclastic

Massive сл
И
П
-415500 Fine-grained plagioclase-microcline 

granite
Q 50-55; Mi 30-35; P1 10-15; 
Bt 1-2; Op < 0.5; Zrc

Granitic,
cataclastic

Massive M

Оz15630 Medium-grained plagioclase- 
microcline granite

Q 35—40; Mi 35-40; P1 20-25; 
Bt 2-3; Op, Zrc

Granitic,
cataclastic

Massive

Fine-grained groundmass with angular quartz and rare feldspar 
grains

15680 Microbreccia Cataclastic

Cataclastic Brecciated granite15750 Microbreccia Q, Mi, Pl, Bt, Op
Fine-grained crushed groundmass with angular quartz and feldspar 
grains

15820 Breccia after granite Cataclastic

Light green isotropic serpentine with brown xenomorphic grains 
(mica, kaolinite), ore minerals, biotite and apatite

15880 Metabasite

Q 35—40; Mi 35^40; Pl 20-25; 
Bt 3-5; Op 1-2; Ap, Zrc

Granitic Massive15930 Fine-grained plagioclase-microcline 
granite

___________________________ __ _______ J



Appendix 5 continued

Thin
section*

Mineralogical composition (%) /
plagioclase No. (An%)Rock name Texture Structure Notes

15970 Fine- to medium-grained
amphibolite

P1 40-45; Hbl 45-50; Bt 5-10;
Op, Ap / An% 40

Granonemato-
blastic

Massive

16018a Fine-grained amphibolite P1 42.2; Hbl 46.0; Bt 7.4; Q 2.3; 
Mi 0.5; Op 1.6; Ap / An% 33

Nemato- Massive Quartz grains are rounded
granoblastic

16018b Fine-grained amphibolite P1 33.8; Hbl 61.1; Bt 3.9; Op 0.9; 
Mi 0.3; Ap

Nemato-
granoblastic

Massive

16060 Fine-to medium-grained
plagioclase-microcline granite

Q 35—40; Mi 40^5; P1 15-20; 
Bt, Op, Ap

Granitic,
cataclastic

Massive With veins
ел
О16100 Medium- to coarse-grained 

plagiogranite
Q 40^15; P1 55-60; Bt < 0.5; 
Ap, Op, Zrc, Carb

Granitic,
cataclastic

Massive О
<
>:16130 Fine- to medium-grained metabasite Cataclastic Brecciated; contains serpentine, mica, plagioclase grains and biotite 

flakes
Г
>16200 Fine- to medium-grained plagioclase- 

microcline granite
Q 30-35; Mi 45-50; P1 10-15; 
Bt < 1; Gr, Op, Ap, Zrc

Cataclastic Massive
*

16226 Microbreccia after metabasite Cataclastic Green isotropic groundmass with angular grains and fragments of 
carbonate, plagioclase, quartz_____________ а

PO16280 Fine- to medium-grained plagioclase- 
microcline granite

Q 45.5; Mi 43.4; P1 7.8; Bt 3-5; 
Op 0.4; Ap, Zrc / An% 25

Granitic Massive Quartz grains are rounded P
Г

16320a Medium-grained plagioclase-
microcline granite

ОQ 45-50; Mi 30-35; Pi 15; Bt 1-2; 
Op, Zrc

Granitic,
cataclastic

Massive
О
$16320b Medium-grained plagioclase- 

microcline granite
Q 50-55; Mi 30-35; Pl 10-15; Granitic,

cataclastic
Massive

Bt 1-2; Hbl?, Op, Zrc
16400 Medium- to coarse-grained plagioclase- Q 35-40; Mi 40-45; Pl 15-20; 

microcline granite
Granitic Massive

Bt 1-2; Op, Zrc
16470 Fine- to medium-grained plagioclase-

microcline granite
Q 45-50; Mi 35-40; Pl 10-15; 
Bt 0,5; Op, Zrc, Carb

Cataclastic Massive

16558a Fine-grained plagioclase- 
microcline granite

Q 59.1; Mi 20.9; Pl 17.2; Bt 1.9; 
Op 0.9 / An% 27

Granitic Massive Quartz grains are rounded, microcline grains are xenomorphic

16558b Fine-grained plagioclase-
microcline granite

Q 48.2; Mi 33.1; Pl 14.5; Bt 3.6; 
Op 0.6, Ap

Granitic Massive Quartz grains are rounded and xenomorphic

16660 Fine-grained plagioclase- 
microcline granite

Q; Mi; Pl; Bt; Op Cataclastic With net-like veins

16720 Medium-grained plagioclase- 
microcline granite

Q 30-35; Mi 40-45; Pl 20; Bt 2-3; 
Op 1, Ap, Zrc

Granitic Massive
Ui
■jj



Appendix 5 continued

Mineralogical composition (%) /
plagioclase No. (An%)

