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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;
Bergstrom 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 (Wastegard
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; Kepezinskas 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; Bergstrom et al. 1995;
Torsvik and Rehnstom 2003; Kiipli et al. 2013). Isotopic datings of well-
preserved phenocrysts in bentonites are used for refining the geological time
scale (Bergstrom et al. 2008; Huff 2008; Cramer et al. 2012, 2015; Sell et al.
2013; Svensen et al. 2015).

In the Baltoscandian Region, Bergstrom et al. (1995) applied trace element
geochemistry in combination with palacontological data and thickness of the
beds for correlation and named the thickest Ordovician bed the “Kinnekulle”



K-bentonite, which was studied more closely in papers III and IV. BII, Sinsen
and Grotlingbo 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
(Bergstrom 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.



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, Palaecozoic 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 palaecocontinent) conditions and are represented by
limestones and dolomites in shallow-shelf palaco-environments and by shales
and marlstones in deep-shelf settings (Raukas & Teedumée 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).



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

1. The Grotlingbo Bentonite (Paper I) was sampled from the Hunninge-1
core (Gotland, Sweden) and includes the topmost Slite Marl through
the Frojel, Halla and basal Klinteberg formations, Upper-Homerian
(Calner et al. 2006). The Groétlingbo 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 (Pdlma, 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 c¢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.
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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 um) of samples was mixed with eight
drops of 5% Mowiol solution in distilled water, and pressed. The pellets were
dried for 2 hours at 105° 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 Prizisionmechanik,
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).

12
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3. RESULTS
3.1 X-ray diffractometry (XRD)

Among the Grotlingbo Bentonite samples, a broad reflection at 11.2-11.5A
indicated illite—smectite as the main mineral component in all the samples

(Fig.4).

quartz
biotite

biotite illite-
illite smectite
smect

e
kaolinite
illite-

smectite

gklingbo
GB1

K-feldspar

KMJ o

K-3
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\ illegrav
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L\J\f’\ K3
Bll_4

5 15 35 45
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Fig. 4. XRD patterns of the original/untreated samples from the Grétlingbo,
Kinnekulle-K3, Kinnekulle-Blg2 and BII bentonites. The BIl Bentonite
revealed stronger reflections of corrensite and dolomite; the Kinnekulle
Bentonite in the middle samples—mbiotite, quartz and calcite; the Grotlingbo
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 GBS), but
the kaolinite reappeared in the uppermost sample (GB8). Starting from sample
GB4, a small portion of quartz appeared, increasing upwards. From sample
GBS upwards, minor portions of dolomite were detected. The uppermost
sample (GBS8) contained some calcite.

Three out of four host rock samples of the Grotlingbo 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 Pddskiila 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 A. 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 Grotlingbo
Bentonite, 42% were biotites and 42% kaolinised feldspars. Minor
phenocrysts were quartz (5%), Ti-oxides (4%), zircon (4%) and apatite (3%).
Biotite in the Grotlingbo Bentonite was rich in Mg. The Kinnekulle Bentonite
contained iron-rich biotites. In BII, biotite was absent. In the Grotlingbo
Bentonite, biotite was kaolinised, especially in lower and upper samples.
Content of biotite in both the Grétlingbo 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 25.24+0.6 mol% of (Na,Ca)AlISi30s
in the Kinnekulle Bentonite, 43.8+0.4 mol% in the BII bed and 18 mol% in
the Grotlingbo 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.

16



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 pm
and in carbonate clays 0.28 pm in diameter. Smaller-frequency peaks in
bentonites also occurred at 0.28 um. Silty material in bentonites had
predominantly smaller grain size than in carbonate rocks with peaks at 3.9 and
5.5 um, correspondingly. In contrast, concentration of larger grains of over 30
um was higher in bentonite. In the Grotlingbo Bentonite, the grain size in
samples GB1 to GBS decreased upwards. The content of grains larger than 40
um 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).
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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 Grotlingbo
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 Grétlingbo
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 Grotlingbo bentonites, MgO ranges only between 4-5%.
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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, SiO,, varied from 35% in the upper part of the BIl 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).
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4. DISCUSSION

