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INTRODUCTION 
 
 
In the sense of geological time, volcanic ash fallout is an „instantaneous“ 
event and can be used for precise regional correlation of sedimentary sections 
(Hageman and Sjelnaes 1955; Kolata and Frost 1987; Huff and Kolata 1989; 
Bergström et al. 1998; Emerson et al. 2004; Kiipli et al. 2006, 2008b, 2010b, 
2010c, 2011, 2012a, 2012b, 2014a; Inanli et al. 2009; Ray 2007; Ray et al. 
2011, 2013; Batchelor 2014b; Sell et al. 2015). The idea of using volcanic ash 
beds for correlations in stratigraphy was first proposed by Thorarinsson 
(1944). Over the succeeding decades, tephrochronology has intensively 
grown, forming an important branch of Quaternary science today (Wastegård 
and Davies 2009; Austin et al. 2014). Researchers studying volcanic ash beds 
(bentonites) for correlation in hundreds of millions of years old rocks, are 
faced with complicated challenges, since volcanic ash has considerably altered 
over time, appearing mostly as clay bands of various composition today. The 
composition of authigenic clay has lost most of its original signatures and, 
therefore, bulk composition cannot be used for identification of particular 
eruption layers. In the last decades of the 20th century (Potts 2003), 
developments in laboratory analytical techniques offered new possibilities for 
solving identification problems of altered volcanic ash. Today, micro-
analytical techniques allow to study compositions of well-preserved micro-
phenocrysts—apatite, biotite, sanidine and zircon (Batchelor and Clarkson 
1993; Batchelor 2014a, 2009; Sell and Samson 2011; Kallaste and Kiipli 
2006; Bauert et al. 2014). From the bulk composition of bentonites, only a 
restricted list of immobile elements can be used for constructing correlations 
(Zielinski 1985). 
Altered volcanic ash interbeds (bentonites) also carry information, which helps 
reconstruct tectonomagmatic environments in volcanic source areas (Huff et 
al. 1993, 2000, 2014; Batchelor and Evans 2000; Batchelor 2009; 
Hetherington et al. 2011, Kiipli et al. 2014b) and diagenetic environments of 
sedimentary rocks (Altaner et al. 1984; Kepežinskas 1994; Hints et al. 2006, 
2008; Somelar et al. 2010; Williams et al. 2013), as well as determine the 
direction to the volcanic source (Huff et al. 1992; Bergström et al. 1995; 
Torsvik and Rehnstöm 2003; Kiipli et al. 2013). Isotopic datings of well-
preserved phenocrysts in bentonites are used for refining the geological time 
scale (Bergström et al. 2008; Huff 2008; Cramer et al. 2012, 2015; Sell et al. 
2013; Svensen et al. 2015). 
In the Baltoscandian Region, Bergström et al. (1995) applied trace element 
geochemistry in combination with palaeontological data and thickness of the 
beds for correlation and named the thickest Ordovician bed the “Kinnekulle” 
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K-bentonite, which was studied more closely in papers III and IV. BII, Sinsen 
and Grötlingbo bentonites (Paper I and IV) are 30–90 cm thick bentonite 
layers, which allow to trace internal geochemical stratification and to compare 
bentonitic clay bands with terrigenous clays (Paper II). While in recent 
sediments, volcanic glass composition has been used for identification of 
particular eruption layers (Sarna-Wojcicki et al. 1987; Turney et al. 2008), in 
Palaeozoic rocks, all glass has been altered and only small ratios of immobile 
elements and well-preserved phenocryst crystals can be used for geological 
correlations. Since Al, Th, Nb, Zr, Cr and Ti are generally considered 
immobile during the conversion of volcanic ash into bentonitic clay 
(Winchester and Floyd 1977; Kiipli et al. 2008c, 2008d, 2013), ratios of these 
elements can be used for interpretation of source magma composition. This 
concept was challenged by the present study (Paper IV), where highly or 
slightly mobile elements Si, K, Mg, Rb, Ga and Y were used for tracing 
compositional changes that had occurred during the conversion of volcanic ash 
into bentonitic clay. Besides element mobility in diagenetic processes, change 
of source magma composition during long-lasting volcanic eruptions and 
fractionation of ash components in air transport and re-deposition in 
sedimentary basins can also influence the final bentonite composition. In 
addition, accumulation of volcanic ash from several eruptions into a single 
bentonite bed has been proposed to be a cause of compositional variability 
(Bergström et al. 1997). In bentonites, the result of all these processes occurs 
as internal compositional stratification, which complicates the identification 
and correlation of layers.  
The main aim of the present PhD study was deciphering the causes of within-
bed natural variability. Since, during the formation of the bentonite, 
geochemical processes occur inside the ash layer as well as between volcanic 
ash and the surrounding environment, the current study focused on describing 
the changes that took place during the diagenesis. Understanding these 
processes will form a solid foundation for further studies in the field of 
volcanic stratigraphy. 
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1. GEOLOGICAL BACKGROUND AND MATERIALS 
 
Ordovician and Silurian sedimentary rocks are exposed in North and Central 
Estonia and on the Baltic Sea islands belonging to Estonia, Sweden and 
Denmark (Paper III). In Scandinavia, Palaeozoic rocks can be found in several 
isolated areas, which have escaped post-Palaeozoic erosion. Ordovician and 
Silurian in subsurface extend in all the East Baltic countries and northern 
Poland and Belarus; they have also been established by drilling and seismic 
studies under the central and southern Baltic Sea. These rocks have deposited 
in stable platform (Baltica palaeocontinent) conditions and are represented by 
limestones and dolomites in shallow-shelf palaeo-environments and by shales 
and marlstones in deep-shelf settings (Raukas & Teedumäe 1997). In the Late 
Ordovician Sandbian time, the small continent of Avalonia approached Baltica 
(Cocks and Fortey 2009; Waldron et al. 2014) and brought an active volcanic 
zone close enough to supply Ordovician sediments on the Baltic Basin with 
volcanic ashes. In the Billegrav-2 core from Bornholm (Denmark), bentonites 
from 40 separate volcanic eruptions have been recognized in total (Paper III). 
Later, in the Ordovician Katian and the Silurian, Baltica and Avalonia 
approached Laurentia (today`s North America) and the convergence of these 
continents resulted in intensive volcanism, which, once again, sent volcanic 
ash from a large number of eruptions to the sediments in the Baltic Basin (Fig. 
1). Bentonites from altogether 150 volcanic eruptions have been established in 
the East Baltic Silurian (Kiipli et al. 2013). 
 