Thin
section* NotesStructureTextureRock name

MassiveGraniticQ 25-30; Mi 45-50; P1 20-25;
Bt 3-5; Op 0.5, Ap, Zrc

16780 Fine-grained plagioclase- 
microcline granite

MassiveGraniticQ 30-35; Mi 35-40; P1 25-30; 
Bt 3-5; Op 1-2, Ap, Zrc

16835 Fine-grained plagioclase- 
microcline granite

MassiveGraniticQ 35^40; Mi 35-40; P1 20-25; 
Bt 2-3; Op 0.2-0.3, Ap, Zrc

16890 Fine-grained plagioclase-
_______ microcline granite________________
16960 Fine- to medium-grained plagioclase- 

microcline granite
MassiveGraniticQ 30-35; Mi 35^40; P1 20-25; 

Bt 5; Op 0.5, Amph?, Ap, Zrc
CataclasticQ 70-75; Pl, Mi, Bt tn17020 Breccia after quartz-rich granitoid OoMassive17090 Medium-grained plagioclase-microcline Q 50-55; Mi 30—35; Pl 10-15; Bt 1; Granitic

Op, Ap
4
Оgranite 2
HHQuartz grains are rounded and fissuredMassiveGranitic,

cataclastic
Q 37.1; Mi 40.6; Pl 16.5; Bt 4.7; 
Op 1.1, Ap

17170a Medium-grained plagioclase-
_______ microcline granite_________
17170b Medium-grained plagioclase-
______ microcline granite_______
17230 Medium-grained plagioclase- 

microcline granite

I
Different-size quartz grains are xenomorphicMassive ОGraniticQ 35.8; Mi 37.1; Pl 21.4; Bt4.5; 

Op 1.2 tn
О
rMassiveGraniticQ 25-30; Mi 35^40; Pl 25-30; 

Bt 3-5; Op 1-2; Ap, Zrc О
QwBrecciatedCataclasticQ, Mi, Pl, Bt, Op17270 Plagioclase-microcline granite П

Q, Mi, Pl17320 Breccia after granite________
17425 Fine-to medium-grained

plagioclase-microcline granite
MassiveGraniticQ 30-35; Mi 35^40; Pl 25-30; Bt 5; 

Op 1-2, Ap
сл
tn
П
HLepidogranoblastic, Banded 

cataclastic
Q 40-45; Mi 1-2; Pl 40^45; Bt 10- 
15; Op <0.5, Ap, Zrc / An% 15

17506 Fine- to medium-grained migmatized 
biotite-gneiss

)—I

О
2MassiveGranitic,

cataclastic
Q 30-35; Mi 45-50; Pl 15-20; Bt 1; 
Op 0.5, Ap

17560 Fine- to medium-grained plagioclase- 
microcline granite

сл

MassivePl 38.5; Hbl 51.9; Bt 5.4; Op 1.9; Carb Granoblastic,
1.9; Mi 0.4 / An% 42

17660a Fine- to medium-grained amphibolite
blastogabbroic,
cataclastic

MassiveBlastogabbroicPl 39.1; Hbl 54.5; Bt 5.9; 
Op 0.5 / An% 41

17660b Fine- to medium-grained 
amphibolite

MassiveCataclasticQ 35-40; Mi 30-35; Pl 25-30; Bt, 
Op, Ap

17700 Fine- to medium-grained plagioclase-
_______ microcline granite_______________
17734 Fine- to medium-grained amphibolite Blastogabbroic, Slightly 

nematogranoblastic banded
Pl 45-50; Hbl 45-50; Bt 1-2; 
Op 1, Ap, See / An% 39

Different-size quartz grainsMassiveGraniticQ 30-35; Mi 45-50; Pl 20; Bt 1-2; 
Op, Ap, Zrc / An% 2