4.1 Comparison of bentonites and clays from carbonate rock sections

Depending on diagenetic conditions, major components—SiO2, KO 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 TiOz, 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 Al20s3. In K-3, SiO2 contents are
much lower—around 55%. Accumulation of authigenic chert below (less
frequently above) thick ash beds (Grim and Giiven 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

22



latitudes of the southern hemisphere (Torsvik & Rehnstrom 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, K20 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 Pddsaspea 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 Al203 (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 1V). 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 Palaecozoic 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 Groétlingbo 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, P20s) 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 Grotlingbo 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 Grétlingbo Bentonite is
also redeposited and contains much terrigenous and carbonate material. Heavy
zircon crystals accumulated in the lower part of the Grotlingbo 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 P20s5 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 K:0), the best way to use immobile elements for identification of
bentonites is to apply ratios of immobile elements (Kiipli et al. 2013, Paper
IIT). Therefore, I used immobile element/Al2O3 ratios to discriminate different
eruptions (Fig.8).
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1 -=-Th/AI203
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Fig. 8. Nb and Th ratios to Al2O;3 discriminate different eruptions. A —
Kinnekulle K-3, B — Kinnekulle Bgl-2, C — Sinsen, D — Bll, E - Grotlingbo

Nb and Th ratios to Al2O3 show that the Kinnekulles and Sinsen bentonites
clearly differ from the BII and Grétlingbo 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.

S. 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 Groétlingbo 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 Cer.
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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 Grotlingbo 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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KOKKUVOTE

Bentoniit, peamiselt savimineraalidest koosnev pehme ja poorne kivim, on
tekkinud vulkaanidest périneva piiroklastilise materjali timberkristalliseeru-
misel. Bentoniidiks muutunud vulkaanilise tuha vahekihid settekivimites
pakuvad voimalust geoloogiliste 1dbildigete véga tiapseks korrelatsiooniks, aga
samuti  ldhtevulkaanide geotektoonilise keskkonna ja  magmatiiiibi
viljaselgitamiseks. Bentoniite moodustavaid mineraale saab radioaktiivsete
isotoopide abil dateerida ja rakendada geoloogilise ajaskaala iilesehitamiseks
ning tdpsustamiseks. Peamiseks probleemiks nende iilesannete lahendamisel
on kihtidesisese ja kihtidevahelise koostiselise variatsiooni eristamine.
Kéesoleva doktoritod sisuks oli paksude (30 kuni 90 cm) bentoniidikihtide
sisemise geokeemilise variatsiooni uurimine ja interpreteerimine. Uurimuses
kasutati Ulem-Ordoviitsiumist périt Kinnekulle, Sinseni ja Pirgu (BII)
bentoniite ning Silurist (Wenlock) Grotlingbo bentoniiti. T60 esmane eesméark
oli vilja selgitada, millised keemilised tunnused iseloomustavad algset
purskematerjali, millised kujunevad tuha fraktsioneerumisel Shutranspordi ja
veekeskkonnas tiimbersetitamise kdigus ja millised kujunevad sette sees
keemiliste elementide liikumise tagajérjel. Teine eesmérk oli saadud
andmestiku alusel interpreteerida bentoniitide ldhtematerjali pdéritolu,
kuhjumist ja bentoniidi teket ning eristumist terrigeensetest savidest. Selle
eesmdrgi saavutamiseks uuriti detailsete prooviseeriate abil paksude
bentoniitide kihisisese koostise varieeruvust ja vorreldi saviga iimbriskivimist.
Selleks, et saavutada parimat voimalikku detailsust bentoniidikihtide
kirjeldamisel, jaotati uuritav bentoniidilébildige mitmeks osaks ning analiiiisiti
iga osa eraldi, kirjeldades sealjuures kihisiseseid fiiiisikalisi ja keemilisi
muutusi. Bentoniidikihtide tuvastamiseks ja interpreteerimiseks kasutati XRF,
XRD ja SEM analiiiisimeetodeid, mille alusel madrati uuritavates kihtides
keemiliste pdhikomponentide ja mikroelementide sisaldust, mineraalset
koostist, biotiidi hulka ja koostist ning sanidiini koostist.

