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INTRODUCTION 
 
Altered volcanic ash interbeds (bentonites) in Lower Palaeozoic sedimentary rocks of 
the Baltoscandian Region are well known since the pioneer publications by Thorslund 
(1945) and Jaanusson (1947). Estonian bentonites were studied by Jürgenson (1958, 
1964) and Vingisaar (1972), Vingisaar & Murnikova (1973). In Scandinavia the 
volcanic ash beds were studied by Bergström et al. (1992, 1995, 1999), Batchelor et 
al. (1995), Batchelor & Jeppsson (1994, 1999), Hetherington et al. (2011) and Snäll 
(1977).  

The term “bentonite” is used in a general meaning of altered volcanic ash 
throughout this study, although alteration products of volcanic ashes are very variable 
by composition, depending on sedimentary facies and diagenetic history. Most 
bentonites consist dominantly of clay minerals. 

The volcanic and terrigenous materials are often mixed. The term “bentonite” 
cannot be used for the interbeds where terrigenous material dominates, but still 
frequently the pyroclastic material can be extracted, analysed and correlated from this 
type of interbeds. 

Bentonites in sedimentary sections carry information of tectonomagmatic 
processes in volcanic source areas (Batchelor & Evans 2000; Huff et al. 1993; Kiipli 
et al. 2013b), directions to volcanic sources (Bergström et al. 1995; Kiipli et al. 
2013a), diagenetic environments of sedimentary rocks (Hints et al. 2006, 2008; 
Williams et al. 2013) and isotopic ages of rocks (Cramer et al. 2012; Bergström et al. 
2008; Sell et al. 2013). 

Recognizing of distinct chemical signatures of eruption layers can lead to the 
exceptionally precise correlation of sections (Emerson et al. 2004; Inanli et al. 2009; 
Kiipli et al. 2011, 2014; Ray et al. 2011; Paper V, VI, VII) which is important for 
proper reconstruction of the geological history of the Earth. While traditionally 
biostratigraphy based on the evolution of the living organisms has been used for this, 
in recent decades chemostratigraphy based on volcanic ash interbeds in sedimentary 
rocks finds extending application. Due to the affinity of life forms to specific 
environments it is often difficult to correlate sedimentary rocks formed in deep sea 
with rocks formed in shallow sea or even in continental lacustrine environment. As 
volcanic ashes fall and deposit equally in all environments they offer useful help to 
other correlation methods. 

Several methods have been used for proving the correlations of Palaeozoic 
bentonites, e.g. immobile trace elements (Pearce 1995, Huff et al. 1998, Kiipli et al. 
2001), composition of apatite phenocrysts (Batchelor & Clarkson 1993, Batchelor & 
Jeppsson 1994, Batchelor et al. 1995), and composition of biotite (Batchelor 2003 and 
Paper IV). 

Main difficulties raised during these studies are: (1) Palaeozoic volcanic ashes are 
recrystallized and only a few elements stayed immobile; (2) Mobility-immobility of 
elements must be proved in every particular study case; (3) Apatite phenocrysts are 
present in only about 50% of volcanic ash layers; (3) Biotite phenocrysts are often 
sensitive to alteration agents; (4) Separation of tiny phenocrysts for analyzing is time-
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consuming process; (5) Number of volcanic ash layers is often large and for reliable 
correlation all of them should be analysed. 

A new method for proving correlations by the composition of pyroclastic sanidine 
– (K,Na)AlSi3O8 – has been introduced (Paper I) and applied (Papers I – VII and 
Kiipli et al. 2002, 2003, 2004, 2005, 2006, 2007, 2008a, 2008b, 2010, 2011, 2013a, 
2014) by the author of present thesis during recent 15 years. Applying sanidine 
composition for proving the correlations overcomes largely the above shortcomings 
of other methods in the region of our study (East Baltic and Gotland). Sanidine is well 
preserved and present in 90% of bentonites in this region, X-ray diffraction (XRD) 
analysis does not require time-consuming complete extraction and purification of 
phenocrysts  and XRD method enables good precision of analysis not accessible by 
other methods for the same cost. 

Over 800 samples have been studied by XRD and X-ray fluorescence (XRF) 
methods. During the first stage (1998–2006) we studied pyroclastic material from the 
bentonites of drill cores from Estonia and Latvia (Aizpute core). The studies revealed 
that pyroclastic sanidine composition analysed by XRD can be used as a correlation 
criterion. During the second stage (2007–2013) the method was applied in wider area. 
Well-preserved sanidine was identified in sections from Gotland, Lithuania and in 
additional sections from Latvia, and used for correlations. Bentonite stratigraphy now 
serves as a useful support to biostratigraphy and sedimentary geochemistry. 

Applying bentonites for the correlation of Palaeozoic sections through different 
palaeoenvironments is the aim of the present study. 

Below, the bentonites from the region covering Estonia, Latvia, Lithuania and 
Gotland are described. The bentonites were mostly identified by their location (drill 
core name and number) and depth in metres. For the Telychian – lower Sheinwoodian 
of Estonia, Latvia and Gotland ID numbers are used (Paper III), which have been 
derived from depths in the Viki core: e.g. ID number 731 was assigned to bentonite at 
the depth 173.1 m. The bentonites in other cores are graphically projected to the Viki 
depth scale and the ID number is derived from the latter depth. 

 

 
Fig. 1.  Map of the studied region.  
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1. METHODS 
 
XRD was used as the main analytical method. XRD measurements were performed 
by HZG4 diffractometer (Freiberger Präzisionmechanik, 1985) using Fe-filtered Co 
radiation. All samples were routinely scanned from 5 to 45° 2θ before any treatment 
in order to check their volcanic origin and estimate the mineralogical composition. 
For determination of the composition of the pyroclastic sanidine an angle range from 
23.5 to 26.0 °2θ was scanned with maximum accuracy. Recent measurements were 
performed on D8 ADVANCE diffractometer (Bruker AXS GmbH, 2012). 

Most samples were analysed also for major chemical components and trace 
elements by XRF method using S4 Pioneer instrument from Bruker AXS. Earlier 
XRF analyses before the year 2008 were performed on the VRA30 instrument 
produced in the former East Germany. 

Grain fractions of 40 samples were analysed by the energy dispersive X-ray 
fluorescence (EDXRF) microanalyser at the scanning electron microscope (Zeiss 
EVO MA15) mostly in the Institute of Geology at Tallinn University of Technology 
applying low vacuum conditions. 

 
 

2. BASICS ABOUT CHEMICAL COMPOSITION AND 
MINERAL ASSEMBLAGES OF BENTONITES 
 
Bentonites consist mainly of authigenic minerals formed through dissolution and 
recrystallization of volcanic ash. Volcanic glass forming the main portion of volcanic 
ash has not preserved in Ordovician-Silurian bentonites. The processes of authigenic 
formation of minerals (absorption, hydratisation, dissolution) start already during 
settling of the ash (Grim & Güven 1978) and continue later with kaolinisation or 
chloritization of phenocrysts and chertification of host rocks (Snäll 1977, Dahlquist et 
al. 2012). 