 
 
Fig. 1. Palaeogeography of the Late Ordovician (Katian) time. Modified from 
Huff et al. (2014). Volcanic ash cloud according to Kiipli et al. (2015). 
 



10 

Thick bentonite beds and host rocks were sampled from four drill cores 
located in Estonia, Sweden and Denmark (Fig. 2): 

1. The Grötlingbo Bentonite (Paper I) was sampled from the Hunninge-1 
core (Gotland, Sweden) and includes the topmost Slite Marl through 
the Fröjel, Halla and basal Klinteberg formations, Upper-Homerian 
(Calner et al. 2006). The Grötlingbo Bentonite was divided into eight 
samples, spaced by 5 cm and weighing 15–20 g each. Two additional 
samples were taken as reference at 0.1 and 0.5 m below and above the 
bentonite, respectively. The underlying and overlying rocks are 
micritic limestones with sparse coated grains (Fig. 2). 

2. The study material for Paper IV was collected from the Kuressaare (K-
3) drill core, Saaremaa Island (Estonia), where the Kinnekulle 
Bentonite marking the boundary of the Haljala and Keila stages is 40 
cm thick and BII in the middle of the Pirgu Stage is 30 cm thick. Host 
rocks of the Kinnekulle Bentonite are limestones and of the BII 
Bentonite argillaceous marlstones. Based on the facies framework of 
the Baltic Palaeobasin, the Ordovician sedimentary section of the 
Kuressaare (K-3) drill core belongs to the transition zone between 
proximal shallow and deeper shelf-sea areas (Põlma, 1967). During 
sampling, both bentonites were divided into eight equal parts, BII 
samples being 3.75 cm and Kinnekulle samples 5 cm thick. The 
amount of study material was about 15–20 g per sample. Host rock 
samples were taken for comparison at 5 cm and 30 cm below, 5 cm and 
15 cm above the Kinnekulle Bentonite, and 3 cm, 10 cm and 20 cm 
below and above the BII Bentonite layer. 

3. For Paper III, 76 geochemical samples from the c. 12 m thick Sandbian 
part of the Billegrav-2 drill core (Bornholm, Denmark) were collected 
(Schovsbo et al. 2011). The Sandbian strata lie unconformably on the 
thin Komstad Limestone (basal Dapingian) and are, in turn, overlain by 
grey and black shales of the Katian Age; these strata are assigned to 
the Dicellograptus Shale. A conspicuous feature of the Sandbian 
Section is that c. 50% of the section is formed by volcanogenic 
sediment altered into clay, i.e. bentonite. The other half of the section 
is formed by grey, often silicified shale. In addition, the bentonites 
contain much chert. The section includes two thick (80 and 90 cm) 
bentonite layers and thick intervals, where bentonite material 
predominates, separated only by thin terrigenous mudstone interbeds. 
The aim of the Paper III was to demonstrate the possibilities and 
problems of geochemical identification of individual volcanic eruption 
layers and to identify the Kinnekulle Bentonite in the Billegrav-2 drill 
core section on Bornholm. 
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4. The majority of samples in Paper II were taken from the Laeva-13 drill 
core. The samples cover the upper part of the Middle–Ordovician 
(from the Volkhov Stage) to Silurian (Juuru Stage). The samples from 
host rocks were used for comparison with bentonites. 
 
Figs. 2 and 3 show the lithology, stratigraphy and location of samples. 

 

 
Fig. 2. Location of the studied drill core sections. 
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2. METHODS 
 
Major chemical components and trace elements were determined by the XRF 
method using a Bruker S4 Pioneer spectrometer. The X-ray tube with Rh-
anode and the maximum working power of 3 kW was used. Eight grams of 
fine powder (grains not larger than 50 µm) of samples was mixed with eight 
drops of 5% Mowiol solution in distilled water, and pressed. The pellets were 
dried for 2 hours at 105o C. The samples were then measured and preliminary 
results calculated by using the manufacturer`s standard methods MultiRes and 
GeoQuant. More than ten international and in-house reference materials were 
used to refine the analytical results. 
Grain material for x-ray diffractometry (XRD) and microanalyses (EDXRF) 
was separated, using the following procedure: about two grams of bentonite 
samples were dispersed ultrasonically during two minutes in 50 ml of 0.1% 
Na-pyrophosphate solution. The remaining Na-pyrophosphate suspension was 
slowly poured away. The pouring process was done carefully so as not to lose 
the separated grains. The procedure was repeated. Next, 25ml of 1:4 HCl 
solution was added to the separated grain material for dissolving carbonate 
minerals, and the matter was treated with ultrasound until the acid solution 
became warm and started to evaporate slightly; the process took about 3 
minutes. According to our experience, this procedure extracts most grains 
larger than 0.04 mm from the bentonite sample. 
XRD measurements of bulk sample and grain fraction were performed on a D-
8 Advance instrument from Bruker AXS, using Fe-filtered Co radiation. 
TOPAS and EVA software and Microsoft Excel were used to analyse the 
measured diffraction patterns. As an exception, XRD measurements for Paper 
I were performed by HZG-4 diffractometer (Freiberger Präzisionmechanik, 
1985). 
Microanalyses of grains were done using an energy-dispersive X-ray 
instrument, connected to scanning electron microscope, under low vacuum (30 
Pa) conditions. The electron beam was generated at 20 kV and 650 pA. The 
basaltic glass BBM-1G, distributed by the International Association of 
Geoanalysts, was measured together with the studied grains and used as a 
reference. On the basis of these measurements, Al, Si and Fe concentrations 
were corrected linearly by a few percent of the concentration. According to 
repetitive measurements by BBM-1G, the precision of measurements was 
better than 0.4%. 
Grain size analyses were made by the laser scattering particle size distribution 
analyser LA-950V2 of Horiba Ltd (Japan). 
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Fig. 3. Stratigraphic position of the studied bentonites.  
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3. RESULTS 
 
3.1 X-ray diffractometry (XRD) 
 
Among the Grötlingbo Bentonite samples, a broad reflection at 11.2–11.5Å 
indicated illite–smectite as the main mineral component in all the samples 
(Fig.4).  
 

