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I.INTRODUCTION

Bentonites are altered volcanic ash beds, which were deposited in aquatic environ-
ment and have gone through chemical and physical changes during diagenesis. The
mineral and chemical composition of bentonites has been used to study different
aspects of the evolution of tephra beds — from the type of the source magma (e.g.
Batchelor, 2003) to late diagenetic in sifu mineralization processes (e.g. Nadeau and
Bain, 1986). Bentonites are widely used in industry and in different environmental
technologies, e.g. production of drilling suspension and disposal of nuclear waste.
The typical bentonites are homogeneous clayey beds consisting of authigenic
dioctahedral clay minerals, such as discrete smectite or illite, or metastable mixed-
layer illite-smectite (I/S) (Meunier, 2005). In geologically young beds smectite is
the prevailing phase, but during progressive burial and diagenesis, smectite tends to
transform into illite through a series of mixed-layer I/S phases.

The altered ash beds that have evolved to different levels of maturity are
referred to using slightly different names. For the Palacozoic bentonites of illitic
or illitic-smectitic composition, the terms “metabentonites” (Ross and Hend-
ricks, 1945) and “K-bentonites” (Weaver, 1953) have been employed to em-
phasize their difference from younger smectite-dominated ash beds.

Illitization of bentonites, one of the most studied, but still least understood
transformations in old tephra beds, is conventionally regarded as a temperature-
controlled process (Srodon, 1999). Various diagenetic and low-metamorphic
settings demonstrate correlation between increase in burial depth, i.e. tempe-
rature, increase in illite layers in I/S and rise in the ordering of smectite and
illite layers in I/S crystallites (e.g. Pollastro, 1993). Therefore I/S-rich beds such
as bentonites are also promising for research of overall geothermal history and
burial path of sedimentary complexes (e.g. Srodon et al., 2006).

Bentonites are usually characterized by rather homogeneous smectite- and/or
I/S-dominated composition (Meunier, 2005). However, their composition can
be largely variable with a number of major phases (e.g. Christidis ef al., 1995)
and the bentonite beds can exhibit chemical and mineralogical zonation (e.g.
Altaner et al., 1984). The occurrence of authigenic minerals such as zeolites,
potassium feldspar, kaolinite, quartz, chlorite and chlorite mixed-layer phases
has been reported from different altered ash settings. Kaolinite-dominated
altered ash beds, or tonsteins, occur in terrestrial settings, particularly in coal
basins (Bohor and Triplehorn, 1993). Authigenic kaolinite is also reported from
the Silurian K-bentonites of British Isles and Scandinavia as a common minor
authigenic phase (Huff er al., 1998). K-feldspar-enriched assemblages are
typical of beds formed from siliceous ashes deposited in alkaline environments
(e.g. Hay and Guldman, 1987). Zeolites are among the most common products
of alteration in terrestrial vitric pyroclastic beds (Hay, 1978). Chloritic mixed-
layer phases occur in lacustrine and sabkha deposits, as well as in meta-
somatically changed pyroclastic beds (e.g. Chamley, 1989).

Various causes — different source material, composition of sea or interstitial
water, character of host rock, bacterial activity and metasomatic transformation —



have been but forward to explain the appearance of these authigenic minerals
from primary ash. However, the initial stages of the volcanic ash transformation
into smectite-rich bentonite are still poorly understood (Meunier, 2005).

The source material of bentonites, vitric volcanic ash, is produced as a rule
by plinian or co-ignimbrite type of volcanic eruptions of felsic composition (e.g.
Huff et al., 1996). The ash is thermodynamically unstable in the earth’s surface
environments and starts to devitrify and recrystallize during the initial stages of
its burial. The recrystallization of original amorphous matter into new in situ
early diagenetic minerals is accompanied by intensive leaching of mobile
elements, leading to gradual modification of the initial composition of ash. The
alteration of bentonite depends on interactions of volcanic ash with seawater,
enclosing rocks/sediments, interstitial water and organic matter and on the
activity of microorganisms (e.g. Bohor and Triplehorn, 1993; Compton et al.,
1999; Jeans et al., 1997).

Clays, especially the detrital clay mineral assemblages, which reflect the
type of continental weathering, are considered as consistent proxy indicators for
palaeoclimatic as well as palacoceanographic reconstructions (e.g. Singer, 1984;
Chamley, 1989; Hillier, 1995; Srodon, 1999; Meunier, 2005). The authigenic
clay mineral-feldspar—zeolite paragenesis of continental or marine sediments
can also reflect the environmental conditions which prevailed during the de-
position and early diagenetic evolution of these sequences (e.g. Kastner and
Sievers, 1979; Kastner, 1981; Christidis et al., 1995; Aoki and Kohyama, 1998;
Karpoff et al., 2002). Nevertheless, in geologically older tephra beds, like
Palaeozoic K-bentonites, primary diagenetic mineral assemblages and textures
of devitrified volcanic ash have been replaced in the course of progressive
diagenesis, and their synsedimentary and early diagenetic transformation is
therefore difficult to assess (e.g. Meunier, 2005).

The lower Palaeozoic sedimentary sequence of the Silurian and Ordovician
carbonate rocks in the northern part of the Baltic Palacobasin includes nume-
rous unmetamorphosed K-bentonite beds (see for a review Bergstrom et al.,
1992, 1998) the composition of which varies largely in stratigraphic cross
sections as well as laterally (Hints et al., 2006 — Paper II; 2008 — Paper I; Kiipli
et al., 2007 — Paper III). The high compositional variability of these bentonites,
containing kaolinite and K-feldspar besides smectite (montmorillonite)-type
clay minerals, was noted and described already at the end of the 1950s (Jiirgen-
son, 1958; Utsal and Jiirgenson, 1971; Rateev and Gradusov, 1971).

Due to the overall tectonical stability of the northern Baltic area throughout
the Phanerozoic, the burial-geothermal history of early Palaeozoic bentonites of
the region is rather exceptional. The whole lower Palaeozoic complex has
probably never been buried deeper than 2 km (Kirsimée and Jergensen, 2000)
and the burial temperatures were kept, at least in long term, well below 100°C
(Kirsimée et al., 1999). Compared to deep burial settings, much less is known
about the behaviour of siliceous systems (e.g. bentonites) passing through long-
term shallow burial diagenesis, whereas slow compaction is accomplished by
sluggish reaction rates at low temperatures. If the evolution of bentonites was



driven at generally low temperatures and the bentonites were not overprinted by
late diagenetic or low-grade metamorphism recrystallization, the final mineral
assemblages have potentially preserved information of those factors which
controlled early diagenetic pathways of ash transformation.

This thesis focuses on the mineral and geochemical composition of the early
Palaeozoic bentonites from the northeastern part of the Baltic Palacobasin, which
are characterized by largely variable multiphase mineral assemblages (Fig. 1).
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Figure 1. Schematic map of the study area showing location of the investigated drill
cores and Péaskiila outcrop. 1 — Ediacaran sediments, 2 — Palacozoic sediments, 3 —
Mesozoic sediments, 4 — Cenozoic sediments; 5 — Tornquist lineament.

The aim of the study is:

(1) to understand the processes controlling the whole rock compositional va-
riability of these bentonites;

(2) to reveal how the diagenetic evolution of the composition of bentonites is
related to the original composition of the pyroclastic material and water—
pyroclastics—host-rock (sediment) reactions at the time of deposition, during
initial devitrification and early diagenesis.



2. GEOLOGICAL BACKGROUND

The study area lies within the limits of the Baltic Palaeobasin, which was a
large epi- to pericratonic marine basin covering the areas of the East European
Platform on the outskirts of the Baltica continent in the early Palacozoic (Fig.
1). The sedimentary sequence of the Ordovician and Silurian deposits in the
northern part of the Baltic Palacobasin has been systematically studied and
discussed in numerous works, e.g. Ménnil (1966), Kaljo (1970), R6dmusoks
(1970), Jaanusson (1976), Nestor and Einasto (1997 and references therein).