Resulting from different processes, bentonites of variable composition occur in the 
rocks. The composition of correlated bentonites largely varies areally, depending on 
the sedimentary-diagenetic environment and fractionation during the atmospheric 
transport (Kiipli et al. 2007). At the same time bentonites with different composition 
alternate closely in sections hinting the predetermination role of the source magma 
composition to the ash alteration result (Kiipli et al. 2003). Good preservation of 
sanidine, which is thermodynamically unstable but very slowly recrystallizing at low 
temperatures, excludes any role of metamorphism and strong late diagenesis 
involving elevated temperature in the region of Estonia–Latvia–Lithuania–Gotland. 
Main types of bentonites are listed below:  

 Feldspathic tuffs (Fig. 2A) are distributed within shallow shelf sea facies: 
Ordovician in North Estonia, Silurian in northernmost sites of the areal of 
Silurian rocks e.g. Kirikuküla and Nurme drill cores (Fig. 1). Content of the 
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authigenic potassium feldspar can reach more than 80% and illite-smectite is 
the second main component. 

 K-bentonites: illite-smectite is the dominating authigenic mineral (Fig. 2B) 
(Somelar et al. 2009, 2010). Rarely occur K-bentonites in which the contents 
of other components are so low that they cannot be seen on XRD patterns. 
Commonly K-feldspar and/or kaolinite accompany the main illite-smectite. 

 Al-bentonites contain much of kaolinite (Fig. 2C) and are common in deep 
shelf sediments in Latvia and Lithuania. Content of Al2O3 exceeds 30% and 
K2O contents are often below 3–4%. Presence of kaolinite in bentonites is 
easily established by the 7.15Å reflection. In the Ordovician Kinnekulle 
Bentonite kaolinite appears in southernmost sections of Estonia (Valga and 
Taagepera), (Kiipli et al. 2007, Somelar et al. 2009). In Silurian Telychian 
bentonites the northernmost findings of kaolinite were registered in 
Kaugatuma core (Fig. 1). 

 Mg-bentonites contain much of corrensite (chlorite-smectite). MgO contents 
can exceed 12%. Other major minerals are illite-smectite and K-feldspar. 
This type of bentonites is distributed in the transitional zone between the 
shallow and deep shelf in the sediments of the Pirgu Stage (Hints et al. 2006). 

 Sulphur-rich pyritic bentonites (pyrite content in a bulk sample above 30%) 
occur in organic-rich shales. In old cores these ash beds resemble weathered 
pyrite layers as the pyrite mixed with clay minerals oxidizes easily in core 
boxes. Pyrite-rich bentonites can be found in the Dobele Formation in Latvia 
and Lithuania (Fig. 2D).  Bentonites in shales and marlstones are often 
sulphur-rich, too, concentrations reaching up to 8% (Paper V Fig. 6) 

 Hematite-rich bentonites (Fe2O3>10%) occur in red and green coloured shaly 
sediments. These bentonites are characterized by dark violet colour. Other 
main minerals are represented by illite-smectite, K-feldspar and kaolinite 
assemblage. Bentonites of this type are frequent in Telychian deep shelf and 
transition zone sediments of South Estonia and Latvia. 

The following example demonstrates how the Nurme Bentonite (ID731), a bed of 
particular volcanic eruption, reveals compositional changes according to the facies 
zone: it is feldsphatic tuff in Nurme core, Al-bentonite in Aizpute, Ohessaare and 
Ventspils cores, hematite-rich bentonite in Kihnu and Viki cores, K-bentonite with 
kaolinite and K-feldspar admixture in Ruhnu core.  

The listed bentonite types form a variety of transitional compositions, only pyrite 
and hematite do not coexist. Sometimes the volcanic material is mixed with 
sedimentary terrigenous and carbonate material (quartz, illite, chlorite, calcite, 
dolomite). Minor authigenic components recorded in some bentonites are barite, 
chalcopyrite, halite, goyazite-florencite and anatase. Authigenic apatite may occur in 
some layers. 

 Authigenic formation of bentonite minerals is sensitive to the environmental 
conditions and carries useful information for reconstructing of sedimentary-diagenetic 
processes. Especially good results can be achieved by tracing compositional 
variations along correlated ash beds (Kiipli et al. 1997, 2007). 

Bentonites contain also a small amount of pyroclastic fragments of magmatic 
phenocrysts (sanidine, biotite, quartz, apatite, zircon). 
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Fig. 2. XRD patterns of different bentonites. A – Osmundsberg Bentonite (Telychian) at the 
88.2 m depth in the Paatsalu core. This feldspathic tuff contains 15.5% K2O (estimated ~88% 
of K-feldspar) and 17.7% Al2O3. B – K-bentonite at the 181.4 m depth in the Soovälja-K1 
core (Sandbian). Illite-smectite is the main mineral and K2O content is 5.5%. C – Al-bentonite 
at the 745.0 m depth in the Vidale-263 core (Latvia, Telychian). Kaolinite dominates in this 
bentonite (K2O 1.74% and Al2O3 34.7%). D – Pyrite-rich bentonite at the 1002.2 m depth in 
the Kurtuvenai-166 core (Lithuania, Telychian). D(HNO3) – Pyrite-rich bentonite (curve D in 
this Fig.) after treatment with HNO3 for removal of pyrite. Composition typical for bentonites 
(kaolinite and K-feldspar) is now visible. 
Strong reflections are labelled as follows: K-feldspar (K-fsp), biotite (bi), illite-smectite (I/S), 
quartz (Q), kaolinite (K), anatase (An), pyrite (Py), jarosite (Jar). 
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3. PYROCLASTIC COMPONENT IN BENTONITES: 
SEPARATION PROCEDURE, QUANTITY, MINERAL 
ASSEMBLAGES AND GRAIN SIZE 
 
XRD patterns of the bulk bentonite often reveal traces of pyroclastic minerals (biotite, 
quartz). Commonly pyroclastic sanidine is not visible. For more detailed study of the 
pyroclastic component its separation from dominating clay material is necessary. The 
applied procedure is described below. 

Ultrasonic dispergation of two grams of sample using 0.1% Na-pyrophosphate 
solution in distilled water. Water suspension is poured out and the remaining fraction 
(grain size above ~40 μm) is treated by hot 2N HCl solution for removal of 
carbonates, apatite, gypsum, jarosite and Fe-sulphates. When the content of pyrite is 
too high in grain fraction, additional treatment with HNO3 is applied. For dispersion 
of kaolinite containing bentonites ultrasonic treatment in hot 10% KOH solution is 
necessary but in some cases kaolinite still may not disperge completely. 