 
  

Fig. 4. XRD patterns of the original/untreated samples from the Grötlingbo, 
Kinnekulle-K3, Kinnekulle-Blg2 and BII bentonites. The BII Bentonite 
revealed stronger reflections of corrensite and dolomite; the Kinnekulle 
Bentonite in the middle samples—biotite, quartz and calcite; the Grötlingbo 
Bentonite—quartz, biotite, kaolinite and much less intensive dolomite.  
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Kaolinite and biotite reflections were the strongest in the lowermost sample 
(GB1) and decreased upwards. Samples GB3–GB6, in the middle of the 
bentonite bed, were characterised by weak kaolinite and biotite reflections. 
Biotite was almost absent in the two uppermost samples (GB7 and GB8), but 
the kaolinite reappeared in the uppermost sample (GB8). Starting from sample 
GB4, a small portion of quartz appeared, increasing upwards. From sample 
GB5 upwards, minor portions of dolomite were detected. The uppermost 
sample (GB8) contained some calcite. 
 
Three out of four host rock samples of the Grötlingbo Bentonite revealed 
calcite and quartz reflections with much less intensive dolomite. Only at the 
depth of 250 cm below, at the base of the bentonite, dolomite reflection was 
almost as strong as that of calcite, suggesting the presence of a significant 
portion of the mineral. 
 
Main minerals detected throughout the Pirgu (BII) Bentonite layer were illite-
smectite, chlorite-smectite and K-feldspar, plus quartz and dolomite (Fig.4). 
From those minerals, chlorite-smectite (corrensite) is only known from 
bentonites of the Pirgu Stage in Estonia (Hints et al. 2006, Kiipli et al. 2015). 
Lower samples of the BII Bentonite with their minor amounts of calcite and 
pyrite were mineralogically quite similar to sample 1. Starting from sample 3, 
small portions of quartz and dolomite appeared, and the amount of these 
phases consistently increased towards the upper boundary of the bentonite 
layer. In the upper part of the bentonite (samples 7 and 8), traces of calcite 
were observed again. The content of illitic layers in the illite-smectite of 
bentonites of the Pirgu Stage in the East Baltic has been previously reported to 
vary between 71 and 74% (Hints et al. 2006). 
Lower host rock of the BII Bentonite was mostly composed of calcite and 
dolomite, with smaller amounts of quartz, illite, K-feldspar, chlorite and traces 
of pyrite. The host rock just above the bentonite was composed mainly of 
calcite, but there were also traces of K-feldspar, quartz and dolomite. Ten 
centimetres above the bentonite, the dolomitization and quartz component 
increased; however, this sample was still highly calcitic. The trend continued 
up to 20 cm above the bentonite layer, whereafter the rock composition 
gradually became similar to the rock below the bentonite. In the transition 
zone, similarly to bentonites, the clay fraction of the host rocks of the Pirgu 
Stage also contained abundant chlorite-smectite (Paper II). 
 
 
The mineral composition of the Kinnekulle Bentonite has been previously 
studied in the Pääsküla exposure, northern Estonia (Hints et al. 1997), where 
mineral assemblage of the bentonite was reported to be composed of 
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potassium feldspar and illite-smectite. The same minerals in the Kinnekulle 
Bentonite occur over the entire northern and central region of Estonia (Kiipli 
et al. 2007) and the content of illitic layers in illite-smectite in the East Baltic 
area varies between 71 and 87%. 
In the Kinnekulle Bentonite from the K-3 drill core, illite-smectite occurs as 
the predominant mineral phase with its highest concentrations in the middle of 
the bentonite layer. K-feldspar content is lower than in North-Estonian 
settings, but similarly to those sections, the content reaches its maximum at the 
upper and lower boundaries of the layer (samples 1, 2 and 8). 
 
Bentonites in the Billegrav-2 section were predominantly formed of highly 
illitic illite-smectite with broad XRD reflection at 10.4 Å. Differently from the 
East Baltic and Gotland, bentonites contained chlorite and albite as important 
minor minerals. Frequently, the abundant finely disperged authigenic quartz 
formed a significant portion of bentonites and host rock. Bentonites and host 
rocks in the Billegrav-2 contained plenty of thin Mn-rich calcite veins, 
indicated by the shift in the 104 calcite XRD reflection. 
 
 
3.2 Phenocrysts 
 
Among the studied 113 grains of magmatic phenocrysts in the Grötlingbo 
Bentonite, 42% were biotites and 42% kaolinised feldspars. Minor 
phenocrysts were quartz (5%), Ti-oxides (4%), zircon (4%) and apatite (3%). 
Biotite in the Grötlingbo Bentonite was rich in Mg. The Kinnekulle Bentonite 
contained iron-rich biotites. In BII, biotite was absent. In the Grötlingbo 
Bentonite, biotite was kaolinised, especially in lower and upper samples. 
Content of biotite in both the Grötlingbo and Kinnekulle bentonites decreased 
upwards, but its composition was stable throughout the section. In bentonites 
from the Billegrav-2 section, biotites were strongly chloritized, as evidenced 
by the expansion of biotite flakes observed under the microscope and the 
chlorite peak on bulk XRD patterns. 
According to XRD analysis, K-Na-Ca sanidine composition was constant 
throughout bentonite sections, averaging at 25.2±0.6 mol% of (Na,Ca)AlSi3O8 
in the Kinnekulle Bentonite, 43.8±0.4 mol% in the BII bed and 18 mol% in 
the Grötlingbo Bentonite. As previous studies in our laboratory have shown, 
sanidine phenocrysts are absent in bentonites from Bornholm exposures 
(Toivo Kallaste, personal communication), which is why they were not studied 
in the Billegrav-2 section. 
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3.3 Sedigraph 
 
Grain size of bentonite was analysed in Paper I and silicate matter of 
carbonate rocks in Paper II. Both results showed a bimodal distribution of 
grain size (Fig. 5). Most frequent clay particles in bentonites were 0.12 μm 
and in carbonate clays 0.28 μm in diameter. Smaller-frequency peaks in 
bentonites also occurred at 0.28 μm. Silty material in bentonites had 
predominantly smaller grain size than in carbonate rocks with peaks at 3.9 and 
5.5 μm, correspondingly. In contrast, concentration of larger grains of over 30 
μm was higher in bentonite. In the Grötlingbo Bentonite, the grain size in 
samples GB1 to GB5 decreased upwards. The content of grains larger than 40 
μm decreased upwards throughout the bentonite layer. In carbonate rocks of 
the Laeva Section, silicate material was formed mostly of clay and silt, only in 
Oandu, Pirgu and Porkuni stages some sandy material occurred. The 
concentration of clay particles in the silicate material of carbonate rocks varied 
between 22 and 77 % (Fig. 5). 
 