During the Ordovician and Silurian the main study area was a shallow-water
peripheral part of the palaeobasin characterized by a slow sedimentation and
subsidence rate. The sedimentary record is not continuous (Nestor and Einasto,
1997). The sediment succession in Estonia embraces unmetamorphosed Late
Ediacaran to Late Devonian carbonate and siliciclastic deposits (Raukas and
Teedumie, 1997). The whole homoclinal section is gently tilted to the south and
the thickness of the Palacozoic sedimentary complex above the crystalline
Proterozoic bedrock varies from 20 m in northwestern Estonia to 800 m in
southern Estonia. Southwards, on the territory of Latvia, towards the eastern
central part of the palaeobasin, the burial depth of the lower Palaeozoic complex
increases further. The Palaeozoic complex in Estonia and northern Latvia is
mainly covered by glacial Quaternary deposits of variable thickness.

Estonia is located on the southern flanks of the Baltic Shield — a stable
Precambrian nucleus of the Baltica continent where major tectonical activity
was largely diminished by the beginning of the Phanerozoic (Nikishin et al.,
1996). The extreme stability of the region is confirmed by the Fennoscandian
apatite fission track data (Hendriks et al., 2007). The shallow burial and low
diagenetic temperatures for the Estonian Palaeozoic complex are indicated by
finds of unaltered organic and phosphatic remains in sedimentary beds
(Nehring-Lefeld et al., 1997; Talyzina, 1998). The conodont alteration index
(CAl) for Estonian lower Palacozoic sediments is 1—1.5, suggesting maximum
diagenetic temperatures from 50 to 80°C (Ménnik and Viira, 1990). The occur-
rence of very old (>500 My) unconsolidated plastic “Blue Clay” in the Lower
Cambrian of Estonia also points to moderate diagenetic temperatures.
According to Kirsimde et al. (1999), these Cambrian rocks have undergone
diagenetic alteration below 50°C, which suggests a maximum burial depth less
than 1.5 km. The maximum burial depth was apparently achieved by the end of
the Devonian or the beginning of the Carboniferous. The complex was sta-
bilized under these conditions by the Permian (Kirsimie et al., 1999), when
uplift started, presumably simultaneously with the extensional tectonic move-
ments in the region (Puura et al., 1999). During most of the Mesozoic and
Cenozoic, Estonia was a stable terrestrial area with minimal erosion. In the Neo-
gene, however, several ice ages occurred in Baltoscandia and glaciers removed
the weathered upper part of Palaecozoic rocks.

The sedimentary succession of Estonia and the neighbouring areas in
Baltoscandia contains numerous Ordovician and Silurian bentonites. These beds
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are characterized by lateral persistency and limited vertical thickness (from a
few millimetres up to 2 m) and mainly I/S-dominated composition. Bentonites
are mostly connected with particular stratigraphic levels, where the beds com-
monly form distinct series composed of a number of closely set layers (e.g.
Jirgenson, 1958; Lapinskas, 1965; Rateev and Gradusov, 1971; Utsal and
Jirgenson, 1971; Snéll, 1976, Bergstrom et al., 1992, 1995). Main bentonite
series are found in the Upper Ordovician (Sandbian and Katian stages),
Llandovery (Telychian Stage) and Wenlock (Sheinwoodian Stage) (Bergstrom
et al., 1992, 1995, 1998). Some of the most prominent beds, like the Kinnekulle
Bed in the Upper Ordovician (Bergstrom et al., 1995) and the Osmundsberg
Bed in the Llandovery (Bergstrom et al., 1998; Huff et al., 1998), have been
correlated across the sedimentary basin and serve as excellent chronostrati-
graphic markers for event-stratigraphic, palaeoecological and sedimentological
studies. Moreover, Huff et al. (1992) proposed a transatlantic correlation for the
Kinnekulle Bed with the Millbrig Bentonite in North America and suggested
that the corresponding volcanic eruption and ash-fall had been one of the largest
during the Phanerozoic.

The studies of the whole-rock trace element composition and phenocrysts of
bentonites, and melt inclusions in quartz (Huff et al., 1996) confirm that the
source magma of the Baltoscandian Ordovician and part of the Silurian
bentonites has apparently been of calc-alkaline type, predominantly rhyolitic or
dacitic in composition. The character of magma points to the continental-crust-
based, destructive plate margin setting (Huff et al., 1992). The volcanic source
area(s) of ash clouds were probably situated somewhere between the Baltica
and Laurentia continents, inside the closing lapetus Ocean. However, many
Silurian bentonites in the region show a different thickness distribution pattern,
diverse immobile trace element geochemistry (Bergstrom et al., 1992) and more
alkaline affinity (Batchelor and Jeppsson, 1999), likely suggesting a different
provenance. The potential tectonomagmatic setting might have been the
Tornquist-Teysseyre Zone (Batchelor and Jeppsson, 1999; Torsvik and Rehn-
strom, 2003), where closure of the Tornquist Sea between Avalonia and Baltica
was finalizing in the Silurian.

After their first description by Jaanusson (1948), the general lithological and
chemical outlines and distribution of Estonian Ordovician and Silurian
bentonites were discussed by Jiirgenson (1958, 1964). Basinal-scale correlation
of Estonian bentonite beds was first considered in detail by Ménnil (1958).
Subsequently, the distribution pattern of bentonites and possible direction of
source volcanoes as well as the mineral composition of Caradoc ash beds were
studied by Vingisaar (1972). During the 2000s a number of papers have been
published concerning the local and regional stratigraphic correlation of
bentonite beds in Estonia, based on the chemical fingerprinting of trace ele-
ments and pyroclastic sanidine (Kiipli et al., 2001; Kiipli and Kallaste, 2002,
2006; Kallaste and Kiipli 2006; Kiipli et al., 2006; Kiipli ef al., 2008a, 2008b).
The various aspects of the mineralogy and chemistry of Palaeozoic bentonites in
the northern Baltic Palaeobasin have been addressed by Jiirgenson (1958, 1964),
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Rateev and Gradusov (1971), Utsal and Jiirgenson (1971), Vingisaar and
Murnikova (1973), Bergstrom et al. (1992, 1995), Huff et al. (1996, 1998),
Kiipli and Kallaste (1996), Kiipli et al. (1997, 2001, 2007 — Paper 111, 2008c¢),
Kirsimée et al. (2002), Hints et al. (2006 — Paper 11, 2008 — Paper I).

The bentonite record in Estonia is not as complete as in the Scandinavian
succession, probably because the shallow-water high-energy environment pre-
vailed in this part of the basin and the sedimentary sequence contains many
hiatuses (Kiipli and Kallaste, 2006). This could also be related to the palaco-
geographic location of Estonian territory far from active volcanic settings (e.g.
Bergstrom et al., 1992; Huff et al., 1996) and therefore possibly near the
maximum lateral reach of distal ash clouds. The maximum thickness of the
Ordovician bentonites in the northern part of the Baltic Palacobasin has been
recorded on Baltic Sea islands, west of the Estonian mainland. The thickness of
the most prominent Ordovician ash bed, the Kinnekulle Bentonite, reaches up to
60 cm in the drill cores of NW Hiiumaa Island. In general, the overall thickness
of Estonian Ordovician bentonites decreases eastwards and they disappear from
sequences in Ingria (northwestern Russia) (Vingisaar, 1972; Bergstrom et al.,
1995).