The obtained grain fraction is studied and described under the microscope in 
reflecting light and estimates for the abundance of biotite are made. The 0.04–0.1 mm 
fraction forming the dominating part of the grain material is separated for XRD 
analysis by sieving. The grain material typically consists of pyroclastic minerals and 
authigenic potassium feldspar; sometimes terrigenous minerals (quartz, feldspars) and 
authigenic barite occur as significant components. 

Authigenic K-feldspar hinders analysis of pyroclastic minerals. Portion of 
authigenic K-feldspar in grain material is smaller in kaolinite-containing bentonites 
formed in deep sea environment (Latvia, Lithuania); sometimes even only pyroclastic 
minerals occur. Therefore the composition of grain fraction of bentonites is 
characterised on an example of the Silurian of the Ventspils-D3 drill core section 
(Fig. 3). 

Content of the >0.04 mm fraction consisting of pyroclastic, terrigenous and 
authigenic grains and aggregates varies mostly between 1–5%. Only in rare cases the 
content of pyroclastic grains exceeds 10%. The Telychian Nässumaa Bentonite 
(ID696) found in many sections but not in Ventspils-D3 core, is a remarkable 
example of the ash bed with high content of pyroclastic minerals. Such high content 
of pyroclastic minerals cannot be observed in any of the Ordovician bentonites.  
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Fig. 3. Silurian bentonites and samples of terrigenous rocks with 
volcanic material admixture from Ventspils-D3 core. Left: Content 
of grains >0.04 mm. Right: Proportions of main minerals in grain 
fraction. Sample from depth 640.0 m was removed from the chart 
because of high content of barite in grains. 
 

Pyroclastic sanidine is commonly one of the main components in grain fraction – 
this makes the detailed XRD analysis of sanidine possible. Still, occasionally it is 
difficult to collect the 10 mg of grains needed for XRD analysis. Sometimes the 
content of pyroclastic minerals in bentonites is low (e.g. Ventspils core at the 736.4 m 
depth, 0.2% of grains), while in other cases significant portion of terrigenous material 
which contains less coarse grains dilutes the volcanogenic component. In a sample set 
from the Silurian of the Ventspils core also terrigenous samples with volcanogenic 
admixture are present, e.g. from depth 840.65 m. Content of grains larger than 0.04 
mm is only 0.26% with domination of fine quartz in it. In the East Baltic, Ordovician 
and Silurian pyroclastic grains are larger than the terrigenous material and such 
situation favours separation of pyroclastic material sometimes even from the very low 
contents in mixed sediments to the level measurable by XRD. 

The content and grain size of pyroclastic minerals is related to the distance from 
the source volcano, but an example from the Osmundsberg Bentonite (ID851) 
indicates that the relationships are more complicated. The Osmundsberg Bentonite 
consists vertically of two different parts both in Estonia and Latvia. In the Ventspils 
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core at the 845.6 m depth the Osmundsberg Bentonite consists of grey part with 
11.4% of grains >0.04 mm, including significantly also grains larger than 0.1 mm, 
and the red part with only 0.7% of grains which are also smaller (all less than 
0.1 mm). It is not known in Ventspils which part of the above sample represents 
earlier and which later part of the ash layer, but in Estonian sections it has been 
identified that the part with larger grains forms the upper part of the ash bed, i.e. was 
emplaced by the later eruption. It is remarkable that sanidine composition is the same 
in both parts of the Osmundsberg Bentonite indicating the same source. 

Grain fraction 0.04–0.1 mm has proved to be optimal for measurements of the 
sanidine composition in the studied region. In the fraction below 0.04 mm authigenic 
K-feldspar or terrigenous material often dominates, while the fraction of larger grains 
(>0.1 mm) is often absent or its quantity is very small. The finds of pyroclastic 
material with grains larger than 0.1 mm are still important, as can be considered for 
laser ablation ICPMS analyses or for dating. Pyroclastic grains larger than 0.25 mm 
have not been found over the entire studied region. 

Size of biotite flakes is larger than the size of quartz and sanidine grains, and 
compared with the fraction 0.04–0.1 mm, biotite concentrates into the fraction 
>0.1 mm. In rare cases biotite flakes can reach even size of 0.25 mm. In Latvian and 
Lithuanian sections where bentonites contain kaolinite, the biotite flakes are often 
also partly or completely kaolinised. In these cases the treatment of grains 
ultrasonically and with reagents may disintegrate the biotite flakes and the original 
content may remain unnoticed. Biotite is a good indicator of volcanogenic material 
visually recognized easily during the fieldwork. The biotite admixture is especially 
valuable in terrigenous shale interbeds containing some volcanic material. Pure 
bentonites can be easily recognized by different colour and consistency, but volcanic 
material in shaly interbeds can be identified only by biotite flakes. Still, several 
volcanic ash beds do not contain biotite. 

In addition to the sanidine, quartz and biotite in some bentonites we have found 
also magnetite (ID772, ID755), ilmenite (Kaugatuma core at the 267.1 m depth) and 
muscovite (Kiipli, Kallaste, Nestor 2010) belonging also to the magmatic phenocrysts 
and applicable as correlation criteria. Sometimes prismatic zircon crystals occur in 
remarkable amounts (Kurtuvenai-166 core at the 971.2 m depth). 

When we started the study of pyroclastic minerals in bentonites of Saaremaa 
Island, the absence of plagioclase, the common phenocryst in recent volcanic rocks, 
drew attention. Later it appeared that although plagioclase is absent in shallow shelf 
sediments of Saaremaa, it is present in small quantities in correlative bentonites in 
deep shelf and especially in transition zone between the shallow and deep sea sections 
(Table 1). Evidently the plagioclase is unstable in shallow sea environments where 
intensive formation of authigenic K-feldspar proceeds and has been completely 
destroyed. Even the kaolinisation process in deep shelf sediments has not been 
aggressive enough for complete destruction of plagioclase. Plagioclase has somewhat 
better preserved in the bentonites of Ohesaare and Ruhnu sections located in the 
transition zone. EDS microanalysis of two grains from the bentonite in the När core 
(Gotland) at the 351.3 m depth indicated oligoclase composition suggesting magmatic 
origin of the plagioclase. 
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Table 1. Plagioclase traces in Telychian bentonites; numbers represent 

average plagioclase/sanidine 120  intensity ratios from 0.04-0.1 mm 
grain fraction. 

ID311 ID494 ID696 ID731 ID776
shallow shelf (Estonia) <0.01 <0.01 0.01 <0.01 <0.01

transition zone 0.13 0.049 0.028 0.081 0.10 

deep shelf (Latvia) 0.056 0.10 <0.01 0.062 0.076 

 
 

4. PYROCLASTIC SANIDINE IN BENTONITES: 
XRD ANALYSIS AND COMPOSITION 
 
Authigenic K-feldspar in grain fraction complicates or even makes impossible XRD 
analysis of pyroclastic minerals supressing the intensity and overlapping with useful 
reflections. Still, the analysis of the sanidine composition (Na/K ratio) using classical 
method of the measurement of the 120  reflection works even at the moderately high 
content of the authigenic K-feldspar. 