 
 
Fig. 5. Comparison of average grain size in bentonites and silicate part of 
carbonate rocks. 
 
 
3.4 X-ray fluorescence (XRF) 
 
In Fig. 6, bentonite compositions were compared with compositions of clay 
from carbonate rocks. Ti- and Al-graphs showed a clear discrepancy between 
clay and bentonite samples. Titanium content in bentonite samples never 
exceeded 0.6%, but in clay samples its concentration began at 0.6% and 
increased, giving a positive correlation with Al. Besides titanium, the most 
effective elements in discriminating bentonites from host rocks were Fe, Cr, 
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Ni, Cu and V. The amounts of the elements in bentonites were significantly 
lower than in the silicate part of the host rock. Titanium as an immobile 
element should have remained constant throughout the bentonite layer. In 
reality, its concentration increased in the upper part of the Kinnekulle-K3 
Bentonite, which could be explained by a calcareous terrigenous admixture. 
Because of the process, CaO and Cr values also grew (Paper IV). The 
elements indicated a terrigenous admixture in bentonites. In the Grötlingbo 
Bentonite and BII bentonites, a rise in the concentration of the elements was 
observed (Fig. 7). The admixture of calcareous terrigenous material in the BII 
Bentonite started already in the middle of the bentonite layer, together with a 
noticeable rise in titanium content. The bottommost samples of the Grötlingbo 
Bentonite had 1.5–2 times less titanium than the rest, and the chromium 
content was the lowest in the first three samples, which implies that the 
lowermost part of the bentonite in its composition was the closest to that of the 
inital magma. The Kinnekulle Bentonite revealed homogenous concentration 
of the elements; terrigenous admixture could be noticed only in the uppermost 
sample. For discrimination of particular bentonite layers, immobile elements 
Zr, Nb, Th and Ti are useful. The BII Bentonite was remarkably different from 
others because of its high content of MgO (between 9 and 13%), in the 
Kinnekulle and Grötlingbo bentonites, MgO ranges only between 4–5%. 
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Fig. 6. Comparison of element concentrations in bentonites and in clays of 

carbonate rocks. X-axis represents Al2O3 content in all graphs. 
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Element concentrations throughout the thick bentonite layers varied 

significantly (Fig. 7). For example, the content of the most important major 

component, SiO2, varied from 35% in the upper part of the BII Bentonite to 

more than 70% in the upper part of the Kinnekulle Bentonite. The amounts of 

other major and trace elements differed as well (see Discussion). 

  

 
 

Fig. 7. Geochemical profiles through thick bentonite layers. X-axis represents 

samples in bentonite beds (No 1 designates the bottommost sample). 
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4. DISCUSSION 
 
4.1 Comparison of bentonites and clays from carbonate rock sections 
 
Depending on diagenetic conditions, major components—SiO2, K2O and 
MgO—can discriminate bentonite from clay in a particular case, but not in 
general (Fig. 6). The same is true for immobile trace elements Nb and Zr. The 
most universal discriminators are usually Cr and TiO2, due to the evolved 
nature of most source magmas of bentonites that determine the predominating 
low concentrations of these elements. In contrast, terrigenous clays are 
generated from the average material of all rocks in the weathering areas, 
characterized by remarkably higher content of Cr and TiO2. Rb concentrations 
also help discriminate bentonites from clays quite well, but the reason for it is 
less clear. All bentonites show a good correlation in Rb and Al2O3 contents, 
while clays show the highest Rb and Al2O3 concentrations. In general, Rb 
concentrations are relatively high in evolved magmatic rocks and lower in the 
average rock material (Turekian and Wedepohl 1961). This, however, is in 
contradiction with our observations. Evidently, Rb concentrations are not 
determined by the source material, but by the environmental conditions of clay 
formation and diagenesis. 
 
Hydrodynamics, which has removed the finest matter from terrigenous clay 
materials to more distal areas, is lacking in bentonites and could have caused 
the relative abundance of extremely fine-grained clay material in bentonites. 
Comparable shift in size of fine silt in the clastic material could have been 
caused by similar reasons and account for the presence of authigenic silicate 
component in bentonites. Frequent occurrence of fine sand-size material in 
bentonites is caused by the pyroclastic component. Clay in terrigenous 
material is composed of illite and minor chlorite (Paper II), rarely of 
corrensite. In silt fractions, quartz, muscovite, orthoclase, microcline and 
albite predominate (Kiipli et al. 2008a). The mineralogical nature of different 
grain fractions in bentonites needs to be investigated further. 
 
 
4.2 Diagenetic alteration 
 
While in evolved source magmas SiO2 contents are high (e.g., between 60 and 
80%), in bentonites the concentrations are typically significantly lower (e.g., 
between 40 and 60%), indicating dissolution and removal of silica during 
transformation of volcanic ash into authigenic minerals. For the Kinnekulle 
Bentonite, the source magma composition has been determined from glass 
inclusions in quartz phenocrysts (Huff et al. 1996). These analyses showed 
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approximately 78% of SiO2 and 13% of Al2O3. In K-3, SiO2 contents are 
much lower—around 55%. Accumulation of authigenic chert below (less 
frequently above) thick ash beds (Grim and Güven 1978) could indicate export 
of SiO2 from the ash beds. In our case, unusually high SiO2 contents reaching 
80% (Fig. 7) in the silicate part of the host rock, below the Kinnekulle 
Bentonite, most likely point to silica leaching from the bentonite (Paper IV). 
The absence of elevated SiO2 contents above the BII Bentonite suggests that 
either (1) early release of silica was mostly completed before the deposition of 
layers above, or (2) the system was opened enough to support effective 
migration of dissolved silica. In accordance with this discussion, thick 
Kinnekulle and Sinsen bentonites in the Billegrav-2 core have significantly 
elevated contents of SiO2. Thick volcanic ash deposits clearly retarded the 
removal of silica, which was accumulated as authigenic chert in bentonites and 
host sediments.  
 