The Silurian bentonites, however, show a more heterogeneous areal distri-
bution (Jiirgenson, 1964; Kiipli and Kallaste, 2006). The sequences with an
extensive bentonite record are known only in Baltic Sea islands, and west-
southwest of the Estonian mainland. The number of Silurian bentonites is
highest in the Ohessaare core, on Saaremaa Island, where Jiirgenson (1964)
described more than 50 bentonite beds. In the other parts of the Estonian
mainland the Silurian deposits are missing (northern Estonia) or the succession
is discontinuous with gaps in bentonite record (central Estonia) (Kaljo, 1970).
The outcrops of Ordovician and Silurian bentonites in Estonia are limited in
number, however, the bentonite beds could be found in hundreds of drill cores
penetrating the lower Palacozoic deposits.
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3. MATERIALS AND METHODS

The material investigated came from 40 drill cores and one outcrop penetrating
the lower Palaeozoic sedimentary sequence in the northern and central part
(Estonia and northern Latvia) of the Baltic Palaecobasin (Fig. 1). Altogether
nearly 120 whole-rock samples from the Ordovician and Silurian bentonites
were studied by means of X-ray fluorescence analyses (XRF), X-ray diffraction
analyses (XRD) coupled with computer modelling and scanning electron
microscopy (SEM).

The sampled beds and sequences were selected in order to give an overview
of lateral as well as bed-to-bed variability of the lower Palacozoic bentonites in
the region. The lateral compositional variability of bentonites was studied in the
Kinnekulle Bed and three bentonite beds in the Pirgu Stage. The Kinnekulle
Bed was sampled besides drill cores also in the outcrop at Pééskiila, where the
samples were taken through the vertical profile of the bed. Silurian bentonites
were studied in the Ruhnu and Ohessaare drill cores (see Fig. 1 for locality
map), presenting a most complete record of Silurian stratigraphy and bentonites
in this part of the Baltic Palacobasin. The bentonite samples involved both
plastic and non-plastic (feldspathized) varieties of altered ash.

The bentonite whole-rock samples and clay fractions were studied for
mineral composition by means of X-ray diffraction. The samples were frac-
tionated by standard sedimentation procedures and the Sr-, Mg- or Ca-ex-
changed <2 pm size fractions were studied, as oriented clay aggregates, in air-
dry and ethylene glycol solvated state. Unoriented mounts were made of
powdered and homogenized representative whole-rock samples. The whole-
rock and clay fraction composition of all samples was studied by means of
powder X-ray diffraction, employing a DRON-3M and an HZG-8 diffracto-
meter, using CuKa and CoKa radiation, respectively.

The quantitative mineral content of powdered and unoriented whole-rock
preparations was measured using the Rietveld-based code Siroquant-2.5™
(Taylor, 1991). Qualitative and quantitative estimation of illite, kaolinite and
smectite in mixed-layer I/S and chlorite-smectite (corrensite) mineral was
modelled by the computer codes NEWMOD (Reynolds, 1985), and MLM2C
and MLM3C (Plangon and Drits, 2000). The developed models were principally
the same, but the best fit was observed in MLM2C/MLM3C models. The
experimental XRD profiles were compared with the calculated structural
models using the trial-and-error procedure until an optimum fit was achieved.
The profiles were fitted in the 2—40°20 range considering given instrumental
and experimental factors and the orientation factor, mass adsorption coefficient
and composition of structural layers suggested by Moore and Reynolds (1997).

Scanning electron microscopy observation of freeze dried and gold coated
bentonite samples was carried out with the instruments JEOL JSM-840A, Zeiss
DSM940 SEM and LEO-EVO.
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The chemical composition of main elements in selected whole-rock samples
was analysed in Li-tetraborate fused pellets by the XRF method in the labo-
ratory of the Institute of Geology, Tallinn University of Technology with the
VRA-30 spectrometer equipped with a chromium X-ray tube. For calibration,
CRPG reference materials (Govindaraju, 1995) were used.
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4. RESULTS AND DISCUSSION

4.1. Chemical and mineral composition of bentonites
4.1.1. Whole-rock chemical composition

The chemical composition of the Ordovician and Silurian bentonites of the
northern Baltic Palaeobasin is comparable with typical K-bentonites found in
the well-studied Scandinavian localities (e.g. Huff ez al., 1996, 1998; Batchelor
and Jeppsson, 1999). However, the variability of major element chemistry is
much higher in Estonian and Latvian sequences. The greatest difference is the
occurrence of varieties rich in potassium and silica but poor in aluminium, in
the northern and central Estonian settings (Jiirgenson, 1958, 1964; Kiipli et al.,
2007 — Paper III). Also, bentonites with a high Al/Si ratio were described from
southern Estonia and northern Latvia, where Al-rich varieties are particularly
abundant in upper Llandovery—lower Wenlock sequences (Hints et al., 2008 —
Paper I). The variation of major components of Ordovician and Silurian
bentonites concurs with the changes in host-rock character in different facies
zones (Kiipli et al., 1997, 2007 — Paper 1II). The Kinnekulle Bed in northern
and northwestern Estonia, hosted in normal marine shallow-shelf limestones,
contains 7.5-13.8% K,O. In argillaceous limestones of central and southern
Estonia the same bed contains 6—7.5% K,0O, whereas in deep-shelf marlstones
and shales of Latvia and Lithuania the bed has 4-6% K,O (Kiipli ef al., 2007 —
Paper III). The major element composition of bentonites varies markedly also
between different closely lying beds (vertical distance <5 m). For instance, in
the Adavere Stage of the Ohessaare core the K,O content fluctuates from 4 to
13% (Hints et al., 2008 — Paper I). Furthermore, a number of thicker beds, like
the Kinnekulle Bed, exhibit vertical within-bed zonation (Kiipli et al., 2007 —
Paper III), with the potassium content generally decreasing from the periphery
towards the centre of the beds. Moreover, the Ordovician bentonites of the Pirgu
Stage in northern and central Estonia were found to be significantly enriched in
magnesium (Hints et al., 2006 — Paper I1).

4.1.2. Whole-rock mineral composition

The studied lower Palacozoic bentonites of the Baltic Palaeobasin are cha-
racterized by the authigenic mineral assemblage of I/S, K-feldspar and kaolinite.
Usually these minerals make up more than 85% of crystalline phases, being
clearly distinct from chlorite—illite—quartz—carbonates-dominated terrigenous
clay associations found in host rocks (Jiirgenson, 1988; Polma, 1982). Mixed-
layer I/S with about 55-80% of illite layers (Somelar et al., 2009b) is the
dominant mineral in most bentonite beds. The second most abundant phase is an
authigenic orthoclase variety of K-feldspar, which occurs in the form of
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euhedral microcrystalline aggregates. In its structural parameters, as well as
chemical composition, the authigenic K-feldspar differs from pyroclastic K-
feldspar (K—Na sanidine). The latter can be found as a minor accessory phase in
most bentonite beds (Kiipli et al., 2008). In addition, bentonites containing a
considerable amount of kaolinite or, in some cases, kaolinite-dominated
bentonite beds, were reported by Hints et al. (2008 — Paper I).

The altered ash beds differ largely from the terrigenous clays present in the
Estonian Palaeozoic sequence. However, the elevated amount of typical terri-
genous phases (esp. chlorite, illite, carbonates) in some thin bentonite beds
probably reflects the mixing of primary ash with detrital material. Quartz,
whose content in bentonites mainly stays below 10%, is mostly authigenic
and/or pyroclastic in origin. Occasionally, the stratified silicification of host
rock or authigenic quartz nodules is connectied with bentonite beds. The
majority of bentonite beds contain (macroscopic) biotite, which has been
considered an indicator of volcanic origin. Among authigenic accessory phases
pyrite and anatase are common (Jiirgenson, 1958; Hints et al., 2008 — Paper I).