In Fig. 4A, an example of the Kinnekulle Bentonite shows in main authigenic 
K-feldspar with relatively wide reflections a less abundant magmatic K-Na sanidine 
with high crystallinity (sharp reflections). Perfect peak resolution of the new D8 
diffractometer enables to discriminate some reflections between these two feldspars. 

Using HZG4 diffractometer detailed measurements for determination of the 
composition of alkali feldspars have been concentrated to the position of the 120  
reflection. An angle range from 23.5 to 26.0 °2θ was scanned with the step size 
0.01 °2θ; the measuring time was 15 s per point. This range includes the 100 
(4.255 Å) reflection of quartz, the 120  reflection of various feldspar phases, and also 
4.18 Å and 4.13 Å reflections of kaolinite. Therefore, the removal of kaolinite from 
the sample before measurements was essential.  
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Fig. 4. XRD patterns of bentonite coarse fraction. 
A – Grain fraction 0.04–0.1 mm of the Kinnekulle bentonite from Kuressaare-K3 core at 
depth 368.5 m. Main component is authigenic K-feldspar; arrows are pointing to the 
pyroclastic sanidine traces. Split reflections are labelled with indices. 
B – Grain fraction 0.04–0.1 mm of the bentonite from Ventspils-D3 core at the 720.6 m depth, 
composed mainly of pyroclastic sanidine with quartz and K-feldspar (see arrows) admixture.  
Q - quartz; Si - silicon standard added for peak shift correction; Py - pyrite; K - kaolinite; Pl - 
plagioclase. 
 
Measured XRD patterns have been analysed using Mathcad 2000 application 
developed by the author of the present thesis (Kallaste 2002, Paper I). The 
convolution and curve fitting procedure revealed the XRD reflections without 
instrumental contribution. 

 http://geokogud.info/git/attachments/reference/2533/Legend_sanidine.pdf and 
(Paper I Fig. 3, Paper IV Fig. 3, Paper V Fig. 2) show measured curves and modelling 
results – true XRD reflections. The content of (Na, Ca)AlSi3O8 in mol% in 
K-(Na,Ca) sanidine was calculated as follows: 

(Na,Ca)mol% = (4.233 - d) / (4.233-4.033),  
where d is d-spacing of the particular sanidine component-phase and end member 
values are 4.233 Å (K-sanidine) and 4.033 Å (high albite). This calculation is based 
on the experimental study by Orville (1967) where alkali feldspar composition was 
calibrated with the 120  spacings. 

CaAl2Si2O8 concentrations in studied sanidine phenocrysts rarely exceed 4  mol% 
(Fig. 5). 
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Fig. 5. Frequency of CaAl2Si2O8 concentrations in 
sanidine according to the ED XRF measurements 
in 25 bentonite samples from the Silurian of Latvia 
and Gotland (Sweden). 
 
In favourable samples, it is possible to measure crystal lattice parameters of the 
magmatic sanidine. Table 2 and Fig. 6 represent lattice parameters of sanidine in 
some samples. Although all measurements do not exhibit maximum accuracy, all 
sanidines can be classified as high sanidine (2t1<0.66). Sanidine composition values 
from XRD measurements are close to the results of ED XRF microanalyses (Table 2). 

From the sample SHQ4 (Sunhill Quarry, England, Ludlow age) uniquely also 
anorthoclase, the Na-dominating alkali feldspar, occurs together with sanidine 
(Table 2). In the East Baltic and Gotland sections anorthoclase has not been found. 
 
Table 2. Cell parameters, (Si, Al) ordering parameters 2t1 (calculated after Kroll & Ribbe 
1987) and composition of feldspars from selected bentonites. 
   Na+Ca mol% 
No. Bentonite name a (Å) b (Å) c (Å)  (°)  (°)  (°) 2t1 XRD ( 120 ) SEM 

1 Kinnekulle 8.605 13.030 7.180 90 116.01 90 0.56   
2 Kinnekulle 8.492 13.015 7.175 90 116.02 90 0.59 24.6  
3 Osmundsberg 8.507 13.017 7.179 90 116.00 90 0.60 21.1  
4 Ventspils 720.6 8.468 13.015 7.173 90 116.02 90 0.58 29.7 31.8 
5 Vidale 681.1 8.34 12.98 7.16 90 116.22 90 0.58 57.9 59.5 
6 SHQ4 8.474 13.003 7.170 90 116.04 90 0.60 28.4  
7 SHQ4 8.177 12.916 7.125 93.03 116.48 90.18    
 
1,2 authigenic and pyroclastic sanidine, Kuressaare-K3 core, depth 368.5 m (Fig. 4A) 
3 pyroclastic sanidine, Ventspils-D3 core, depth 845.6 m (grey part), Telychian 
4 pyroclastic sanidine, Ventspils-D3 core, depth 720.6 m, Wenlock (Fig. 4B) 
5 pyroclastic sanidine, Vidale-263 core, depth 681.1 m, Wenlock (Paper V Fig. 2.) 
6,7 pyroclastic sanidine and anorthoclase, Sunhill quarry, England, Ludlow 
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Fig. 6. Pyroclastic and authigenic feldspars in the b-c lattice parameters 
diagram according to the data in Table 2. Cell parameters of alkali 
feldspar end members (Kroll & Ribbe 1987).  
 
Position and shape of the sanidine 120  reflection varies largely. In many bentonites 
the reflection is sharp, its position can be measured precisely and results obtained 
from different samples are very close to each other. For example, calculated Na+Ca 
content in sanidine for ID696 bentonite varies between 22.7–23.6 mol% (analysed 
from 15 drill core sections), for ID494 45.5–46.6 mol% (15 sections).  

Detailed XRD analysis of the sanidine crystal structure of the Osmundsberg 
Bentonite (ID851) from the Ventspils core section using new D8 diffractometer and 
TOPAS software revealed that small broadening of XRD reflections can be attributed 
to the strain (average strain value is 0.08%, no size related broadening). Single line fit 
gave maximum strain value 0.14% for the 120  reflection and minimum strain value 
(0.055%) for the 060 reflection. Probably significant part of the strain of crystal 
lattice is caused by the variations in K/Na ratio due to the zonation in magmatic 
phenocrysts and differences between the compositions of separate grains. Therefore, 
probably variation in results of the SEM microanalyses of the set of sanidine grains 
(±2 mol%) exceeding clearly analytical uncertainty contains also some natural 
compositional variation even in a case of very sharp XRD reflections. 