Among other major components, Na2O, so common in source magmas, has 
almost completely been dissolved and removed; only small amounts of it have 
preserved within sanidine phenocrysts in all bentonites.  
The rest of the less soluble residual material has been altered into clay 
minerals and authigenic potassium feldspar. During authigenic mineral 
formation, the ash could also have assimilated some elements from the 
surrounding environment, whereas the set of assimilated elements could be 
different, depending on the environment. Most remarkable is the incorporation 
of Mg during the alteration process of primary ash of the BII Bentonite. Mg is 
low in the evolved source magmas (for example, 0.07% in source magma of 
the Kinnekulle ash, Huff et al. 1996), i.e., the observed 11–12% of MgO in the 
BII Bentonite and 5% in the Kinnekulle Bentonite should be predominantly of 
authigenic origin. Hints et al. (2006) explained the formation of high-Mg 
chlorite-smectite-rich bentonites under the influence of saline evaporitic 
waters from sabkhas of the Pirgu Age. Although hypersaline sediments of the 
Pirgu Age are unknown in Estonia, sedimentary diagenetic dolomites occur in 
directly younger Hirnantian sediments. So it is possible that the initially 
lagoonal environments existed also at the Pirgu Age and the primary 
sediments have been eroded later. Outflow of lagoonal waters along the sea-
bottom to the open sea of the transition zone can explain the partial 
dolomitization of host rocks of the Pirgu Age and account for the occurrence 
of chlorite-smectite in host rocks (Paper II). Fortey and Cocks (2005), who 
showed, based on the movement of tropical fauna to lower latitudes, a global 
warming in Katian, support higher temperature at the Pirgu time, possibly 
favouring development of evaporitic settings. In contrast, limestones around 
the Kinnekulle Bentonite are believed to have deposited in cold water 
conditions, since at the time the Baltica plate was located in intermediate 
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latitudes of the southern hemisphere (Torsvik & Rehnström 2003). Deposited 
under normal marine conditions, the ash of Kinnekulle Bentonite was mostly 
converted to illite-smectite during alteration, the illitization process has likely 
been controlled by external K-flux (Somelar et al. 2010). 
Similarly to illite-smectite, the formation of authigenic K-feldspar in 
bentonites needs an external source of K. High potassium contents reaching 
10% at the margins of the Kinnekulle Bentonite could not have been supplied 
by volcanic ash, whose initial K2O content was only 4% (Huff et al. 1996). In 
other sections, K2O contents can exceed 15% (Kiipli et al. 2007). A number of 
hypotheses have been put forward to explain the formation of K-feldspar and 
the incorporation of additional potassium into bentonites. Kiipli et al. (2007) 
proposed that high pH in shallow-sea environments enables incorporation of 
cations from seawater, favouring the formation of feldspars instead of clay 
minerals. Hints et al. (2008b) suggested that authigenic feldspar in Estonian 
bentonites might be product of recrystallization of early diagenetic metastable 
zeolites, formed due to interaction of ash and the juxtaposed highly alkaline 
calcareous muds. Somelar et al. (2010) concluded that regional saline fluids 
flowing into sedimentary rocks significantly after the deposition time caused a 
significant influx of potassium controlling illitization of smectite in the Early 
Silurian bentonites.   
However, late diagenetic formation of K-feldspar (or its precursor phase) in 
bentonites is somewhat problematic, since in the studied sections, bentonites 
of different composition alternate closely. For example, in the Kuressaare drill 
core, bentonite at 368.7 m is composed of illite-smectite with K-feldspar 
addition at its margins, at 314.4 m—chlorite-smectite with illite-smectite 
(present study), at 215.7 m—7 cm of pure K-feldspar, at 214 m to 158 m—16 
thin bentonite layers consisting of illite-smectite, including a K-feldspar layer 
at 184.8 m (Kallaste et al. 2006, Kiipli et al. 2006). At Põõsaspea exposure 
(North-West Estonia), in the upper part of the Kinnekulle Bentonite, Hints et 
al. (2008a) found a layer of sedimentary breccia, where angular grains consist 
of pure K-feldspar while the fine-grained mass of breccia contains terrigenous 
clay and carbonates. This lithology indicates that the hardened layer in the 
upper part of the bentonite had already formed before a storm event brecciated 
it, strongly supporting the early start of recrystallization of primary ash. 
Considering Al2O3 (13% in source magma and 20% in bentonite) immobile 
during the conversion of volcanic ash into clay and feldspar, it is evident that, 
compared with source magma, concentrations of immobile elements in the 
Kinnekulle Bentonite have increased by factor of 1.5. According to our 
previous analyses on the East Baltic materials, Ti, Zr, Th and Nb have been 
considered immobile (Kiipli et al. 2008d, 2013). The present data from the BII 
Bentonite, where maximum Nb content directly below the bentonite exceeds 
significantly the common values in silicate parts of the host rock, indicate 
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small-scale mobility of this element during the conversion of volcanic ash 
(Paper IV). Although small-scale mobility to the distance of a few centimetres 
does not exclude the use of Nb in source magma interpretation, researchers 
should still be wary when using this element in particular cases. In the samples 
of the Kinnekulle Bentonite, for example, the ratio of Nb/Y, commonly used 
for discriminating magma series (Winchester & Floyd 1977) was found to 
vary from 0.4 to 0.9. This considerable variation depends largely on the 
irregular distribution of Y, the content of which in beds was likely controlled 
by combined factors, such as input of pyroclastic apatite and leaching of the 
element near the upper contact of the ash bed. 
 
 
4.3 Multiple- versus single-eruption hypothesis for determining the source 
of bentonite-forming material 
 
To explain the origin of some of the major Early Palaeozoic bentonites, the 
multiple-eruption hypothesis has been put forward (Huff et al. 2010). 
Nevertheless, in all the studied bentonites, the composition of primary 
magmatic phenocrysts was found to be stable in their vertical sections, as 
evidenced by the high-precision XRD data on volcanic sanidine. Furthermore, 
good correspondence between XRD and EDXRF data exists in sanidine’s 
compositional data. Also Mg/(Mg+Fe) atom ratio in biotite in the Kinnekulle 
Bentonite was found to be stable. The observed stability of composition of 
primary phenocrysts proves that most likely, the original magmatic material 
for all the studied bentonites originates from a single source.  
 
On the other hand, notable grain size difference of pyroclastic minerals was 
documented across the section of the Kinnekulle Bentonite. As a rule, larger 
grain material from volcanic ash clouds falls first and, consequently, the lower 
part of the bentonite should contain larger grains than the upper part. 
However, while grain size in the Grötlingbo and BII bentonites perfectly 
follows this rule, in the Kinnekulle Bentonite, the maximum primary grain 
size was found only in the second and third sample from below. This could be 
indicative of a relatively long duration of the Kinnekulle eruption. Deposition 
of larger grains in the middle of the eruption could be caused by a temporary 
rise in the power of the eruption, or by a change in the wind direction. The BII 
Bentonite, whose pyroclastic grain distribution shows no obvious signatures of 
primary volcanogenic or air-transport-induced heterogeneity, probably 
originated from the eruption of a shorter duration. The recorded immobile 
trace element distribution patterns in the studied sections do not contradict the 
concept of bentonites originating from a single eruption. However, variations 
in the content of some minor elements (e.g., Zr, Rb, P2O5) in the Kinnekulle 
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bed could reflect notable variations in the input of pyroclastic minerals during 
sedimentation. 
 