Vilimeetoditega on bentoniitse ja terrigeense savi eristamine tihti kiisitav, aga
laboratoorse XRF analiiiisi andmed pakuvad tdiendavaid voimalusi. Kdige
paremini saab savisid eristada Cr ja Ti abil, sest nende sisaldused bentoniidis
on tunduvalt madalamad kui terrigeensetes savides. XRD analiilisi andmetel
koosnevad bentoniidid valdavalt illiit-smektiidist, kloriit-smektiidist, K-
paevakivist ja kaoliniidist. Terrigeensetes savides on aga pohikomponendid
illiit, kvarts ja K-pdevakivi. Piiroklastilise materjali diageneesil bentoniidiks
toimub mobiilsete elementide sisse- (Mg, K) vdi viljakanne (Si ja Na), mis
annab vOimaluse iseloomustada keskkonda ja settetingimusi, kuid ei kirjelda
tuhakihi algset koostist. Védheliikuvate (Ga, Y) ja immobiilsete (Th, Ti, Al, Zr)
elementide ning fenokristallide (sanidiin, biotiit, apatiit, tsirkoon) alusel on
voimalik tuvastada ja korreleerida erinevaid kihte. Immobiilsete elementide
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alusel saab jédreldada, et tihti on toimunud maérgatav vulkaanituha
komponentide  fraktsioneerumine  Ohutranspordi  ja  merebasseinis
timbersettimise kéigus. Fenokristallide koostise stabiilsus uuritud kihtide
vertikaalldbildikes kinnitab, et kdik uuritud paksud bentoniidid on périt iihest
vulkaanipurskest, mitte pole tekkinud mitme erineva purskematerjali
kuhjumisel.

Uuritud bentoniidikihtide paksuse ja voimalike ldhtevulkaanide suure kauguse
alusel voib jareldada, et tegemist on olnud véga voimsate pursetega, mis katsid
tuhaga laialdasi alasid. Voimsad vulkaanipursked mdjutavad elukeskkonda nii
otseselt, mattes enda alla suuri alasid, kui ka kaudselt, pdhjustades
temperatuuri langust. Kinnekulle ja Grotlingbo bentoniidialuse korvalkivimi
vadvli korgenenud kontsentratsioon nditab (artikkel IV), et orgaaniline
materjal on kddunenud hapnikuvaeses keskkonnas. Véavlisisalduse tdusu on
mérgata Grotlingbo ja Kinnekulle bentoniidi nii alumises kui ka iilemises
kihis, kuna surnud elustiku pohjasadenemine on toimunud aeglasemalt kui
tuhakihi sadenemine. Véavlisisalduse kasvu on vihem mirgata BII
bentoniidis, millest vdib jireldada, et tuha mdju eluskeskkonnale oli tunduvalt
vdiksem. Vulkaanituha mdju keskkonnale nditavad ka fosfori ja kaltsiumi
suuremad sisaldused kivimis vahetult Kinnekulle Bentoniidi kohal.
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need several samples at each locality to be reliable.
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Introduction

Volcanic ash beds in sedimentary successions have frequently
been used for precise regional correlation of sedimentary
sections (Bergstrom et al. 1995; Kiipli & Kallaste 2006; Kiipli
et al. 2008a, 2010a, 2010b; Ray et al. 2011; Cramer et al. 2012)
and for reconstruction of the tectonomagmatic environments in
volcanic source areas (Batchelor 2009; Hetherington et al.
2011). Various methods for such fingerprinting exist, and the
composition of magmatic phenocrysts apatite (Batchelor et al.
1995; Ray 2007; Sell & Samson 2011), biotite (Batchelor 2003)
and sanidine (Kiipli & Kallaste 2002) and trace element
characteristics (Batchelor & Jeppson 1999; Batchelor & Evans
2000; Huff et al. 2000; Inanli et al. 2009; Kiipli et al. 2008b)
have all been used for characterisation and interpretation of ash
beds. The vertical chemical and mineralogical composition of
individual ash beds is not homogeneous, but varies due to the
successive change in magma composition during long-lasting
eruptions and due to physical fractionation of ash in air
transport and during settling in water basins (Fisher &
Schmincke 1984). Various diagenetic processes further change
the ash after deposition (Kiipli et al. 2007; Hints et al. 2008).
Being aware of the relative scale and importance of these
variations and understanding their reasons is an ultimate
prerequisite for a successful analysis of chemical and
mineralogical signatures and, in the end, for a reliable
correlation of individual ash beds.