Unlike the sanidine in the Osmundsberg Bentonite, in many bentonites sanidine 
reveals broader 120  reflection caused by the larger natural compositional variations. 
Sometimes also two overlapping magmatic sanidine reflections can be observed. In 
these cases applying of the single grain SEM analysis for obtaining the statistically 
representative average composition needs results from at least several tens of grains. 
In these samples the advantage of XRD analysis of the average sanidine composition 
is quite clear as XRD analyses simultaneously more than 10000 grains. SEM 
microanalysis is a very useful method for measuring the sanidine composition in 
detail. 
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An interesting problem is the cause of very broad XRD reflections. A saddle-like 
interval between 120  reflections from authigenic K-sanidine and pyroclastic 
K-Na-sanidine needing particular component-reflection in the decomposed XRD 
model is common. Quite often continuous plateau-like wide composite reflection 
spreads from the authigenic K-sanidine 120  reflection to the Na-containing sanidine 
(Paper V Fig. 2h). Wide tail-like reflections on the high angle side of the K-sanidine 

120  reflection are common, too (ID488, Paper IV Fig. 3). 
Several hypotheses for the cause of this variability can be proposed: 1. Intergrowth 

zone between pyroclastic nucleus and authigenic feldspar cover probably exists. Part 
of sodium may be dissolved and replaced with potassium in the outer shell of the 
pyroclastic sanidine grain and feldspar of intermediate composition formed during the 
diagenesis. 2. Growth zonation in magmatic phenocrysts. 3. Authigenesis of 
Na-K-sanidine through recrystallization of the plagioclase or anorthoclase. This 
hypothesis is based on the observation that remarkable amount of the Na-K-sanidine 
of low crystallinity is present in bentonites originating from andesitic (derived from 
trace elements) tuffs which should contain no or very little sanidine. 

The question of diagenetic distortion of the pyroclastic sanidine in bentonites or 
possible Na-K-sanidine authigenesis is important in using it for correlation. High 
resolution XRF microanalyses hopefully can answer these questions in future studies. 
 

5. CORRELATION OF BENTONITES USING 
COMPOSITION OF THE PYROCLASTIC SANIDINE 
 
Bentonites offer a unique possibility for recognition of exactly the same time levels in 
geological sections. This method can be used for correlation of sections from different 
palaeoenvironments containing various fossil assemblages. In the East Baltic and 
Gotland sections sanidine is one of the most abundant minerals among the pyroclastic 
components and XRD analysis enables to study a large number of samples within a 
reasonable time span and cost with perfect precision. For successful applying of 
bentonite correlations several prerequisites are needed: 

1. Bentonites must be present in the sections under study. Constraints arise from 
the regional distribution of bentonites; only the most powerful volcanic 
eruptions spread ash over few thousands of kilometres. For deposition and 
preservation of bentonites calm sedimentary environment is favourable; 
waves and currents can wash fine ash away or mix volcanic ash with other 
sedimentary material. 

2. Only high-quality drilling results with core containing number of bentonites. 
Often in drill cores rotation surfaces occur and soft bentonite interbeds are the 
first being lost during core rotation. 

3. In some cases finding of the layers containing volcanic material can be 
complicated. For example, in old drill cores terrigenous clay and bentonite 
have often disintegrated and mixed and finding of bentonite material is often 
possible only with the help of the original core descriptions where bentonites 
have been recognised in the fresh core. Remarks of bentonites made on core 
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boxes are often helpful. Hard feldspathic tuffs when mixed with carbonate 
material hardly differ from limestone. 

4. Pyroclastic component in bentonite must be possible to separate. Feldspathic 
tuffs, metamorphosed varieties and some kaolinised bentonites are not 
favourable for separation of grains. Illite-smectite-rich K-bentonites 
disintegrate most easily. 

5. Pyroclastic component must contain enough sanidine for analysing. 
6. Sanidine must have distinct composition differing clearly from the sanidine 

of other closely lying bentonites. Problem arises when repetitive eruptions 
from the same volcanic source give similar compositions according to almost 
all parametres. 

 
Silurian bentonites 
 
In the best studied Telychian sequences of the East Baltic and Gotland more than 30 
eruption layers contain enough distinct sanidine enabling trustworthy correlation. 
Table 3 includes Telychian and lower Sheinwoodian bentonites which have wider 
distribution and frequent occurrence (see No of sections column). Abundance of 
bentonites with distinctive sanidine of good crystallinity makes correlation highly 
reliable, regular succession of bentonites with various distinct sanidines confirms 
every single correlation. For correlation of bentonites containing sanidine with broad 

120  reflection graphic correlation and immobile trace elements can be applied. Still, 
discrimination of bentonites ID518, ID520 and ID521 occurring closely in sections 
and characterized by similar trace element contents can be solved only provisionally.  

Full table including 28 drill core sections and 63 recognized eruption layers of the 
correlated Telychian and lower Sheinwoodian bentonites is available at 
http://sarv.gi.ee/reference.php?id=2533, there are accessible measured and modelled 
sanidine XRD curves also.  

Compared with Estonia and Latvia, in Lithuania the Telychian contains much 
smaller number of bentonites. In the studied sections we have found only one 
correlative bed with the Osmundsberg Bentonite (Kurtuvenai-161 depth 1466.7 m). 
Modelled sanidine XRD curves of Lithuanian bentonites of Silurian age are available 
at http://sarv.gi.ee/reference.php?id=2544.  

From the Telychian of Gotland only the När core and Lusklint outcrop sections 
were studied. Study of some more sections undoubtedly would add correlative beds 
with East Baltic. 
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Table 3. Composition of sanidine in most frequent bentonites from Telychian to lower 
Sheinwoodian interval. 

Bentonite
No
of

Viki 
depth Viki

Ohe-
saare

När
Vents-

pils
Aiz-

pute-41

name
sec-
tions

ID depth, m depth, m depth, m depth, m depth, m
Na+Ca 
content   
mol%

Width of the sanidine 
reflection,

°2
Ireviken 6 127 340.76 324.50 789.2 915.40 little sanidine, biotite!
Lusklint 10 150 115.02 342.08 328.1 917.10 35.2-35.8 0.19-0.34
Ohesaare 12 210 121.03 345.83 792.75 925.80 38-40 0.25-0.35
Aizpute 10 311 131.10 351.72 333.40 931.80 36.2-37.8 0.08-0.12
Kirikuküla 16 457 145.75 359.31 very wide reflection
Viki 19 475 147.50 361.30 45.2-46.3 0.12-0.20
Kaugatuma 9 480 148.00 361.70 808.1 938.60 42.0-42.8 0.18-0.27
Kuressaare 13 488 148.80 362.23 941.35 very wide reflection
Ruhnu 20 494 149.40 362.46 811.6 45.7-46.4 0.05-0.09
Viirelaid ~15 518 151.80 364.76 813.3 943.90 very wide reflection

~10 520 365.08 very wide reflection
~10 521 152.10 very wide reflection
15 568 156.80 367.60 946.25 very wide reflection

Nässumaa 16 696 169.60 369.75 954.20 22.9-23.3 0.04-0.06
14 719 171.95 little sanidine, biotite!