The studied Palaeozoic sequence in the northern Baltic Palaeobasin contains
some altered ash beds with rather atypical mineral composition. Hints et al.
(2006 — Paper II) reported the mixed-layer chlorite-smectite (corrensite)-
dominated bentonites in the Upper Ordovician Pirgu Regional Stage. These
beds contain an authigenic mineral assemblage of corrensite, I/S and K-feldspar
and the quantity of individual phases shows systematic areal variations with
respect to facies zones.

The variation patterns of mineralogical as well as chemical composition of
different bentonite beds (bed series) have great similarities in a lateral scale.
The K-feldspar-rich bentonite varieties that in some cases contain more than
80% K-feldspar are found in shallow-water carbonate ramp settings (Kiipli et
al., 2007 — Paper III). In transition zone between shallow water ramp and deep
shelf the I/S-rich varieties dominate, whereas kaolinite—I/S assemblage prevails
in deep shelf settings. These changes are concordant with trends in the chemical
composition: kaolinite-rich assemblages are rich in Al,O5 and depleted of silica
and K,O, whereas K-feldspar-rich assemblages show the highest K,O and SiO,
values. Similarly, in chloritic Pirguan bentonites corrensite is a prevailing
mineral in the shallow-water part of the palacobasin. Its proportion decreases
towards the palacobasin depression and mixed-layer chlorite minerals disappear
in deeper shelf settings in southernmost Estonia, where the mineral assemblage
is dominated by I/S (Hints ef al., 2006 — Paper II).

Another dimension of mineral variations is related to bed-to-bed variability
of bentonites. The Silurian bentonite sequences of the Ruhnu and Ohessaare
cores, both penetrating the deposits that formed within the transition zone,
reveal high bed-to-bed variability (Hints et al., 2008 — Paper I). In the Ohes-
saare core, within a series of closely spaced upper Llandoverian bentonites, the
K-feldspar-dominated beds were found to interfinger with kaolinite-I/S
assemblages.
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Variation may occur also in the vertical profiles of single thicker ash beds
(e.g. distribution of certain pyroclastic minerals such as biotite or changes in
authigenic assemblages). Hints et al. (1997) and Kiipli et al. (2007 — Paper 11I)
described a vertical zonation in the Kinnekulle Bed in the Pééskiila outcrop,
where the middle part of the 30 cm thick bed is composed of I/S, but near the
upper and lower contacts a K-feldspar-rich variety dominates.

4.1.3. Clay mineral composition

The clay fraction (<2 um) of the studied bentonites consists predominantly of
mixed-layer I/S, although in the deep shelf zone the kaolinite—I/S assemblage is
most common. Chloritic bentonites of the Pirgu Stage contain chlorite-smectite
(Hints et al., 2006 — Paper 11, 2008 — Paper I). In K-feldspar-rich bentonites of
the Estonian sequence the clay fraction may account for less than 10% of the
whole-rock.

The I/S found in Estonian bentonites is a typical high-maturity I/S having
approx. 55-80% illite layers and being characterized by R1-R1.5 ordering
(Kirsimée et al., 2002; Huff et al., 2002; Kiipli et al., 2007 — Paper I1I; Hints et
al., 2008 — Paper I; Somelar et al., 2009a, 2009b). The I/S in the Palaeozoic
bentonites may contain a limited proportion of high-charged smectite
(vermiculite-type) layers in addition to the fully expandable smectite layers and
illitic component (Hints et al., 2006 — Paper II, 2008 — Paper I; Kiipli et al.,
2007 — Paper I1I; Somelar et al., 2009a, 2009b). For comparison, the Kinnekulle
Bed in its type locality in Sweden has I/S with 45-65% illitic component
(Brusewitz, 1986, 1988) while the same bentonite bed in Latvia and Lithuania
contains 63-83% illite in I/S (Kepeshinskas et al., 1994). The illitization of
Palaeozoic bentonites in the Baltic Palaeobasin is discussed in detail by Somelar
et al. (2009a, 2009b). The chloritic phases of Pirgu bentonites are represented
by Rl-ordered chlorite-smectite (corrensite)-type mineral having 0.5/0.5
chlorite and smectite layers (Hints et al., 2006 — Paper II).

4.2. General factors controlling diagenetic alteration
of bentonites

The transformation into bentonite of primary volcanic ash that deposited in
marine environment results from the alteration of an open system during pro-
gressive diagenesis. This changes the overall composition of the tephra bed,
enriching it in potassium and aluminium and decreasing the content of silica.
The final bulk composition of bentonites is therefore different from that of nor-
mal eruptive volcanic material. Transformation of the ash starts as a rule with
the formation of monomineralic (dioctahedral) smectite assemblages, which are
replaced by metastable mixed-layer I/S and illite during later stages of dia-
genesis (e.g. Meunier, 2005).
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The lower Palaeozoic bentonites of Scandinavia are typically regarded as
I/S-dominated marine bentonites with only a few sporadic occurrences of
particularly feldspathized and/or kaolinitic beds (e.g. Snéll, 1976; Bergstom et
al., 1992, 1998; Kiipli et al., 2007 — Paper IlI). However, the studies of
Estonian bentonites (Hints et al., 2006 — Paper 11, 2008 — Paper I; Kiipli et al.,
2007 — Paper I1I) show that the whole-rock mineral composition of these altered
ash beds is far more diverse and involves several authigenic minerals such as
mixed-layer I/S, K-feldspar, kaolinite and mixed-layer chlorite-smectite. The
observed mineral assemblages and their variation in sedimentary successions
reflect either variation in source volcanics/source magma composition and/or
environmental factors during the mineral formation and subsequent trans-
formation of the deposited ash. The multiphase assemblages could have formed
due to reciprocal interplay of several factors such as (1) differences in source
ash material; (2) specific early diagenetic environments and (3) differential
alteration under late diagenetic, metasomatic and/or early metamorphic pro-
cesses.

4.3. Influence of primary ash composition
on diagenetic alteration

The studies of modern sedimentary-volcanogenic sequences, as well as nume-
rous experiments with natural tephras, have demonstrated considerable in-
fluence of source material composition and type, size and structure of glass
fragments on the subsequent alteration path of ash and on the character of
authigenic phases (e.g. Bonatti, 1965; Hein and Scholl, 1978; Imbert and Desp-
rairies, 1987; Christidis and Dunham, 1993, 1997). The volcanic ash of Esto-
nian Palaeozoic bentonites is thought to be of rhyolitic to andesitic-trachyan-
desitic composition, originally containing 55-75% SiO, and being produced by
volcanoes related to calc-alkaline magma series (Kiipli and Kallaste, 2003).
However, while the majority of I/S-dominated bentonites show a similar
trachyandesite-rhyolite—dacite composition, pointing to calc-alkaline source
(e.g. Bergstrom et al., 1992; Huff et al., 1998), then the Wenlockian bentonites
of the same region might have originated from alkaline-type volcanics
(Batchelor and Jeppsson, 1999).

Different concentrations of K and Na in tephras of alternating magma series
might have caused the variation in the bentonite mineral composition from I/S-
dominated to kaolinite dominated bentonite assemblages in Silurian bentonites
of Estonia (Hints ef al., 2008 — Paper I). Similarly, Huff et al. (1998) noted that
Silurian bentonites tend to be on average more kaolinite-rich than their Ordo-
vician counterparts, which would reflect the development of the volcanics
composition during the closure of the lapetus Ocean. Despite small variations,
the generally homogeneous composition of Baltoscandian Palacozoic bentonites
is likely to indicate homogenization of different starting materials in the course
of diagenetic alteration. Thus the composition of the original ash has likely not
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been the key variable determining the formation of multiphase and variable
assemblages in the bentonites in the northern inshore settings of the palaeo-
basin.