17780 Medium-grained plagioclase- 
microcline granite

._________.
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Thin
section*

Mineralogical composition (%) /
plagioclase No. (An%)Rock name Texture Structure Notes

17810 Fine- to medium-grained amphibolite P1 45-50; Hbl 45-50; Q 3-5;
Mi 1-2; Op 1, Ap 0.5 / An% 37

Nemato-
granoblastic
Blastogabbroic

Massive

17840 Fine-grained amphibolite P1 40-45; Amph+sec 45-50; 
Bt + Op 5-10

Massive

17880 Fine-grained plagioclase-
microcline granite

Q 30-35; Mi 40-45; P1 20-25;
Op 1-2 / An% 3

Granitic Massive

17900 Breccia after granite Q, Mi, Pl, Bt, Op Cataclastic
17960 Fine- to medium-grained plagioclase- 

microcline granite
Q 30-35; Mi 30-35; Pl 30-35; 
Bt 2-3; Ру? 1; Op 0.5; Ap, Zrc

Granitic Massive Oo
О
О17990 Breccia after granite Cataclastic Containing about 80% quartz <

£18150 Quartz-feldspar gneiss Q 38.0; Pl 13.0; Mi 43.0; Bt4.5; 
Op 1.5; Ap / An% 25

Granoblastic Weakly
gneissic >

ЯI* The first digit in the sample number denotes the number of the drill hoie, other digits show the sampling depth in decimetres. 
Abbreviations: Amph - amphibole; Ap - apatite; Bt - biotite; Carb - carbonates; Chi - chlorite; Op - opaque; Gr - garnet; 
Hbl - hornblende; Mi - microcline; Pl - plagioclase; Py - pyroxenes; Q - quartz; Ru - rutile; Zrc - zircon; see - seeondary minerals. 
Collected and deseribed by Mati Niin (Geological Survey of Estonia).

а
73
Гr
По

U\

____
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APPENDIX 6

f
Data of semiquantitative analyses of the mineral composition of the Soovälja (K-l) core

U U

ё.ts .ts
ё g 141

•c E EО о сл
.§ i
G ^ .tS
О Д "J

е sl •а sI iII
х ё
I °В 2 
§ “

£Ц
09ё6 ё -2ё&о о 3N .9 ё§ I

11 I г2
о ч

ёZ Еts-а с. -g1 0J
cd £ Е£ £ сcd rs: S2 2CL 1/cx < <а X :иEE

cd
OO

cd
OO %П.

17 0
5 0

22 0 
68 0 
38 8
44 9
52 17

8 36
46 5
4 0
4 0

67 4
9 3

57 1
36 3
21 5
58 0

0 0 27 9 16 0 0 0
5 0 0 0

49 0 14 0 0
4 0 18 0 0 0
3 0 37 0 0 4
3 0 26 0 0 6
3 0 15 0 0 7

9 0 0 0
12 0 27 0 0 5

3 0 0 3

14925

14962

15000
15130

15240

15360

15630

15774

15870

15880

15970

16320

16354

17020

17700

17934

18010

492.5

496.2

500.0

513.0

524.0

536.0

563.0

577.4 
587.0 
588.0 
597.0 
632.0
635.4 
702.0 
770.0 
793.0 
801.0

31
0 0 85 05
0 0 14 1

10 0 0
7 0 3
0 0 1242

”S 0 0 7: - '
29 0 0 15 4

60 0
0 86 0

0 0 12 10 11

3 0 23 0 0 0

10 0 64 0 0 0

6 0 29 0 0 0

9 0 49 0 0 0

19 7 19 17 0 0

6 0 30 0 0

5 0

0 63 0 0
•E

4 0 0Г-
14 0 0s

c 6 0 0
§■

4 0 0
•s 12 0 0
a.

5 0 0 1

Samples collected by Kalle Suuroja, analysed at the Institute of Geology, University of Tartu.