 
4.4 Role of mixing of material during transport and emplacement 
 
In the Grötlingbo and Pirgu (BII) bentonites, Zr content is the highest in 
samples from lower layers, decreasing upwards. The trend cannot be explained 
by redeposition; it rather points to the fractionation of the material during air-
transport. It is likely that phenocrysts (e.g., zircon) that are heavier and larger 
than vitric particles deposited faster and accumulated in the lower part of the 
ash bed. In case of the Kinnekulle and Sinsen bentonites, the heterogeneity of 
the primary ash layer is signalled by somewhat irregular distribution of Zr 
across the section, with its highest concentrations in the middle of the section.  
Ash deposition in shallow-water marine settings could have been accompanied 
by considerable redeposition and mixing of primary ash with regular marine 
sediments. In the Kinnekulle Bentonite, terrigenous and calcareous admixture 
is noticeable only in the uppermost sample, as evidenced by the slightly 
elevated values of CaO and Cr.  
In case of the BII Bentonite, however, the data suggest that the upper part of 
the bentonite layer was likely mixed with marine calcareous mud and 
terrigenous material. Based on the absence of carbonate material and low 
contents of Ti, Cr and V, the lower 3–4 samples represent pure bentonite. 
Beginning with sample 4, the admixture of terrigenous and carbonate 
sedimentary material increases upwards, as can be seen from the growing 
contents of dolomite in bulk samples (Fig.4) and rise in Ti, Cr and V 
concentrations.  Thus, geochemical trends indicate that the full section of the 
primary ash layer of the BII Bentonite was formed in combination of two 
physical processes: (1) direct fall-out of the ash from the atmosphere; (2) 
reworking and re-deposition of the ash during transport from shallow to 
deeper marine environments. 
Similarly to the BII Bentonite, the upper part of the Grötlingbo Bentonite is 
also redeposited and contains much terrigenous and carbonate material. Heavy 
zircon crystals accumulated in the lower part of the Grötlingbo Bentonite, 
expressing higher Zr concentrations (Fig. 7). 
 
 
4.5 Environmental effects of ashfalls and interaction of the ash–water–
sediment system 
 
Some previous works have reported a remarkable decrease in diversity of 
marine life after the deposition of the thick Kinnekulle Bentonite (Hints et al. 
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2003, Vincent et al. 2012), and interpreted those variations as consequences of 
environmental perturbations caused by volcanic eruptions. The geochemical 
signatures recorded in bentonites and their host rocks during the current study 
demonstrate that both large ashfalls, but more notably that of the Kinnekulle 
ashfall, triggered environmental changes in marine settings where they 
deposited. The direct effect of the ashfall can be read from the peaks of 
sulphur below and above the Kinnekulle Bentonite. Sulphur fixation in 
sediments occurs when decay of organic material proceeds in an anoxic 
environment via microbial sulphate reduction. In the lower contact of primary 
ash layer, life forms on the sea-bottom likely died after being abruptly buried 
under the ash layer, which initially could have been as much as a metre thick, 
thus promoting development of anoxia below beds. Additionally, water-
soluble ash leachates could have provided an extra source of sulphate for 
sulphate reduction near the freshly deposited ash layer. It is also possible that 
ashfall was accompanied by toxification of the water column, which, in turn, 
caused mass mortality. Dead organic matter, due to its better flotation 
properties, could have deposited to the seafloor slower than volcanic dust. 
Consequently, it could have accumulated in the upper layers of the ash bed, 
thus explaining sulphur accumulation in the upper layer of the bentonite. 
Alternatively, ashfall could have triggered the increase of primary production 
through fertilizing the water column with essential macro- and micronutrients 
(e.g., Duggen et al. 2010). The resultant rise in the flux of organic matter to 
the shallow sea-bottom could have promoted quick consumption of free 
oxygen and sulphate reduction.  
The absence of sulphur peaks at the margins of the BII Bentonite could have 
been caused by shorter duration of the eruption and a smaller amount of ash 
reaching the sedimentation area. Violet patches in the host rock are also 
indicative of an environment with better oxygenated sediments and probably 
with lower bioproductivity during the deposition of the BII. Lower sulphur 
values in the bentonite of the Pirgu Stage could also reflect suppressed 
microbial sulphate reduction in a marine environment of increased salinity. 
An outstanding feature in case of both studied bentonites in the Kuressaare 
Section is finding P and Ca peaks in the host rock directly above the bentonite. 
This effect is greater above the thicker Kinnekulle Bentonite and less 
significant above the thinner BII bentonite. Note that in the Kinnekulle bed, 
just below the Ca- and P-rich host rock, the previously discussed sulphur peak 
occurs as well. The increased productivity after the ashfall, bottom oxygen 
deficit, enhanced sulphate reduction and increased alkalinity near the 
sediment–water interface could possibly all have favoured the precipitation of 
calcium carbonate from the dissolved Ca-hydrocarbonate. The enrichment of 
P, which is the fundamental limiting nutrient for marine life (Filippelli 2002, 
Kiipli et al. 2010a), is more controversial. Phosphorus is mostly remineralized 
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as organic matter breaks down and is deposited on to the sea-bottom, and most 
of it will be externally recycled in shallow marine environments. Studies of 
modern volcanic ashes indicate that some ashfalls might provide a 
considerable extra source of phosphorus for marine environments through 
rapid release of the element from the ash (Jones and Gislason, 2008). The 
recorded P2O5 values in the Kinnekulle and BII bentonites are rather low; 
however, it does not exclude the possibility that some of the phosphorus was 
released during the very early stages of ash transformation. Enrichment of P 
above the studied bentonites could have been induced either (1) by release of 
P during anoxic breakdown of organic matter under the increased flux of 
organic matter to the sea-bottom, or (2) by possible desorption of phosphorous 
species or leaching of phosphorus from ash particles, and fixation thereafter in 
the alkaline mud above the ash beds. 
 