Similarly, the occurrence of exceptional mixed-layer chlorite-smectite
bentonites of the Pirgu Stage (Katian Stage) (Hints et al., 2006 — Paper 1) could
be related to basic source magmas, as far as chloritic phases and Fe-rich
smectites (saponite) are common alteration products of basic igneous rocks and
tephra beds in terrestrial settings. However, the distal position of the Baltic
basin with respect to volcanic activity centres and limited potential of the
volcanoes to produce widespread basic tephra clouds and respective beds, do
not support this possibility (Hints et al., 2006 — Paper 1I).

4.4. Early diagenetic alteration and formation
of the smectite-kaolinite assemblage

The early transformation of modern marine tephra layers is accompanied with
principal restructuring of the primary ash material, considerable leaching of
various elements (e.g. K, Na, Ca, Si) depending on the particular alteration
environment, and notable mass transfer between tephras and enclosing sedi-
ments (e.g. Imbert and Desprairies, 1987). The composition of the glass melt
inclusions in primary quartz phenocrysts of the I/S dominated Kinnekulle Ben-
tonite (Huff ez al.,1996) suggests that the conversion of ash to bentonites in this
particular case resulted in a loss of total mass ~35%, mostly on account of Si
and partly of Na and K.

The multiphase assemblage of Estonian Palacozoic bentonites in a dia-
genetically very immature sedimentary sequence provides potentially an insight
into the synsedimentary/early diagenetic processes of the ash transformation.
Like other Palaeozoic bentonites, these beds do not contain volcanic glass or its
amorphous derivatives, except as inclusions in volcanogenic phenocrysts (e.g.
Huff et al., 1996). Glass shards of ash are thermodynamically unstable and start
to devitrify and re-crystallize after deposition, commonly via several labile
silicate phases. The time gap between ash deposition and start of devitrification
can be highly variable — syn-depositional to tens of million years. It depends on
a number of factors such as rock permeability, fluid composition, etc. After
studying rhyolitic-ash beds in the Bering Sea, Hein and Scholl (1978) con-
cluded that 5—6 million years were requried to convert primary ash beds to
smectite-dominated bentonites. Furthermore, basaltic glass has been described
from the Jurassic (170 Ma) deep ocean crust (Fisk and Kelley, 2002). In
general, factors like higher content of silica and crystalline fragments, thickness
of tephra beds, closed alteration environment, could seriously influence the
early phase of devitrification. During early stages of alteration bentonites are
usually thought to act as open chemical systems with respect to the sur-
roundings and the transformation is controlled by reciprocal influence of the
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composition of seawater and interstitial water. However, the different timing of
devitrification can favour the dominance of one of these factors (Velde, 1985).
In marine environments, the formation and stability of authigenic silicates,
like smectite, is primarily controlled by variations in pH, dissolved silica and
alkali ion concentrations (Garrels and Christ, 1965; Helgeson and Mackenzie,
1970; Velde, 1985). The clay mineral assemblages of the studied Ordovician
and Silurian bentonites of the northern Baltic Palacobasin exhibit lateral
zonation of principal components, I/S and kaolinite. These areal variations have
been shown to correlate with sedimentary phase patterns of host rocks of
bentonites (Kiipli et al., 2007 — Paper I1I; Hints et al., 2008 — Paper ). On the
basis of mutual changes in the clay mineral assemblage and host rock character,
Kiipli et al. (2007 — Paper I1I) concluded that the diversification of bentonite
clay assemblages and formation of kaolinite-smectite occurred during early
diagenetic alteration of ash, reflecting the existence of distinct geochemical
environments in the palaeobasin. The formation of kaolinite during hydrolysis
of volcanic ash is favoured at low pH (<7.5), low silica activity and low activity
of alkali ions in the solution, whereas smectite formation requires high activity
of silica and increased activity of K' (Velde, 1985). In the studied kaolinite-rich
bentonite beds extensive leaching is suggested, based on covariance between
kaolinite- and anatase (Hints et al., 2008 — Paper I). Ti, like Al, is relatively
immobile during low-temperature alteration and is, therefore, passively enriched
during leaching. Similar kaolinite and anatase-rich bentonite varieties have been
described from the contemporaneous Llandoverian sequence in Gotland (Snill,
1976). Large-scale conversion of tephra beds to kaolinite (tonsteins) is known
from terrestrial volcanoclastic settings in connection with coal deposits, where
low pH favourable for stabilization of kaolinite was induced by breakdown of
organic matter in adjacent coal beds (e.g. Bohor and Triplehorn, 1993). The
same transformation mechanism could be suggested for the kaolinitic bentonites
observed in the Baltic Palacobasin. The kaolinite-rich Silurian bentonites in the
Ruhnu and Ohessaare cores occur within the sedimentary sequence containing
bituminous host rocks (Hints et al., 2008 — Paper I). Most of the kaolinitic beds
are found within the upper Llandovery and lowermost Wenlock, characterized
by a sea-level highstand that is possibly followed by a rapid regression episode
(Johnson, 2006). The widespread occurrence of contemporaneous graptolitic
shales in the basinal facies of the Baltic Palaeobasin (Kaljo, 1970), the position
of Baltica in tropical latitudes (Torsvik and Rehnstrém, 2003), low atmospheric
O, in the Silurian, and circulation models for Silurian oceans (Wilde, 1978)
suggest a stratified water column with suboxic bottom waters within the
palaeobasin — conditions that favour burial of organic matter. Organic matter
has been regarded as a driving force in early diagenesis in marine sediments and
its breakdown by primary or secondary oxidants produces carbonate acid and
different organic acids, which might lead to local lowering of pH of internal
solutions (Chester, 2003). Alternatively, the lower pH may have resulted from
the combination of high surface productivity, strongly stratified water column
and oxygen-depleted (sulphate-reducing condition) bottom waters. The bed-to-
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bed variations in Silurian bentonites of the Ohessaare and Ruhnu cores show,
however, that kaolinite-rich bentonite beds occurred not only within terrigenic
shales, but also within marls. This indicates that the pH of seawater should have
been high enough to support the formation and/or burial of carbonates. The
extent of the pH decrease, induced by decay of organic matter inside the
sediment column, and thus affecting the formation of authigenic silicates in ash,
was apparently also related to the host rock type. Lime muds could efficiently
neutralize the excess carbonate acid and support high silica activity needed for
smectite formation from the primary ash (Kiipli ef al., 2007 — Paper III). In
siliciclastic sediments, like shales, the organic matter breakdown likely induced
considerable decrease in pore water pH. Additionally, enclosing silicates may
also control the activity of dissolved SiOq, keeping it below the quartz
saturation limit and thus favouring kaolinite formation (Aagaard and Helgeson,
1982). In transitional facies sequences between carbonate ramp and deeper
water settings (e.g. Ohessaare core, Hints et al., 2008 — Paper I) early
lithification of carbonates might have influenced the water exchange and
diffusion pattern inside the early diagenetic zone of the sediment profile,
causing increase in the heterogeneity of vertical interstitial water profiles. That
would explain the occurrence of bentonites with contrasting clay mineral
assemblages in closely spaced beds, as observed in the Ohessaare and Ruhnu
drill cores (Hints et al., 2008 — Paper I).