APPENDIX 7

Thin sections of the Soovälja (K-l) core with planar deformation features (PDFs)

Sample 
depth (m)

Number of PDFs 
Systems

Sample 
depth (m)

Number of PDFs 
systemsThin section Thin section

K13660B
K13735-1
K13735-2
K13737-1
K13750A
K14945-1
K14945-2
K14947-1
K14947-2
K15032A

366.0 1-2 K15073-1 
K15073-2 
K15075-1 
Kl 5075-2 
K15159-1 
K15159-2 
K15162-1 
K15162-2 
Kl 5425 
K15887

507.3 1-2
1-2-3 507.3

507.5
507.5 
515.9 
515.9 
516.2 
516.2
542.5 
588.7

1-2373.5
373.5
373.7 
375.0
494.5 
494.5
494.7 
494.7 
503.2

1-21-2
1-21-2

1-2 1-2
1-2 1
1-2 1-2
1-2 1-2

1 Not found 
Not found1-2

Investigated by Juho Kirs, Ulla Preeden and Väino Puura 
(all from the Institute of Geology, University of Tartu).
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APPENDIX 8

Grain-size distribution of insoluble residue in the Soovälja (K-l) core

о GZ о <D

J ё -
о -аJ e

gjj jj tsc. 2- ^ s >10 10-7 7-5 5-3 3-2 2-1 1-0.5 0.5-0.25 0.25-0.1 0.1-0.05 <0.05o, ои
00 Ll,OO T3 mm

10684

10932

10985

11344

11405

11406 
11460 
11517 
11724 
11764 
11822 
11920 
11930 
12211 
12212 
12517 
12548 
12561 
12602 
12615 
12640 
12667 
12686 
12690 
12714 
12742

68.4 Kõrgessaare
Paekna
Paekna
Hirmuse
Kahula
Kahula
Kahula
Kahula
Kahula
Kahula
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla
Paluküla

20.94
37.49

0.01 0.04
0.02 0.10 

0.09 0.23 0.64
0.04 0.17 0.20

<0.01 <0.01 0.02
0.03 <0.01 0.03

0.16 0.11 <0.01 <0.01 0.05
0.14 0.14 0.07 0.07

0.26 0.01 0.12 0.21 0.26
0.12 0.12 0.29 1.20 1.89 1.96

33.8 15.21 6.41 5.00 2.65 1.70 0.74 0.75
0.03 0.08 0.19

0.16 0.04 0.16 0.18 0.33
0.02 0.07 0.11 0.20

0.01 0.01 0.07
<0.01 0.02 0.04

<0.01 0.01
<0.01 <0.01 0.01 0.05

0.72 0.93 1.47 2.65 11.00
<0.01 0.01

<0.01 0.05 1.34
0.02 0.02 0.06
0.01 0.04 0.32

18.3 15.2 8.67 3.48 0.79 0.18 0.26 1.13
<0.01 0.01

<0.01 0.02 0.66

0.12 0.41 99.42
0.16 99.50
0.63 97.41
0.36 98.65
0.07 99.84
0.05 99.81
2.22 96.98
0.21 99.08
0.07 98.84
2.98 87.00
1.42 30.99
2.92 95.47
4.34 92.50
3.33 94.59
3.75 93.92
1.93 96.81
1.61 97.59
2.49 96.30
3.41 64.98
5.15 93.83
9.95 72.78

10.14 25.14 64.62
7.79 16.29 75.51
1.63 21.45 28.94
1.08 11.35 87.56
5.13 30.39 63.80

93.2 0.22
98.5 16.81 1.00

134.4 24.30
55.28
21.70

0.58
140.5 0.07
140.6 
146.0
151.7
172.4
176.4 
182.2 
192.0 
193.0 
221.1 
221.2
251.7
254.8
256.1
260.2
261.5 
264.0 
266.7
268.6 
269.0 
271.4 
274.2

0.08
8.33 0.48
5.08 0.29

48.35
20.59
57.12
35.13

0.23
4.44
1.34
1.31

18.39 2.29
19.05 1.68
52.52
51.45

2.24
1.20

61.21 0.79
51.21 1.15
30.50
59.45

14.84
1.01

9.19 15.88
28.09
47.54
65.70
85.48
70.50

0.04

Samples collected by Kalle Suuroja (Geological Survey of Estonia), 
analysed at the Laboratory of the Geological Survey of Estonia.
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APPENDIX 9
■

CaO, MgO, C02 and insoluble residue in the Ordovician rocks of the Soovälja (K-l) core

Insoluble
residue

Я
Gn V .2 ад
ÖD 03s s

CaO MgO co2Sample 
depth (m)

Sample
Rock name%No.