Nurme 18 731 173.10 369.98 837.2 957.10 38.7-40.3 0.10-0.16
Tehumardi 15 744 174.40 838.4 957.75 25.8-26.7 0.07-0.10
Paatsalu 14 755 175.55 370.09 838.8 958.25 25.5-26.2 0.25-0.30
Pahapilli 12 772 370.44 20.5-24.1 0.30-0.34
Mustjala 11 795 842.0 961.50 24.5-25.3 0.05-0.11
Osmundsberg 20 851 185.10 845.6 964.40 20.7-21.5 0.05-0.09

Pyroclastic K-Na-sanidine,
main component parametres

 
 
Correlation studies of Telychian and lower Sheinwoodian bentonites using sanidine 
composition after establishing of the method (Paper I) and arranging stratigraphic 
nomenclature of bentonites (Paper III) led to discrimination of several volcanic 
sources and grouping them according to bentonites (Paper IV). Residual enrichment 
of immobile trace elements revealed clear increase trend, up to twofold, from shallow 
to deep shelf facies along a correlated bentonite bed (Paper IV Fig.7). Secondly, it led 
to the correlation of the Ireviken Event (extinction of conodonts), well traceable in 
shallow water sediments, with graptolite biozonation in deep sea sediments (Kiipli et 
al. 2006a, Paper VI). Thirdly, the study of Lithuanian bentonites revealed that in 
addition to volcanic sources from the Iapetus Ocean also volcanoes from the margin 
of the Rheic Ocean supplied the Baltic Basin with ash (Kiipli et al. 2014). Fourthly, 
correlation of the Osmundsberg Bentonite from shallow water sediments in Estonia 
with bentonites in deep sea sediments in Latvia showed that Rumba Formation in 
Estonia belongs to the Lower Telychian (Kiipli et al. 2006a) differently of the former 
assignment to the upper Aeronian. 
 
Silurian bentonites higher than the Telychian (up to the lower Ludlow) also can be 
correlated by the sanidine composition in Latvia and Estonia. Published results of 
these correlation studies are attached to the present thesis (Paper V). 

 Results of the XRD measurements are available in the collections database of the 
Institute of Geology at TUT: from the Ventspils-D3, Vidale-263, Ohesaare and 
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Ruhnu-500 core sanidine of the bentonites of the Wenlock age at 
http://sarv.gi.ee/reference.php?id=1203, and sanidine XRD curves from the Silurian 
of Lithuania at http://sarv.gi.ee/reference.php?id=2544. 
 
The problem is that the occurrence and finding of bentonites in sections is sporadic 
and much more studies are needed for revealing most of the eruption layers. The 
sections from Latvia and Gotland are of key importance for these studies.   

During the Wenlock time volcanic activity was still intense. Large number of 
bentonites have been found in the East Baltic sections. Number of ash beds contain 
distinctive sanidine suitable for proving the correlations. Still, sporadic preservation 
from sedimentation processes and core drilling recovery of thin ash beds limits the 
number of correlations. Complications for correlations arise also from the similar 
compositions of bentonites from closely in time successive eruptions from supposedly 
the same volcanic source. 
 
Study of the upper Wenlock and lower Ludlow bentonites clarified correlation of 
Estonian rocks with Wenlock/Ludlow boundary (Kiipli et al. 2011). In particular, the 
Kuusnõmme Bentonite from drill cores in Saaremaa Island from the upper part of the 
Viita Beds of the Rootsiküla Stage contains sanidine identical with the bentonite from 
the Ventspils core between distribution intervals of graptolites ludensis and nilssoni 
marking the Wenlock/Ludlow boundary. This correlation is significantly more precise 
than previous suggestions for the position of the boundary.  

Study of Lithuanian bentonites showed that in lower Homerian several bentonites 
correlate well with the Latvian and Estonian ones indicating that volcanoes in the 
collision zone between Baltica and Laurentia located relatively close to the East 
Baltic compared with previous periods when ashes did not reach Lithuania (Kiipli et 
al. 2014).  
 
Ordovician bentonites 
 
The data of Ordovician bentonites come mostly from Estonia (Kiipli 2001, 2002, 
2003, 2005, 2006b, 2008a, 2010). The first evidence of volcanic activity is known 
from the Kukruse Stage. Haljala Stage contains at least 20 bentonites; the best-studied 
dataset comes from the Soovälja-K1 core from the centre of the Kärdla impact crater. 
This crater forms a unique sedimentary environment separated from the surrounding 
shallow sea, where large number of bentonites are well preserved, while outside the 
crater most of the ash beds are strongly mixed with other sedimentary material. 
Sanidine suitable for proving the correlations is present only in a few bentonites in the 
uppermost part of the Haljala Stage. 

Bentonites higher in the Keila Stage (at least three layers in Estonian sections) 
contain little sanidine, are difficult to concentrate, but in some cases, when it was 
possible revealed discrete sanidine that can be used for correlations. Positive 
examples are the bentonites from the Taagepera core at the 481.8 and 481.2 m depths 
containing ca. 22 and 24 mol% of the Na+Ca component, correspondingly. 
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The well-known and widespread Kinnekulle Bentonite occurs at the lower boundary 
of the Keila Stage. Mostly in Estonia this bentonite can be easily recognised by its 
stratigraphic position and remarkable thickness reaching 70 cm on Hiiumaa Island. 
Using the sanidine method, the Kinnekulle Bentonite was proved also in the sections 
from South Estonia (Mehikoorma, Valga, Taagepera) where its thickness often 
decreases to less than 5 cm and biostratigraphic correlation is also difficult. 

Correlation of the Kinnekulle Bentonite by the sanidine composition was proved 
to Latvia (Kandava-25 core at the 924.4 m depth and Aizpute-41 core at the 1052.5 m 
depth) and Lithuania (Kurtuvenai-166 core at the 1080.2 m or 1092.7 m: gamma log 
depth and drilling depth).  

Aizpute-41 drill core contains abundant traces of volcanism in the depth interval 
between 1049.5 m and 1059.3 m, but the volcanic material is mixed with terrigenous 
material and only one ash bed forms relatively pure feldspathic tuff. In the 
argillaceous interbeds much of biotite can be observed and XRD analysis indicates 
presence of sanidine in the grain fraction. The Kinnekulle Bentonite is missing, but 
according to the sanidine composition (25.3 mol% Na+Ca component) correlative 
level is at the depth 1052.5 m. Upward in the section to the depth 1049.5 m biotite 
and sanidine can be found in five marl interbeds (sanidine contains 23–27 mol% 
Na+Ca component). Downward to the depth 1059.3 m 15 marl interbeds occur with 
sanidine (21–32 mol% of Na+Ca component and some with wide XRD reflection). 
All these layers occur in the Ordovician Adze Formation and correspond to the 
volcanism of the Sandbian age. Correlation with Estonian volcanic ashes of this age is 
uncertain (except with Kinnekulle Bentonite, Kiipli et al. 2009) as similar discrete 
sanidine XRD reflections in the Haljala Stage are not found in Estonia.  