 
4.6 Discrimination of bentonites from different eruptions 
 
Immobile and low-mobility elements, for example Al, Ti, Ga, Nb, Th, Y and 
Zr can be used for discriminating bentonites. X–Y graphs (Fig. 6 and 8) 
conclude that, in composition, the Kinnekulle and Sinsen bentonites are very 
similar. In all likelihood, the source of both eruptions was the same volcano. 
As the two bentonites are separated from one another by 20 cm of host rock, 
the aforementioned eruptions definitely occurred some time apart. Due to the 
various diagenetic changes (removal of SiO2, Na2O and incorporation of MgO 
and K2O), the best way to use immobile elements for identification of 
bentonites is to apply ratios of immobile elements (Kiipli et al. 2013, Paper 
III). Therefore, I used immobile element/Al2O3 ratios to discriminate different 
eruptions (Fig.8).  
 

 
Fig. 8. Nb and Th ratios to Al2O3 discriminate different eruptions. A – 
Kinnekulle K-3, B – Kinnekulle Bgl-2, C – Sinsen, D – BII, E - Grötlingbo 
 
Nb and Th ratios to Al2O3 show that the Kinnekulles and Sinsen bentonites 
clearly differ from the BII and Grötlingbo bentonites. The number of 
bentonites of the Ordovician Grefsen Series clearly differs from that of other 
Ordovician bentonites by their high Zr contents (Batchelor 2014a, Paper III). 
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Since bentonites from repetitive eruptions from the same volcanic source 
exhibit quite similar compositions, in addition to ratios of immobile elements, 
other methods such as analyses of well-preserved phenocrysts must be 
applied, in order to obtain reliable results. 
 

5. CONCLUSIONS 
 

1. Most likely, all the studied thick bentonites formed from a single 
volcanic eruption, as the stability of composition of phenocrysts 
through the entire section of the bentonite confirms. Sanidine 
phenocryst compositions that have been used in many previous 
studies for proving the correlations of volcanic ash beds, remain 
stable throughout the vertical section and are therefore a good 
discrimination criterion. Phenocrysts from the redeposited parts of 
bentonites can also be used for correlation. With the advanced 
XRD technologies, sanidine composition can be analysed quite 
precisely (±0.5 mol%). In the Grimstrop Bentonite (Paper III), the 
interval between 87.25 and 87.82 m in the Billegrav-2 core thin 
shale interbeds indicate that this thick bentonite formed from 
several volcanic eruptions. 

2. The Kinnekulle Bentonite, one of the major volcanic ash beds of 
the Phanerozoic, has formed from an eruption of a longer duration, 
whose maximum extent reached as far as the East Baltic area. The 
pyroclastic mineral grain-size distribution and immobile trace 
element composition point to the layered and heterogeneous nature 
of the primary ash bed. 

3. The Grötlingbo and BII bentonites formed from a less voluminous 
eruption of a shorter duration and their full thickness was 
accumulated from redeposition of the volcanic material in shallow-
sea areas.  

4. For a reliable trace-element-based correlation of thick bentonites, it 
is useful to conduct a bulk chemical composition study on a 
number of samples covering the whole section. Lower layers of the 
bentonites originating from direct ashfalls are of correlative value. 
However, the mobility of trace elements should be checked in 
advance. 
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5. The Kinnekulle, and to a lesser extent, the BII ashfall had notable 
effect on the chemistry of the juxtaposed marine sediments. Peak 
concentrations of calcium and phosphorus directly above both 
bentonites and the increased sulphur content near bentonite 
contacts prove that the ash fall triggered significant fluctuations in 
biotic and geochemical cycles in shallow marine settings. 

6. The best geochemical discriminators of bentonites from terrigenous  
clays are TiO2 and Cr. 
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ABSTRACT 
 
Volcanic ash beds altered into bentonites form perfect marker horizons for 
correlation of sedimentary sections, enable interpretation of tectonomagmatic 
environments in volcanic source areas and help construct a geological time-
scale using radiometric dating of well-preserved minerals. For a reliable 
interpretation, we need to know the within-bed compositional variability to 
compare it with between-bed variations. The aim of the study was to describe 
and interpret from the analysed data the geochemical and mineralogical 
heterogeneity of bentonite beds. To achieve these goals, a number of samples 
were collected, with the aim of obtaining detailed distribution patterns of 
elements in the vertical sections of bentonites, and compositional variations of 
the thick bentonite beds under study. The acquired data were compared with 
compositions of host rocks and clay fractions of terrigenous material (see 
Paper II). The thesis concentrated on studying five thick (30 to 90 cm) 
bentonites, four from the Upper-Ordovician — two Kinnekulle Bentonites, the 
Sinsen Bentonite and the Pirgu (BII) Bentonite—, and one from Silurian 
Wenlock: the Grötlingbo Bentonite.  
Compositional changes throughout the thick bentonites were studied, using 
XRF, XRD and SEM analysing techniques, which enabled to detect main 
chemical components, trace elements, mineral composition, amount and 
composition of biotite and sanidine micro-phenocrysts. Signs of ash-transport 
fractionation, redeposition of volcanic ash, also the differentiation from the 
terrigenous clay and diagenetic redistribution of the volcanic? material were 
described and interpreted. 
The stability of sanidine and biotite phenocryst compositions throughout the 
vertical sections of bentonites indicates that all bentonites originated from a 
single eruption. The observed stable composition of pyroclastic sanidine in the 
vertical section of bentonites confirms the reliability of sanidine-based 
“fingerprinting” of the altered volcanic ash beds. Trace element distribution in 
bentonites and in host rocks indicates that Zr, Ga, Nb, Ti and Th were 
immobile during volcanic ash alteration and carry information from primary 
ash composition. Immobile trace elements, especially Zr, indicate 
fractionation of material during air-transport. Some redistribution of Nb and 
Ti, as well as Y, occurred near the contacts of bentonites with the host rock. 
Mobile elements (Mg, K, Si) indicate significant redistribution of materials 
during diagenesis. Considerable geochemical variations, including high 
sulphur content, near the upper and lower contacts of the Kinnekulle 
Bentonite, as well as elevated calcium and phosphorus concentrations in host 
rocks of both bentonites, suggest that the studied large ash-falls caused notable 
perturbations in shallow marine and early post-sedimentary environment. 
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KOKKUVÕTE 
 