4.5. Mixed-layer chlorite-rich bentonites

Containing mixed-layer chloritic phases bentonites of the Late Ordovician Pirgu
Stage are exceptional in the region (Hints et al., 2006 — Paper II). Mixed-layer
chloritic minerals are nevertheless found in a wide range of environments like
low-grade regional metamorphic and hydrothermal systems, in lacustrian and
marine evaporitic environments, mafic volcanoclastic settings and among
weathering products of igneous assemblages (e.g. Inoue, 1995; Reynolds,
1988). Chloritic K-bentonites, including K-bentonites with mixed-layer
chlorite-smectite, are occasionally found in the Ordovician and Silurian K-
bentonites of North America, the British Isles and rarely in Baltoscandia (Huff
and Morgan, 1990; Bergstrom et al., 1992, 1998). In these beds the chloritic
phases have probably formed as a result of alteration under low-grade meta-
morphic conditions (Krekeler and Huff, 1993). However, for Pirguan bentonites
containing corrensite (regular interstratification of trioctahedral chlorite and
trioctahedral smectite), metamorphic overprinting can be excluded, as far as
various thermal maturity indices suggest very low maturity of the entire
Palaeozoic complex in this part of the Baltic Palacobasin (Hints et al., 2006 —
Paper II). On the other hand, corrensite, which is not common in modern
sediments, can be found in numerous ancient marine and lacustrian beds, where
its appearance is often connected with volcanogenic material (Chamley, 1989).
In such settings corrensite has formed by either breakdown of Mg-rich mafic
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detrital minerals or volcanics (Hillier, 1993; Chang et al., 1986; Inoue and
Utada, 1991; Son et al., 2001), or crystallization of Mg-rich trioctahedral
smectite (saponite) in response to the formation of solutions with a high activity
ratio of Mg /H" (Hover et al., 1999). Saponite has been found in modern
lacustrian, aeolian but also in dolomite-dominated sabkha-type evaporitic
environments (Hover et al., 1999). The Mg-rich precursor is transformed to R1-
ordered mixed-layer chlorite phases as a result of diagenetic, hydrothermal, or
metamorphic alteration of beds (Beaufort et al., 1997).

The formation of corrensite in Pirguan bentonites from a mafic volcanic
precursor can be regarded as unlikely due to the typical rhyolite-rhyolite-dacite
and dacite—trachyandesite composition of parental magma for Baltoscandian
bentonites (Bergstrom et al., 1995; Huff et al., 1996; Kiipli and Kallaste, 1996).
The same magma source for Pirguan bentonites is indicated by their characte-
ristically high Zr/TiO, ratio (0.06-0.12) (Hints et al., 2006 — Paper II).
According to Inoue and Utada (1991), corrensite can form directly from
saponite under hydrothermal conditions at temperatures between 100°C and
200°C. Traces of (late) diagenetic dolomitization within the Estonian Palaeo-
zoic complex apparently indicate circulation of magnesium-rich fluids during
some stage of its evolution (e.g. Pichugin et al., 1975). However, extensive
regional dolomitization is observed only in northeastern Estonia or is related to
certain stratigraphic boundaries, particularly near the lower contact of the
Ordovician—Silurian carbonate complex and below Devonian siliciclastic
deposits. The dolomitization of limestones of the Pirgu Stage is rather patchy,
being mostly asymmetric with respect to the upper boundaries of limestone
beds. Notably, the areal dolomitization pattern observed in Pirguan limestones
does not match the lateral variation of corrensite in bentonites. However,
corrensite variation shows strong correlation with facies distribution of Pirgu
age (Hints et al., 2006 — Paper II). The beds richest in corrensite occur in
northern and northwestern localities; towards the south and southeast the
content of corrensite decreases gradually. Close to the southern border of
Estonia corrensite is missing and I/S is the dominant clay mineral (Hints ef al.,
2006 — Paper II).

The covariance between corrensite distribution and host rock facies could
reflect possible influence of synsedimentary or early diagenetic environment on
mineral genesis. The Baltica continent had reached tropical latitudes by Katian
time (Torsvik and Rehnstrom, 2003) and the end of Pirgu time was charac-
terized by rapid seal-level changes, denudation and tectonic movements inside
the palaeobasin (Harris et al., 2004). These conditions are favourable for
temporal formation of semiclosed evaporitic shallow-water environments like
sabkhas in near-shore settings. Several regression—transgression cycles can be
followed during the Katian, leading to gradual shallowing of sea level in
limestone ramp settings, hosting corrensite-rich bentonites (Harris et al., 2004).
In the same stratigraphical interval probably microbially enhanced carbonate
mounds are known in several places of Baltoscandia (the so-called Boda
mounds; Hints and Meidla, 1997; Harris et al., 2004). Even so, the sedimentary
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sequence of the Pirgu Stage lacks clearly distinguishable evaporitic assembla-
ges, such as gypsum or halite. However, dolomites of the Réa Formation (the
upper Pirgu—Lower Pokuni Stage) may have formed as a result of very early
dolomitization of limestone beds, suggesting at least local reflux of early
diagenetic Mg-rich fluids. Hints et al. (2006 — Paper II) argue, therefore, that
corrensite in the Pirgu bentonites could have started as the response to Mg-rich
solution reflux from the above-lying sabkha settings. This interpretation is
supported by the occurrence of corrensite not only in bentonites, but also as
minor admixture throughout the Pirguan sedimentary complex (Kalle Kirsimée,
pers. comm., 2006).

4.6. Formation of potassium-rich associations

Despite the major influence of early post-sedimentary transformation processes
on ash alteration, these changes fail to provide adequate explanation to all as-
pects of mineral variability in bentonites, e.g. illitization and feldspathization
within the studied beds. The latter processes are likely connected with ash trans-
formation during progressive diagenesis.

Being characterized by shallow burial and a generally low thermal gradient
throughout its Phanerozoic geological history, the lower Palaeozoic sedimentary
complex in the northern part of the Baltic Palacobasin represents a rather unique
stable geothermal-tectonic evolutionary record. As indicated by the thermally
immature state of organic matter in this part of the palacobasin (Nehring-Lefeld
et al., 1997; Talyzina et al., 2000), the temperatures achieved at maximum
burial presumably stayed well below 100°C. The whole complex was stabilized
at its maximum burial depth from late Devonian to Permian for nearly 100 million
years (Kirsimie et al., 1999). However, if phase stability of the I/S—-K-feldspar—
kaolinite assemblage observed in Estonian bentonites is assessed in the
framework of a simplified aqueous K—Si—Al system (e.g. Aagaard and Hel-
geson, 1982, Fig. 2), K-feldspar and kaolinite are not expected to stabilize
together at temperatures below 100°C. Consequently, the authigenic assemblage
present in the bentonites is thermodynamically unstable (Hints er al., 2008 —
Paper 1) and phases like kaolinite and K-feldspar have apparently formed at
different stages of the diagenetic development. The micromorphological
scanning-electron microscope observation (Hints ef al., 2008 — Paper I) indi-
cates that both K-feldspar and kaolinite are primary authigenic phases, without
obvious signs of alteration, and K-feldspar can often be defined as the latest or
coeval phase precipitated in the assemblage with I/S. Therefore, the coexistence
of K-feldspar and kaolinite obviously reflects incomplete equilibration of the
mineral assemblage during late diagenesis, whereas kaolinite, which had formed
during the initial stage of ash alteration, apparently played a passive role in late
diagenetic environments (Hints et al., 2008 — Paper I).
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In general, smectite is the major primary alteration product of volcanic glass
(e.g. Tomita et al., 1993), which afterwards during progressive diagenesis
evolves into a stable illite through a series of metastable I/S phases (Srodon,
1999). The formation of smectite from siliceous glass proceeds through removal
of excess Si and alkali compounds and therefore smectite is a typical alteration
product in open to half-opened systems. However, if sufficient Si and alkalis are
retained in half-opened or closed systems, then zeolites and/or authigenic quartz
polymorphs (opal, cristobalite) form and also K-feldspar may occur as a sub-
ordinate phase in these beds (Hay and Guldman, 1987). Zeolites, which are the
second most common alteration products of pyroclastic material, may stabilize
in low-burial environments rich in dissolved alkalis and silica (Velde, 1985).
The experiments by Bernhard and Barth-Wirsching (2002) show that during
recrystallization of amorphous volcanic matter in contact with aqueous solution
at temperatures from 100°C to 200°C the zeolite formation almost invariably
precedes appearance of K-feldspar. The sequence of crystallization is re-
presented as follows: habazite/phillipsite — phillipsite+analcime — analcime+
K-feldspar. However, it is notable, that while zeolitic tephra beds are ubiquitous
in Cenozoic and common in Mesozoic deposits (e.g. Hay, 1978), primary
zeolites have not been documented in Palacozoic tephra beds and K-feldspar
occurs there as the only major authigenic alkali framework silicate.