Calcitic mari 
Argillaceous mari 
Calcitic mari, 
slightly silty and sandy 
Argillaceous mari, 
slightly silty and sandy

Limestone 
Calcitic mari 
Siltstone 
Siltstone

28.67
14.32
27.87

28.52
62.18
33.94

252.6
255.0
260.2

34.95 0.9712526
12550
12602

15.31 0.98
35.19 0.33

53.4219.05 1.34 16.83262.012620
J3

t 49.45
25.83

0.33 38.94
21.27

8.88264.112641
12682 45.28

78.28 
81.64

0.78268.2
275.8
280.7

6.67 0.74 7.9412758
12807 7.72 0.43 7.48

Samples collected by Anne Põldvere, analysed at the Laboratory of the Geological Survey of Estonia.

APPENDIX 10

List of chitinozoan samples from the Soovälja (K-l) core

Sampled interval (m)Sampled interval (m) Sample No.Sample No.
268.10-268.20
269.60-269.67
270.30- 270.35 
271.10-271.15 
271.40-271.47
272.30- 272.40 
273.90-274.00 
274.50-274.55

M-14093
M-14092
M-14091
M-14090
M-14089
M-14088
M-14087
M-14086
M-14085
M-14084
M-14083
M-14082
M-14081
M-14080

255.70- 255.80 
256.20-256.27
257.30- 257.40
258.70- 258.75 
259.80-259.90 
261.00-261.10 
262.00-262.10 
263.00-263.10
264.30- 264.35 
265.10-265.20 
266.00-266.05
266.70- 266.80
267.30- 267.40

M-14106 
M-14105 
M-14104 
M-14103 
M-14102 
M-14101 
M-14100 
M-14099 
M-14098 
M-14097 
M-14096 
M-14095 
M-14094

275.20-275.25
275.90- 275.97
276.90- 276.97 
279.30-279.35 
280.10-280.17 
280.80-280.90

Samples collected by Anne Põldvere (Geological Survey of Estonia), 
analysed by Jaak Nõlvak (Institute of Geology at Tallinn Technical University).
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XRF data of the K-bentonite beds of the Soovälja (K-l) core

к§1
d u PbSaraple Sample 

depth (m)
Y Sr Rb Th As BiBr NiZn K20 Ti02Mn Ba Nb Zr Ga Fe203tCaOZ о

ОNo. %PPm
K-l-1
K-l-2 
K-l-3 
K-l-4 
K-l-5 
K-l-6 
K-l-7 
K-l-8 
K-l-9 
K-l-10 
K-l-11 
K-l-12 
K-l-13 
K-l-14 
K-l-15 
K-l-16 
K-l-17 
K-l-18 
K-l-19 
K-l-20 
K-l-21 
K-l-22 
K-l-23 
K-l-24 
K-l-25

173.10
177.22
177.35
177.45
177.62
177.90 
178.00 
178.83
178.90 
179.05

179.10

180.32

180.90 
181.02

181.40 
181.70

181.90 
182.60

185.32

186.40 
197.21 
198.15 
198.25 
203.03 
255.98

5.7 26.0
2.0 18.8
6.0 18.5
4.5 10.1
4.3 38.0
3.4 38.0
6.1 37.9
2.7 25.3 30.8 174.9
6.7 53.1
4.0 24.3
6.9 23.7
6.7 40.9
2.9 15.9 25.6 148.2

<0.2 14.4 38.7 100.0
6.9 26.7 11.7 105.2
3.2 21.6 20.6 99.0
2.1 16.8
5.0 24.7
3.3 17.9
1.2 13.7
1.3 14.5 42.8 250.4
4.8 22.5 33.7 129.0 142.3 14.6 13.7 4.8
5.1 53.0 21.3 81.8 137.2 20.6
3.8 16.3 24.2 77.4 122.9 34.2
5.1 32.9 438.2 74.4 72.9 13.9 19.2 4.7 4.5

<4.0 84.0 142.4 11.7
15.5 136.3 101.9 13.7
19.3 95.6 128.3 12.9
5.0 92.7 137.0 12.1
5.8 84.1 114.8 25.1

29.9 88.3 128.3 20.3 14.9 2.7
14.3 87.4 125.7 26.9 10.2 2.6

85.3 14.8 30.0 4.6
15.6 87.6 118.7 21.3
21.9 95.3 132.1 18.3 13.3 3.0
10.1 98.6 126.8 22.8
19.8 91.9 126.8 20.4