Bentoniit, peamiselt savimineraalidest koosnev pehme ja poorne kivim, on 
tekkinud vulkaanidest pärineva püroklastilise materjali ümberkristalliseeru-
misel. Bentoniidiks muutunud vulkaanilise tuha vahekihid settekivimites 
pakuvad võimalust geoloogiliste läbilõigete väga täpseks korrelatsiooniks, aga 
samuti lähtevulkaanide geotektoonilise keskkonna ja magmatüübi 
väljaselgitamiseks. Bentoniite moodustavaid mineraale saab radioaktiivsete 
isotoopide abil dateerida ja rakendada geoloogilise ajaskaala ülesehitamiseks 
ning täpsustamiseks. Peamiseks probleemiks nende ülesannete lahendamisel 
on kihtidesisese ja kihtidevahelise koostiselise variatsiooni eristamine.  
Käesoleva doktoritöö sisuks oli paksude (30 kuni 90 cm) bentoniidikihtide 
sisemise geokeemilise variatsiooni uurimine ja interpreteerimine. Uurimuses 
kasutati Ülem-Ordoviitsiumist pärit Kinnekulle, Sinseni ja Pirgu (BII) 
bentoniite ning Silurist (Wenlock) Grötlingbo bentoniiti. Töö esmane eesmärk 
oli välja selgitada, millised keemilised tunnused iseloomustavad algset 
purskematerjali, millised kujunevad tuha fraktsioneerumisel õhutranspordi ja 
veekeskkonnas ümbersetitamise käigus ja millised kujunevad sette sees 
keemiliste elementide liikumise tagajärjel. Teine eesmärk oli saadud 
andmestiku alusel interpreteerida bentoniitide lähtematerjali päritolu, 
kuhjumist ja bentoniidi teket ning eristumist terrigeensetest savidest. Selle 
eesmärgi saavutamiseks uuriti detailsete prooviseeriate abil paksude 
bentoniitide kihisisese koostise varieeruvust ja võrreldi saviga ümbriskivimist. 
Selleks, et saavutada parimat võimalikku detailsust bentoniidikihtide  
kirjeldamisel, jaotati uuritav bentoniidiläbilõige mitmeks osaks ning analüüsiti 
iga osa eraldi, kirjeldades sealjuures kihisiseseid füüsikalisi ja keemilisi 
muutusi. Bentoniidikihtide tuvastamiseks ja interpreteerimiseks kasutati XRF, 
XRD ja SEM analüüsimeetodeid, mille alusel määrati uuritavates kihtides 
keemiliste põhikomponentide ja mikroelementide sisaldust, mineraalset 
koostist, biotiidi hulka ja koostist ning sanidiini koostist.  
Välimeetoditega on bentoniitse ja terrigeense savi eristamine tihti küsitav, aga 
laboratoorse XRF analüüsi andmed pakuvad täiendavaid võimalusi. Kõige 
paremini saab savisid eristada Cr ja Ti abil, sest nende sisaldused bentoniidis 
on tunduvalt madalamad kui terrigeensetes savides. XRD analüüsi andmetel 
koosnevad bentoniidid valdavalt illiit-smektiidist, kloriit-smektiidist, K-
päevakivist ja kaoliniidist. Terrigeensetes savides on aga põhikomponendid 
illiit, kvarts ja K-päevakivi. Püroklastilise materjali diageneesil bentoniidiks 
toimub mobiilsete elementide sisse- (Mg, K) või väljakanne (Si ja Na), mis 
annab võimaluse iseloomustada keskkonda ja settetingimusi, kuid ei kirjelda 
tuhakihi algset koostist. Väheliikuvate (Ga, Y) ja immobiilsete (Th, Ti, Al, Zr) 
elementide ning fenokristallide (sanidiin, biotiit, apatiit, tsirkoon) alusel on 
võimalik tuvastada ja korreleerida erinevaid kihte. Immobiilsete elementide 
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alusel saab järeldada, et tihti on toimunud märgatav vulkaanituha 
komponentide fraktsioneerumine õhutranspordi ja merebasseinis 
ümbersettimise käigus. Fenokristallide koostise stabiilsus uuritud kihtide 
vertikaalläbilõikes kinnitab, et kõik uuritud paksud bentoniidid on pärit ühest 
vulkaanipurskest, mitte pole tekkinud mitme erineva purskematerjali 
kuhjumisel. 
Uuritud bentoniidikihtide paksuse ja võimalike lähtevulkaanide suure kauguse 
alusel võib järeldada, et tegemist on olnud väga võimsate pursetega, mis katsid 
tuhaga laialdasi alasid. Võimsad vulkaanipursked mõjutavad elukeskkonda nii 
otseselt, mattes enda alla suuri alasid, kui ka kaudselt, põhjustades 
temperatuuri langust. Kinnekulle ja Grötlingbo bentoniidialuse kõrvalkivimi 
väävli kõrgenenud kontsentratsioon näitab (artikkel IV), et orgaaniline 
materjal on kõdunenud hapnikuvaeses keskkonnas. Väävlisisalduse tõusu on 
märgata Grötlingbo ja Kinnekulle bentoniidi nii alumises kui ka ülemises 
kihis, kuna surnud elustiku põhjasadenemine on toimunud aeglasemalt kui 
tuhakihi sadenemine. Väävlisisalduse kasvu on vähem märgata BII 
bentoniidis, millest võib järeldada, et tuha mõju eluskeskkonnale oli tunduvalt 
väiksem. Vulkaanituha mõju keskkonnale näitavad ka fosfori ja kaltsiumi 
suuremad sisaldused kivimis vahetult Kinnekulle Bentoniidi kohal. 
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II – Kiipli, E.; Kiipli, T.; Kallaste, T.; Siir, S. 2012. Al2O3/TiO2 ratio of the 
clay fraction of Late Ordovician–Silurian carbonate rocks as an indicator of 
paleoclimate of the Fennoscandian Shield. Elsevier. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 365/366, 312-320. 
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III – Kiipli, T.; Kallaste, T.; Nielsen, A.; Schovsbo, N.; Siir, S. 2014. 
Geochemical discrimination of the Upper Ordovician Kinnekulle Bentonite in 
the Billegrav-2 drill core section, Bornholm, Denmark. Estonian Journal of 
Earth Sciences, 63, 264–270. 
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IV – Siir, S., Kallaste, T., Kiipli, T. & Hints, R. 2015. Internal stratification of 
two thick Ordovician bentonites of Estonia: deciphering primary magmatic, 
sedimentary, environmental and diagenetic signatures. Estonian Journal of 
Earth Sciences, 64, 2, 140-158. 
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