In closed environments low-temperature aqueous transformation and
crystallization of highly disordered primary mixtures such as amorphous glasses
would result in a phase with the highest entropy for the possible crystalline
substances that can exist in different polymorphic forms. Thus, the system far
from equilibrium (e.g. vitric ash) tends to transform into metastable phases (e.g.
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smectite, zeolites) as the first steps of crystallization. Because of their high
Gibbs free energy, high lattice disorder and large amount of water in structures,
at long reaction times zeolites tend to recrystallize into phases with more stable
structures according to the Ostwald step rule (e.g. Morse and Casey, 1988). A
common end-member of recrystallization of potassic-sodic alkali zeolite species
is K-feldspar (e.g. Hay, 1986). Hay and Guldman (1987) reported that in saline
alkaline environment zeolites are recrystallized into K-feldspar already in
140 000 years. Nevertheless, in some cases K-feldspar can precipitate directly
from dissolution of volcanics in alkaline lacustrine environments (e.g. Chris-
tidis, 1995)

The formation of zeolites during the initial phases of bentonite diagenesis
would thus explain the K-feldspar—kaolinite association. Bowers and Burns
(1990, Fig. 3) presented equilibrium activity diagrams for the K-Si—Al-H,O
system that characterizes relative stability limits of prominent alkali zeolites
found in the Yucca Mountains. According to their findings, alkali zeolites (e.g.
K-phillipsite) may equilibrate and coexist with kaolinite. Therefore we may
forward a hypothesis that the initial crystallization of amorphous material of the
examined altered lower Palacozoic ash beds could produce metastable alkali
zeolites (instead of K-feldspar) together with kaolinite. In the course of dia-
genesis, zeolites recrystallized into K-feldspar. Although there is no ubiquitous
causal relationship between the type of source material and crystallizing zeolite
species, the silicic vitric material has been reported to alter preferably into
phillipsite and/or clinoptinolite (+smectite) (Hay, 1986), which further supports
the above possibility.

I kalsilite

10[
K-filipsite

gibbsite

muscovite
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for zeolite-pyrophyllite (smec-
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It could then be argued that individual bentonite layers acted like half-opened
microsystems during diagenesis, which with high sensitivity reacted to
variations in local environment and probably in source material composition
(e.g. Christidis, 2001). Diagenetic sequences of volcanic material trans-
formation probably started with the formation of hydrated alumosilicate gel
and/or early smectite at the expense of glass. This process was followed by the
formation of primary zeolites, initiated by elevated concentration of dissolved
silica after smectite crystallization and by enhanced dissolution of glass (e.g.
Hay and Guldman, 1987). Under nearly neutral or alkaline conditions the early
evolution of the studied bentonites comprised at least two metastable phases,
early smectite and zeolite, which in later stages were replaced by illite-smectite
and K-feldspar, respectively (Fig. 4).
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Figure 4. The diagenetic evolution
model of bentonite transformation.
Filled boxes show the early dia-
genetic metastable phases, replaced
during progressive burial. Kaolinite
formation in the system is pre-
determined by variation in the sedi-
ment pore-water pH. Empty boxes
represent the observed authigenic
phases of bentonites.
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Nevertheless, it is disputable whether such evolution could fully explain the
occurrence of K-rich associations in bentonites. It is interesting enough that
while the dissolution of K-feldspars in siliciclastic deposits has been regarded as
the major source of K for smectite illitization (e.g. Hower et al., 1976), then the
bentonites in the northern part of the Baltic Palaeobasin contain an assemblage
of authigenic unaltered euhedral K-feldspar and illitic I/S (Somelar et al.,
2009a). Total K,O content of strongly feldspathized bentonites reaches up to
14%, which is close to the K,O content of pure stoichiometric K-feldspar
(16.7%). Thus, external potassium was apparently needed during diagenesis to
achieve nearly complete feldspathization. For comparison, the K,O content of
homogeneous I/S-dominated Palaeozoic bentonites varies within 1.5-6.5% in
the Scandinavian region (e.g. Huff et al., 1996, 1998), whereas rhyolitic glass
melt from the Kinnekulle Bed yielded about 4% K,O (e.g. Huff et al., 1996).
The high potassium content in bentonites of northern and central Estonia
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correlates with the dominance of authigenic K-feldspar in assemblages. Also,
I/S in Estonian bentonites is considerably K-rich, with 56-78% illite layers and
showing R1 ordering of layer components (Hints et al., 2008 — Paper I; Somelar
et al., 2009a, 2009b). Such an illite proportion in I/S is unexpectedly high and
does not agree with the thermally immature state of organic matter in the
Palacozoic complex of the northern Baltic Palacobasin. Instead it suggests
illitization under the influence of low-temperature K-rich late diagenetic or
hydrothermal fluids (Somelar et al., 2009a, 2009b; Srodoh e al., 2009).

The late diagenetic origin of I/S and K-feldspar is strongly supported by the
K—Ar isotope age of 385-410 Ma for I/S (Somelar et al., 2009a) and 415—
419 Ma for authigenic K-feldspar (Srodon et al., 2009) in the Kinnekulle
Bentonite, which is at least 44 million years younger for I/S and 35 million
years younger for K-feldspar than the age of deposition. Somelar et al. (2009b)
suggest that the illitization and K-feldspar formation in bentonites were
connected with multiple or single prolonged events of low-temperature alkaline
gravitationally driven hydrothermal fluid flows, which possibly originated in
the forebulge region of the Caledonian orogeny and gained most of its dissolved
K" during fluid migration through potassium-rich basement rocks and late
Proterozoic—Cambrian siliciclastic assemblages.

In local scale, however, the K-feldspar formation in a distinct bentonite bed
in response to the flux of basinal hydrothermal fluids could have been
controlled by primary lithology of the ash bed as well as by the character of the
enclosing rock. This would explain incoherent crystallization of K-feldspar in
close-lying beds (Hints ef al., 2008 — Paper ). Authigenic K-feldspar occurring
in bentonites with a moderate amount of K,O was observed to form distinct
coalesced patches within rather homogeneous clayey matrix. In highly feld-
spathized varieties, however, uniformly distributed discrete cryptocrystalline
euhedral K-feldspar builds up a strong carcass with voluminous inter-crystal
pore space, whereas the genetical relations between K-feldspar and clay phases
stay unclear (Hints et al., 2008 — Paper 1). In the last case, the morphological
features suggest metasomatic K-feldspar formation at the expense of a precursor
phase rather than neoformation/crystallization in the available pore space, which
supports the hypothesis of a precursor zeolite phase. Hay et al. (1988) studied
the formation of authigenic K-feldspar-rich Ordovician tuffs in the Mississippi
Valley and suggested metasomatic formation of K-feldspar at the expense of
primary illite or I/S as a response to episodes of regional flow of basinal brines.
K-feldspar in Estonian bentonites, however, is isotopically older than I/S (e.g.
Somelar et al., 2009a; Srodof et al., 2009), which further strengthens the
hypothesis, about precursor zeolite.
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5. CONCLUSIONS

The lower Palacozoic bentonites of the northern Baltic Palacobasin are charac-
terized by multiphase authigenic assemblages composed of I/S, K-feldspar, kao-
linite with occasional mixed-layer chlorite-smectite (corrensite) in the Upper
Ordovician Katian bentonites of the Pirgu Regional Stage.