93.9 10.2 20.1
103.0
126.9 23.5 13.3 3.7
84.0 11.6 29.4 4.6

26.1 108.4 113.3 14.0 37.3 4.8
15.5 89.2 135.3 11.7 16.2 6.2
41.5 56.9 107.9 15.4 14.2 5.5
34.7 48.3 86.1 8.5 20.6 7.7 5.1 9.2 64.1 49.7 132.1 14.9 172.8 8.3 2.20 10.33 1.38 4.14

88.3 6.7 11.0 9.1 2.9 28.9 44.0 264.6 178.9 8.0 141.6 11.7 12.22
0.7 50.9 44.0 163.7 216.9 21.2 239.6 18.0 4.39

2.0 5.1 0.5 17.4 21.6 45.9 190.0 37.7 590.8 17.6 0.64
2.2 4.3 3.3 22.0 26.7 94.5 252.0 20.9 230.7 18.7 0.78

9.6 87.9 139.9 47.5 24.4 406.6 17.1 1.55

1.6 3.8 1.3 8.9 4.9 46.3 131.2 12.3 139.4 19.6 0.69
8.4 5.9 1.3 19.6 14.5 116.2 138.1 12.7 125.7 14.8 10.14
9.2 5.6 0.5 20.0 17.7 59.7 145.5 18.7 137.5 25.7 2.06
0.2 4.4 0.0 13.8 8.3 20.0 99.4 16.7 137.9 26.3 0.77
5.7 5.4 0.0 6.3 12.8 22.2 19.3 31.4 352.6 25.2 0.85

0.2 20.8 23.5 73.7 89.3 25.6 300.9 23.7 1.60
0.6 7.0 12.9 10.4 22.9 35.8 392.9 25.8 0.61
2.4 21.9 20.5 178.6 189.0 12.4 196.2 14.3 12.27

9.2 3.8 1.8 10.1 11.7 30.2 49.6 25.7 458.7 20.4 2.18
0.0 29.3 19.3 82.5 114.4 13.9 171.9 19.3 2.19

3.6 2.8 0.0 10.5 7.1 43.4 18.5 16.4 223.0 21.1 2.18
4.8 3.3 0.0 6.6 16.5 14.7 14.2 29.6 403.1 20.9 0.87

2.7 1.3 25.3 25.3 185.0 122.1 10.3 129.3 15.2 9.33
6.8 35.8 3.4 2.1 21.9 39.4 108.5 127.2 13.3 154.7 16.4 4.00

0.0 12.4 16.3 8.8 20.2 26.7 339.7 22.3 1.25
3.1 42.7 20.4 122.4 125.6 14.9 196.2 12.8 5.69
0.0 34.8 30.7 127.4 120.3 16.5 151.9 12.8 4.16
1.0 38.3 28.8 80.3 173.8 17.4 237.7 20.5 0.89
3.7 7.6 50.4 36.1 88.1 24.5 319.0 20.3 0.42

6.35 0.20 2.70
7.02 0.33 2.51
6.26 0.33 3.34
5.94 0.25 2.74
5.90 0.32 2.79
6.04 0.46 4.42
5.83 0.26 2.90
4.96 0.42 4.27
6.76 0.60 3.40
6.04 0.43 4.44
5.82 0.33 2.70
6.17 0.72 2.85
4.80 0.51 4.23
6.62 0.97 4.79
5.55 0.89 3.10
8.08 1.31 2.51
6.47 0.90 3.87
6.30 0.97 4.78
7.76 1.68 3.57

1
2

C/32 О
О3
<4 >•
Г4
>5
Tn6

7
а7 та8 РГ9
П10 о
m11

12
13
14
15
16
17 6.00 0.71 4.97

6.16 0.67 5.82
5.83 0.69 5.64
6.41 0.49 4.45
4.98 1.38 7.62

18
18
19
20

Fe203t - total iron as Fe203 (Fe203t = Fe203 + 1.111 FeO).
Samples collected by Kalle Suuroja and Tarmo Kiipli (both from the Geological Survey of Estonia), analysed in the Laboratory of the Geological Survey of Estonia. ел

NO
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APPENDIX 12

Results of physical measurements from the Soovälja (K-l) core
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40 31.3 JP301262 704 2 602 6.01 4 670
2 737 2 636 5.85