The aim of this paper was to describe the internal stratigraphy
and evaluate vertical compositional variations in the mid-
Silurian (Late Wenlock) Grotlingbo Bentonite, one of the
thickest bentonites in the Silurian of the Baltic basin (Jeppsson
& Calner 2003; Calner et al. 2006; Kiipli et al. 2008c, 2011;
Cramer et al. 2012).

Geological background and stratigraphy
The Grétlingbo Bentonite has been documented in several
drillcores and outcrops in the Baltic region (Fig. 1; Calner et al.
2006; Kiipli et al. 2008c, 2011). The wide geographical extent
makes this conspicuous bentonite an excellent marker bed for
correlation between shallow and deep water sections in the basin
(Calner et al. 2006; Kiipli et al. 2008c). Based on a sample from
the locality Horsne 3 in eastern Gotland, the Grotlingbo
Bentonite has recently been dated by means of high-precision
isotope dilution U-Pb (zircon) dating to a weighted mean
20pp/238U age of 428.47 + 0.72Ma (Cramer et al. 2012).
According to Kiipli et al. (2008c, 2011), the ash derived from a
source volcano with a rhyolitic composition, probably located to
the west—northwest of the Baltic basin, within the Laurentia—
Baltica collisional zone.

For this study, we have sampled the Hunninge-1 core from the
Klintehamn area in western Gotland (Fig. 1). Here, the base of
the Grotlingbo Bentonite is situated 0.76m above the
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Fig. 1. Map of Scandinavia and the East Baltic region showing the location of the Hunninge-1 drillcore in western Gotland (star) and locations
where the Grotlingbo Bentonite has been identified (white boxes with thickness in centimetres). Note the near restriction of the bentonite to the
Livonian Tongue and the Central Baltoscandian Confacies Belt. Modified from Kiipli et al. (2008c).

unconformable top of the Slite Group, in the Bara Oolite
Member of the Halla Formation (Calner et al. 2006, chart 1). In
this area, the Bara Oolite Member is less than a metre thick and
constitutes an argillaceous, slightly silty and fine-grained
limestone, at some levels with fairly abundant micro-oncoids.
The mid-Silurian stratigraphic interval in Gotland is particularly
well investigated because of a global turnover in marine biotas —
the Mulde Event — and an associated, global positive excursion
in §'°C (Calner et al. 2006, 2012; Calner 2008). For
stratigraphical context of the Grotlingbo Bentonite in Gotland
and its relationship with sequence stratigraphy, extinctions of
the Mulde Event and the mid-Silurian global carbon isotope
anomaly, see Calner & Jeppsson (2003) and Calner et al. (2006,
chart 1). The geochemistry of bentonites and their associated
apatite phenocrysts from the adjacent Slite and Mulde
formations has been described by Batchelor & Jeppson (1999).
A summary of Wenlock bentonites on the Baltic craton,
including a discussion on the distribution and correlation of the
Grotlingbo Bentonite, was made by Kiipli et al. (2008c).

Materials and methods

Material was sampled from the Hunninge-1 core (N: 6364427 O:
1647619), drilled in June 2004 in the Hunninge quarry northeast
of Klintehamn in western Gotland (Figs. 1 and 2; Calner et al.
2006). The core, which is stored at the Department of Geology,
Lund University, is 45 m long in total, has a diameter of 39 mm
and includes the topmost Slite Marl through the Frojel, Halla and
basal Klinteberg formations. Eight samples, spaced by 5 cm and
each with a weight between 15 and 20 g, were taken through the
~35-cm-thick bentonite (Fig. 3). Two additional samples were
taken as reference at 0.1 and 0.5m below and above the
bentonite, respectively. The underlying and overlying rocks are
micritic limestones with sparse coated grains.

Major and trace elements were determined using a S4
instrument produced by Bruker AXS (Germany), on pressed
powder pellets. Measurements and initial calibrations were
made using producers software MultiRes and GeoQuant. With
both programs, samples were measured twice, e.g. four
measurements were made for each sample. Initial results were
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Fig. 2. Portion of the Hunninge-1 core showing the 37cm thick
Groétlingbo Bentonite (within the white box) in the basal part of the
Halla Formation. The undulating white line shows the unconformable
boundary between the Frijel (Slite Group) and Halla formations.

corrected using linear coefficients and constants calculated from
measurements of ca. 20 international (Govindaraju 1995) and
Estonian (Kiipli et al. 2000) reference materials of claystones
and acidic to intermediate magmatic rocks. The average result of
the four measurements is reported in Table 1.