From the Kurtuvenai-166 core in Lithuania 1–3 m below the Kinnekulle Bentonite 
two marl interbeds were found containing much of pyroclastic quartz and biotite, but 
no sanidine. Thus, in all three Baltic States the Sandbian age volcanic ashes are 
different and probably point to different volcanic sources. 
 
In the Pirgu Stage (upper Katian) five bentonites occur in the Estonian sections. One 
of these is relatively thick reaching 30 cm in South-West Estonia and Saaremaa; 
correlative beds are found in more than ten sections. Preservation conditions for 
volcanic ashes were variable at the Pirgu time, but mostly unfavourable causing 
sporadic occurrence of bentonites. From some sections (Põltsamaa-H39, Taagepera, 
Varbla) three ash beds have been found, from others only one or two; therefore the 
succession of all ash beds is not proved. Bentonites of the Pirgu Stage can be 
discriminated according to the sanidine composition (Kiipli et al. 2004), although the 
abundance of the authigenic feldspar often complicates separation of pyroclastic 
component. 
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Table 4. Sanidine data of upper Katian bentonites, Pirgu Regional Stage in 
Estonia. Succession of lower and upper bentonites is uncertain because bentonites 
occur in different sections. In the Aizpute section there are no Katian bentonites – 
volcanic phenocrysts including characteristic sanidine were separated from shaly 
interbeds.  
 

 Estonia, average data  Aizpute core, Latvia 
Bentonite 

No. 
No. of 

sections
(Na,Ca)mol% 

in sanidine 
biotite* depth,

m 
(Na,Ca)mol% 

in sanidine 
bIV(bIII) 2 45.2; 57** +   
bIII(bIV) 5 34.6 +   

bII 10 44.0 no 1011.0 43.9 
bI(b0) 6 38.2 + 1027.5 38.8 
b0(bI) 3 wide reflection ++   

 
* biotite +, some flakes; ++, rare 
** two sanidine phases occurred in Kuressaare-K3 core at depth 302.25 m. 
 
Area of applicability of the method 
 
In the Estonia–Latvia–Lithuania–Gotland region almost all bentonites contain 
Na-K-sanidine although it has often low crystallinity. 

Attempts to find sanidine in the Lower Palaeozoic bentonites from Bornholm 
(Denmark), Podolia (Ukraine), Oslo Region (Norway) and East Siberia (Russia) did 
not reveal positive results. Possible reasons are late-diagenetic elevated temperatures 
or chemically aggressive sedimentary-diagenetic environment causing destruction of 
primary pyroclastic material. 

Unique find of the association of sanidine with anorthoclase in phenocrysts of 
bentonite from Sunhill quarry (sample SHQ4 in Table 2), Wales, indicates that the 
sanidine method for correlation studies of Palaeozoic bentonites may have useful 
applications also in other regions worldwide. 
 
 

6. CONCLUSIONS 
 

1. Pyroclastic sanidine is well preserved in Ordovician and Silurian bentonites 
within the Estonia–Latvia–Lithuania–Gotland region indicating low 
diagenetic temperatures during the whole 460 Ma long geological history.  

2. Analysing of sanidine composition by XRD enables to correlate the 
bentonites. This new method of chemostratigraphy is simple and effective. 
High precision of the method is an important capability for discriminating 
eruption layers of quite similar compositions. 

3. Good preservation of sanidine in bentonites spreading through various natural 
palaeo-environments adds a new possibility for correlation, which was often 
difficult by using only traditional biostratigraphical methods. 
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4. Like all other methods, correlation by the sanidine composition has its 
limitations. Main restrictions rise from the limited extent (from hundreds to 
thousands kilometres) of the volcanic ash cloud distribution. Therefore at 
present the method can be applied regionally. Secondly, limitations rise from 
the original presence and later preservation of the sanidine. 

5. Integrated approach applying several correlation methods (sanidine 
composition, other phenocryst abundance and composition, bulk bentonite 
immobile elements, biostratigraphy, graphic correlation) leads to the most 
confident results of correlations. 

6. Using the sanidine method the correlation table of the Telychian bentonites in 
Estonia and Latvia with some correlations to Gotland was composed enabling 
exceptionally detailed comparison of sections.  

7. As a result, several significant refinements of stratigraphy were achieved at 
the level of the Aeronian/Telychian, Llandovery/Wenlock and 
Wenlock/Ludlow boundaries. 
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ABSTRACT 
 
Pyroclastic sanidine in the Lower Palaeozoic bentonites – a tool for regional 
geological correlations 
 
Around 800 samples of Ordovician and Silurian bentonites were studied by X-ray 
diffractometry (XRD) and X-ray fluorescence method. Major part of samples was 
collected from the Estonia–Latvia–Lithuania–Gotland (Sweden) region. In grain 
fractions separated from the clay-rich bentonites pyroclastic sanidine often occurs as 
one of the major components. Composition of the sanidine was analysed by the 
precise measurements of the 120  reflection. Content of (Na,Ca)Si3O8 in sanidine in 
different bentonites varies between 20 and 58 mol%. The composition of the sanidine 
is typical for a particular eruption and enables to prove the correlations between 
sections. In the best studied Telychian Stage over 20 well characterized correlative 
bentonites were established in Estonia and Latvia. Some correlations were extended 
also to Lithuania and Gotland. Correlation of bentonites enabled to trace changes of 
bentonite composition through different facies – from feldspathic tuffs in shallow 
water facies through illite smectite domination in transition zone to the kaolinite-rich 
bentonites in deep-sea environments. Accordingly, concentrations of immobile 
elements also change being the highest in deep-sea facies due to the highest residual 
enrichment. Several significant refinements of stratigraphy were achieved at the level 
of the Aeronian/Telychian, Llandovery/Wenlock and Wenlock/Ludlow boundaries. 
Applicability of the method is restricted to the bentonites where sanidine is present 
and by the regional distribution of bentonites. Currently, the method is successfully 
used in the East Baltic and Gotland. Sanidine was not found in bentonites from 
Bornholm, Oslo Region, Ukraine and Siberia. 
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KOKKUVÕTE 
 
Püroklastiline sanidiin Alam-Paleosoikumi bentoniitides – 
regionaalstratigraafia uus töövahend 
 