2 707 2 472 13.76

2 665 2 405 15.60

2 648 2 416 14.06

69.3 07

118.6 03

163.3 o3

211.2 
256.5 03

&
JP30 11.7601904 090 

3310 
3210 
3 420

.2

1 “ 
I 2

2.9 JP108057
50.9 JP1306036o3 <L>

KA 50 29.4 JP4086
AS382 718 2 610 6.28 4 200

2 887 2 704 9.69

2 552 2 209 22.14

2 907 2 822 4.45 4 800
2 519 2 145 24.64

2 624 2 451 10.66

2 526 2 318 13.62

2 515 2 382 8.78

2 557 2 470 5.56

2 669 2 535
2 648 2 600
2 632 2 557 4.58

2 635 2 634
2 534 2 405
2 650 2 535
2 646 2 501
2 528 2 310 14.26 3 320
2 561 2 316 15.65

2 520 2 436 5.41

2 541 2 459 5.31

2 585 2 344 15.21

2 596 2 341 15.99 3 200
2 492 2 295 13.15

2 444 2 270 11.95

2479 2 321 10.67

2 517 2 392 8.29

2 538 2 440 6.38

2 598 2 319 17.42 3 380
2 626 2 362 16.29

2 740 2 315 24.37

2 594 2 417 11.08

2488 2 333 10.38

321.2 03
324.5 03
328.5 03
333.5 03
348.0 03
361.0 o3
362.0 03
375.0 03
400.5 03
475.0 03
475.0 03
475.3 03
476.5 03
482.6 03
482.8 Oj
483.6 03
484.8 03
485.0 03
489.1 03
490.4 03
493.8 03
495.0 03
495.2 03
496.2 03
499.1 03
503.2 03
503.3 03
508.5 03
508.5 03
509.0 03
516.8 03
521.9 03

AS436
AS17
AS380
AS.2 14
AS851V

X 12.2 AJ1402702.41v
AJ2.2901 0153.15о

5 1.0 AJ1303 1602.79■3
17.6 JP1201602668.06 3 740

2.92 4 600о AS8 686te
AJ3.060-u

о 4503.05
> 1.1 JP4008 420 

12010
9 190 
7 480

0.13 5 880 118 950
8.45 4 100
6.94 3 810

о
AS—
JP1.2460581

T AJ1.03002.368.83b
£ jp3.890550229
S AS247E

■■3 JP1.23506 9701 6035 050 
4 580

u
C/D JP1.61201 7601 620•a
S AS160
и AS700.S

=3 AJ1.6507702.36
JP1.3407203463 500

4 170 
4 300

bи JP1.71201 670308
JP1.1801 690316
AJ60 2.16602.79
JP2.180910179
AS745
AJ0.7208602.79
JP1.11503 120 

3 850
1713 520 

3 190 1.0 JP1601 100
0.8 AJ2106 3002 635 2 516 7.29

2607 2415 11.93 2520
2 599 2 505 5.89
2 552 2 442 7.18 4 300
2 546 2 349 12.74 3 160
2 545 2 363 11.79
2 662 2 495 10.02 3 120
2 684 2477 12.30

2 641 2 378 16.06

2 636 2 432 12.43 2 570

523.0 03

529.9 03

534.5 03

534.7 03

536.8 03

542.0 03

553.5 03

556.0 03

557.0 03

564.5 03

1.4 JP1402 380260
AJ2.23003.16 3 370 

2 460
V

E
JP1.3140393'b ca 

M X
s •g

0.6 JP20760179
AJ0.91502.35 4 090 

4 600 
2 660

Ь
.3СА JP0.6110275■

aj 1.1 AJ1202.85
X

AS886

1.2 JP20380184
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Appendix 12 continued
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gОcd

C/D PS sаC2 cx XC/V cx

568.5 03
571.1 03
574.0 03
577.5 03
577.7 03
584.5 Q3

2 517 2347 11.16
2 474 2 345 8.84 4 150
2 536 2 387 9.68
2 578 2 356 14.08
2 500 2 359 9.51 3 140
2 648 2 362 17.35