The results suggest that the early diagenetic environment of ash alteration
had a major effect on the development of secondary assemblages in the studied
bentonites. The heterogeneous composition of the altered ash beds resulted from
the combination of several factors, including the character of the enclosing
sediments and the composition of interstitial solutions. In a more general scale
bentonite formation was controlled by distinct sedimentary facies within the
studied part of the Ordovician—Silurian palaeobasin, whereas each facies was
characterized by a particular early diagenetic environment (pH, Eh, dissolved
silica and alkali ion activities, etc.).

Kaolinite- and corrensite-rich bentonites also reflect specific early diagenetic
environments. Kaolinite formation was controlled by pH decrease in diagenetic
solutions, induced by the breakdown of buried organic matter in enclosing sedi-
ments. The formation of mixed-layer chloritic phases was primarily enhanced
by early diagenetic transformation of ash to saponite-type smectite in response
to the reflux of hypersaline solutions in sabkha-type environment.

Authigenic K-feldspar, which is abundant in bentonites of northern and
central Estonian settings, could have formed at the expense of metastable alkali
zeolites. The formation of zeolites instead of smectite during the initial stages of
ash alteration might have been supported by high pH and silica activities in
interstitial solutions in carbonate-dominated host rock. Alternatively, metaso-
matic K-feldspar formation could have been induced by one or several
episode(s) of low-temperature hydrothermal K-rich alkaline fluid flow during
the final stages of Caledonian orogeny, which was also responsible for illiti-
zation of smectite in bentonites.
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SUMMARY IN ESTONIAN

Ordoviitsiumi ja Siluri bentoniitide varadiageneetiline
areng Balti Paleobasseini pohjaosas

Bentoniidid on vulkaanilise péritoluga setendikihid, kus algne amorfne materjal
(vulkaaniline tuhk) on devitrifitseerunud ja diageneetiliselt transformeerunud
valdavalt savimineraalideks. Bentoniitega seonduv teadusprobleemide ring on
adrmiselt lai, ulatudes paleogeograafiast ja stratigraafiast autigeensete savimine-
raalide tekke ja settekomplekside mattumisloo uurimiseni. Samas kasutatakse
bentoniitseid savisid laialdaselt ka td0stuses ning erinevates keskkonnatehno-
loogiates. Nii leiavad bentoniitide punduvad savid kasutust niiteks tuumajaat-
mete matmisel ja puurimislahuste valmistamisel.

Balti Paleobasseini Ordoviitsiumi ning Siluri settekompleks sisaldab enam
kui 150 sellist bentoniidikihti. Tiiiipilised paleosoilised bentoniidid on kaaliumi-
rikkad ning suhteliselt monomineraalsed, koosnedes peamiselt segakihilistest
savimineraalidest illiit-smektiidist ja illiidist. Eesti varapaleosoiliste bentoniitide
mineraalkooslus on aga mérksa mitmekesisem — illiit-smektiidi korval esinevad
selles tiilipiliste autigeensete faasidena kaaliumpédevakivi ja kaoliniit. Kéesolev
uurimistdd keskendub Eesti Ordoviitsiumi ja Siluri bentoniitide autigeense
mineraalkoosluse tekkemehhanismidele, pdorates eelkdige tdhelepanu varadia-
geneetilistele muutustele, mis voisid mojutada bentoniitide koostise pindalalise
ja kihtidevahelise muutlikkuse kujunemist.

Uuritud materjal esindab Ordoviitsiumi Keila lademe Kinnekulle bentoniiti,
kolme Pirgu lademe bentoniiti ja Siluri 18bildigete bentoniite Ohessaare (34
kihti) ja Ruhnu (18 kihti) puuraugust. Bentoniite kogukivimi ja savifraktsiooni
proove uuriti mineraloogiliste ja geokeemiliste analiilisimeetoditega (XRD,
XRF, SEM).

Eesti paleosoliste bentoniitide illiit-smektiidist, K-pédevakivist ja kaoliniidist
koosnev autigeenne mineraalkooslus on, vaatamata nende méarkimisvéirsele
geoloogilisele eale ja pikale diageneetilisele arengule, termodiinaamiliselt
ebastabiilne. Lisaks iseloomustab uuritud bentoniite mineraalse koostise suur
varieeruvus. Kogukivimi proovidest leitud illite-smektiidi, K-pdevakivi ja kao-
liniidi sisaldused jdévad vastavalt 0-89%, 0-95% ja 0—45% piiridesse.

Bentoniitide savifraktsioonis valdavad R1 korrastatusega illiitne illiit-smek-
tiit, mis sisaldab 56—78% illiitseid kihte, ja kaoliniit. Illiit-smektiidi ja kaoliniidi
vahekord bentoniitides muutub koos bentoniitide timbriskivimi tiiiibi ja paleo-
basseini setendite fatsiaalsete muutustega. Tdendoliselt kontrollisid kaoliniidi ja
smektiidi teket varadiageneetilistes protsessides {imbritsevate setendite orgaa-
nilise ainese hulk ning silikaatsete ja karbonaatsete faaside suhtvahekord.

Erilaadne autigeenne mineraalkooslus tuvastati Pirgu lademe muundunud
tuhakihtidest. Viimaste savifraktsioonis domineerivad illiit-smektiidi korval
segakihilised kloriitsed faasid (korrensiit), mille osakaal viheneb madalaveelis-
test settefaatsiestest paleobasseini siivaveelisema osa suunas. Ka korrensiidi
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teke on ilmselt algselt olnud seotud bentoniitide varadiageneetilise arenguga,
kui oletatavalt sabkha-laadses evaporiitses keskkonnas tekkinud Mg-rikkad
fluidid 16id tingimused saponiidi tiiiipi smektiidi tekkeks. Hilisema diageneesi
kdigus on primaarsed Mg-rikkad savifaasid transformeerunud kloriit-smektiidi
tiitipi mineraaliks. Korrensiidi esinemine bentoniitides lubab pelgalt minera-
loogiliste tunnuste pdhjal rekonstrueerida settejdljes mitteséilinud evaporiitseid
faatsiesi.

Uuritud varapaleosoiliste bentoniitide iiheks isedrasuseks on viga kaaliumi-
rikaste erimite esinemine. Suur kaaliumi sisaldus korreleerub massilise auti-
geense kaaliumpédevakivi esinemisega tuhakihtides. Kdige sagedamini leidub
taolisi péevakivirikkaid bentoniite Pohja-Eestis ning nende osakaal viheneb
jark-jargult 1duna suunas. Autigeenne kaaliumpéevakivi voib olla tekkinud
varadiageneetiliste metastabiilsete Na-K tseoliitide arvel. Tseoliitide teket pri-
maarsel tuha timbekristaliseerumisel vdisid soodustada lubimudade settesiseste
lahuste kdorge pH, ja lahustunud réni- ning leelismetallide ioonide korge kont-
sentratsioon. Alternatiivse hiipoteesi jargi vois autigeenne kaaliumpidevakivi
tekkida metasomaatiliselt kaaliumirikaste ning madalatemperatuursete hiidro-
termaalsete fluidide mdjul, samaaegselt Kaledoonia orogeneesi lopufaasiga.

Saadud tulemused néitavad, et heterogeensete bentoniitide teke on olnud
tihedalt seotud vulkaanilise tuha varadiageneetiliste muutustega, ning et uuritud
bentoniitide autigeensed kooslused peegeldavad suuremal v3i vihemal mééral
settesiseseid keskkonnatingimusi tuhalasundite varases mattumisstaadiumis.
Tegemist on iihe esimese hidsti dokumenteeritud juhuga, kus leiab kinnitust
varadiageneetiliste muutuste kriitiline mdju enam kui 400 miljoni aasta vanuste
bentoniitide kujunemisele.
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