Röntgendifraktomeetria- (XRD) ja röntgenfluorestsentsmeetoditega uuriti ~800 
Ordoviitsiumi ja Siluri bentoniidiproovi. Põhiosa proovidest oli pärit Eesti–Läti–
Leedu–Gotlandi regioonist, kus bentoniidid sisaldavad püroklastilist sanidiini. 
Savikatest bentoniitidest separeeritud terafraktsioonis on püroklastiline sanidiin sageli 
üheks põhikomponentidest. Sanidiini koostis määrati XRD meetodil 120  refleksi 
asukoha täpse mõõtmisega. (Na,Ca)Si3O8 komponendi osa  erinevate bentoniitide 
sanidiinis varieerub 20–58 mol%, see on konkreetse vulkaanipurske iseloomulik 
tunnus ja annab võimaluse bentoniitide rööbistamiseks. Sanidiini analüüside baasil 
koostati Telychi bentoniitide tabel, mis sisaldab üle 20 usaldusväärse korrelatsiooni 
Eestist Lätisse, lisaks mõned ka Leetu ja Gotlandile. Bentoniitide korreleerimine 
võimaldas jälgida ühele vulkaanipurskele vastava kihi koostise muutumist läbi 
erinevate settefaatsieste – madalaveelisest päevakivitufist sügavaveelise 
kaoliniidirikkani, üleminekuvööndis domineerib illiit-smektiit. Bentoniitide koostise 
muutumisega kaasneb ka immobiilsete mikroelementide kontsentratsioonide 
suurenemine sügavaveelises faatsieses, mis on põhjustatud suuremast jääkrikastuse 
efektist seal. Bentoniitide abil saavutati olulisi täpsustusi läbilõigete korreleerimisel 
Aeronian/Telychian, Llandovery/Wenlock ja Wenlock/Ludlow piiride tasemel. 
Kirjeldatud meetodi kasutusvõimalused on siiski piiratud tuhapilvede regionaalse 
levikuga ja püroklastilise sanidiini olemasoluga bentoniitides. Seni on meetodit 
edukalt kasutatud Ida-Baltikumis ja Gotlandil. Sanidiini otsingud Bornholmi, Oslo 
piirkonna, Ukraina ja Siberi Ordoviitsiumi-Siluri bentoniitidest ei andnud positiivset 
tulemust.  
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PAPER II 

KIIPLI, T., KALLASTE, T. 2005. Characteristics of Ordovician volcanic ash beds. 
Põldvere, A. (Editor). Mehikoorma (421) drill core (27–30). Tallinn: Geological 
Survey of Estonia 
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PAPER III 

KALLASTE, T., KIIPLI, T. 2006. New correlations of Telychian (Silurian) 
bentonites in Estonia. Proceedings of the Estonian Academy of Sciences. Geology, 
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l3�LM\Mm̀]nf̀o\pqrs]Notu]rn]ov]_̀_qpt_wqf̀w\pnr\o\_tq\]_x̀qỳ _̀z]{nt_\ntpf\_q̀rx̀wpt_wf]pqr]n|�#�#�!"���'!��"#�&��$��' ��"�)"#�!�����!����� ��!��"��*,!#�$�!���"������@�1A�B�)���*���"���"����$��$$�"�
�#$���"�
5���"?
��$��"������$���"������(��������$!��"#�#�!"!#�$�!�+�(��������$!��"#�*��"���"�!���'��$���"�
�$$�"�1!���"�"�
�E)�$�! ����� ,��"��}�����$,!�!2��$����  ����.�"#"" ~��(�����$!����*�������������3!#�%�����!��$$,#��#���"��"!�)!�$ #����*��"���"�!����#����B2����J�3���!"���$!"���!���"������/�������$,



���������	�
���
���
��� �������������������� �!�"#$�%&"#�"��$�" "!'% $" (�$%���")� ��")�������&" $% $*+�$%�%�,"�&+ �&+��%�&" $+� " �-+'"�$./0�"!����&+$%1%02��3"�$��+�%�&" $+� �/��"!����&+$%1%02��4�+��%��%,�+$�" "!$�%'% $" �$%�%��%���" �� %!�"#$�%�-��$%�� %+$����%�&" &% $�+$�" ���&+��%�'-)%+$�%�� �"!�-��$%+ ��+�$�+��%#",+�"!�������� �����(&"�%'"5%����� �$�%�" ��$"�+�%$�#%60�-%+��!"�7��+�%08�+ �9�-%+��!"�$�%7% $�����:�&"�%;�<�����&" =�#%�'-$�%"&&���% &%"!>+�"��$%+ ��-���#�%?%&$�" �" @A:�+$$%� �!�"#�+#��%�)�$�$�%����%�$&" $% $"!��������<�%��"'+'�%�%+�" !"�$�%����%�&" $% $"!�-��$%� '% $" �$%�&"#�+�%�)�$��"�$��+�%���$�+$$�%�+���+&&�#��+$�" "!,"�&+ �&+��&�+ �%�$�%�%&+-"!"��+ �&#+$$%�!�"#"5�&" $�%�%+?""�$"�����+$%�%��&� �� $�%�%��#% $�B% $" �$%�� $�%7% $�����+ �7��+�%&"�%�+�%&�+�+&$%��C%�'-+�")6./��;D02&" $% $� ���"!$�%+ +�-�%��+#��%�+ �+����609/���;4�02�&" $% $� E�� "!$�%�+#��%��<�%+'� �+ &%"!F+"�� �$%+ �&" �%G�% $�-$�%�")(�"$+����#����(+��#� ��#$-�%"!+�$%�%�,"�&+ �&+��'%����$-��&+�"!H+�+%"C"�&�%%���%�!% ,��" #% $�� $�%I+�$B+�$�&6D������J���0��KL3� $��J���0��E;�<���&"#�"��$�" #%+ �$�+$� $����%�"�$)%!+,"����� �$�%$%�#M'% $" �$%N� �$%+�"!MD('% $" �$%N*$�%�+$$%�'%� �&�+�+&$%��C%�'-#�&�����%�6�/.0�;�"$+����#&" &% $�+$�" �6D������J���0��E
;�3���(+��#� ��#F+"�� �$%(��&�+�$%�%�,"�&+ �&+��'%��!"� �� &"+�!"�#+$�" �+�%&+��%�$" �$%� �6B"�"�O<����%�"� *.���;�P 1����%8'$�%&" $% $�"!4�02�+ �D02� $�%�$���%��+#��%�+�%�%&+�&��+$%�$"+�-��$%(!�%%&"#�"��$�" �<�%'+&F��"� ��"&F$-�%=%���" $�%&�+�$+�%&"#�"�%�+&&"��� �$"+ +�-$�&+��+$+� D������J���60��E
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PAPER VII 

KIIPLI, T., KALLASTE, T., NESTOR, V. 2012. Correlation of upper Llandovery–
lower Wenlock bentonites in the När (Gotland, Sweden) and Ventspils (Latvia) drill 
cores: role of volcanic ash clouds and shelf sea currents in determining areal 
distribution of bentonite. Estonian Journal of Earth Sciences, 61(4), 295–306. 
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