2.77 370 10 0.4 AJ
797 660 50 1.8 JP

— gto s J
= о S
В g |^ a a

2.56 2 610 70 0.6 AJ
630 AS

631 740 40 1.3 JP
2.71 420 170 9.8 AJ

589.4 PP
591.5 PP
595.0 PP
603.0 PP
606.4 PP
614.0 PP
616.3 PP
623.0 PP
628.0 PP
632.5 PP
647.7 PP
654.0 PP
664.3 PP
664.7 PP
684.0 PP
688.8 PP
694.0 PP
697.8 PP
704.2 PP
708.6 PP
716.8 PP
724.0 PP
726.5 PP
734.0 PP
740.8 PP
744.2 PP
745.3 PP
753.5 PP
760.3 PP
763.5 №
769.9 №
774.0 PP
782.4 №
784.0 PP
794.0 PP
803.7 PP
808.7 PP
813.5 PP
814.0 PP

2 517 2 463 3.56 4 860
2 454 2 318 9.37 3 440

3 070 3 810
3 920
4 440 
1 510

12 450 
3 425
5 810 
8 470
8 590
5 120 
1 110
1 540
9 890
6 140
2 290
7 960 
2 560 
2 130 
1 590

30 0.2 JP
1 980 120 0.7 JP

2.61 50 0.3 AJ
2 939 2 886 2.69
2 513 2 449 4.11 4 970
2 570 2 509 3.89
2 482 2 372 7.58 4 550
2 504 2 389 7.66
2 614 2 595
2 592 2 554 2.35
2 516 2 398 7.62 4 600
2 577 2 535
2 606 2 569 2.26
2 543 2 497 3.06 5 120
2 525 2416 7.12
2 583 2 541
2 612 2 540 4.43
2 501 2 423 5.21 4 740
2 558 2 462 6.18
2 529 2 420
2 594 2 556
2 557 2 485 4.59
2 507 2 427 5.32 4 730
2 516 2 414 6.75
2 561 2 510 3.22 5 260
2 609 2 567 2.55
2 628 2 622 0.43 5 760 26 118
2 534 2 429 6.88
2 528 2 423 6.78 4 810
2 700 2 655 2.63

1.86 580 9.4 AJ
2514 1 640 3.1 JP

3.34 320 3.4 AJ
868 600 2.4 JP

2.51 710 2.1 AJ
1.13 5 570 8 236 1 280 3.5 JP

4.71 740 3.5 AJ
495 150 3.2 JP

2.66 3.27 90 1.4 AJ
3.18 890 2.2 AJ

3911 780 3.0 JP
2.67 90 1.0 AJ

2.70 5 170 2 330 540 1.6 JP
2.86 190 1.8 AJ

о
514 220 2.4S JP

сл 3.92 210 3.3 AJC3

7.05 3 690
2.33 5 300

517 480 40 2.0 JPT3
и
H 1 493 2 990 

4510

120 0.9 JPa
2.73 530 2.9 AJ

£ 516 710 40 1.3 JP
3.07 2 020 250 3.0 AJ

958 240 40 3.9 JP
2.65 2310 

10 700 
1 850 
6 590

510 2.4 AJ

1 170 2.6 JP
3.32 100 1.3 AJ

314 360 1.3 JP
3.07 490 80 4.1 AJ

3.78 5 580 1 150 19 550 
1 270

810 1.0 JP
2 567 2 501 4.21

2 600 2 551
2 894 2 802 4.83

2 589 2 526 3.97

2 561 2 501 3.87

2 603 2 574 1.94 5 210
2.28 5 340

3.08 220 4.3 AJ
3.02 5 310 440 240 40 3.9 JP

1.72 600 70 2.8 AJ
170 100 14.8 AJ

3.79 1 550
2 940 
2 230 
1 460

170 2.7 AJ
2 068 270 2.2 JP
928 110 1.2 JP

2 582 2 527 3.47 3.43 240 4.0 AJ

Notes: 03— Upper Ordovician, PP - Palaeoproterozoic.
Samples collected by Kalle Suuroja (Geological Survey of Estonia).
Measurements performed by Jüri Plado (JP) and Argo Jõeleht (AJ), both from the Institute of Geology, 
University of Tartu, and Alla Shogenova (AS) from the Institute of Geology at Tallinn Technical University.
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Other issues in the series
Estonian Geological Sections:

Tartu (453) drill core (Bulletin 1; 1998) 
Taga-Roostoja (25A) drill core (Bulletin 2; 1999) 

Valga (10) drill core (Bulletin 3; 2001)

Forthcoming issue: ■I;
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Ruhnu (500) drill core
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