X-ray diffractometry (XRD) of the bulk samples on a HZG-4
instrument was applied for identification of major minerals.

For grain size analyses, 2.0-3.5 g of each bentonite sample
was suspended ultrasonically in a 0.1% tetrasodium pyropho-
sphate solution in deionised water. After 2—3's, the suspension
was poured into a plastic bottle. This operation was repeated
twice. According to our experience, this procedure extracts most
of the grains larger than 0.04 mm from the bentonite sample.
After drying, the grain material was divided by a 0.1 mm sieve
into two parts and the fractions with particles smaller and larger
than 0.1 mm, respectively, were weighed. The results are given
in weight % of the initial sample.

When suspended in water, the material (mostly with a grain size
smaller than 0.04 mm) was analysed with respect to grain size by
the laser scattering particle size distribution analyser LA-950V2
of HORIBA Ltd (Japan). Instrument measurements based on the
Mie scattering theory and results are given in volume %.

The grain fraction from the bentonite samples was studied by
means of an energy-dispersive X-ray microanalyser, connected
to a scanning electron microscope, at low vacuum (30Pa)
conditions. The electron beam was generated by 20kV and
650 pA. The composition of 146 grains from the Grotlingbo
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Bentonite was analysed. 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 by a few per cent. According to repetitive
measurements of BBM-1G, the precision of measurements
was better than +0.4%.

Results

X-ray diffractometry

Three out of four host rock samples revealed calcite and quartz
reflections with much less intensive dolomite. Only at the depth
of —50cm below, the base of the bentonite dolomite reflection
is almost as strong as calcite, suggesting the presence of a
significant portion of that mineral.

Among the bentonite samples, a broad reflection at 11.2—
11.5 A indicates illite—smectite as the main mineral component
in all samples (Fig. 4). Kaolinite and biotite reflections are
strongest in the lowermost sample (GB1) and decrease upwards.
The third to sixth samples (GB3—GB6), in the middle of the
bentonite bed, are characterised by weak kaolinite and biotite
reflections. Biotite is almost absent in the two uppermost
samples (GB7 and GBS), but kaolinite appears again in the
uppermost sample (GBS8). Starting from the fourth sample
(GB4), a small portion of quartz is present and increases
upwards. From the fifth sample (GBS5), minor portions of
dolomite are detected. The uppermost sample (GB8) contains
some calcite.

X-ray fluorescence
SiO, concentrations in the silicate part of the host limestone are
at the level of ca. 70% (Fig. 3), suggesting a substantial portion
of sandy or silty material. A low content of clay minerals in the
silicate portion of the host limestones is indicated by relatively
low contents of Al,O3, K;O and Rb. This composition is in
accordance with the global sea level lowstand at that time
(Calner et al. 2006; Johnson 2006; Kiipli et al. 2010c). Several
elements in the bentonite, e.g. Fe,03, Cr, Ni, Cu and V, occur in
significantly lower concentrations than in the silicate portion of
the host rock. These elements can be used as indicators of the
terrigenous admixture in the bentonite.

Concentration trends within the bentonite can be grouped into
four types (Fig. 5):

1. The concentrations of the following components increase
upwards through the bentonite: LOI, CaO, Na,O, Cr and Ni.
If the information from the XRD analysis is also considered,
that quartz and dolomite occur in the upper part of bentonite,
we can assign these trends to the relative increase of
terrigenous admixture upwards in the bentonite bed.

2. Decreasing trends of concentrations in the lower part of the
bentonite: P,Os, Cl, Zr, Zn and Rb. These trends are related to
the upward decreasing contents of phenocrysts: P,O5 and Cl
with apatite, Zr with zircon and Rb and Zn with biotite.

3. Elements with higher concentrations in the lowermost and
uppermost parts of the bentonite, respectively: Y, TiO,, V,
Fe,03, S, As and Pb. The terrigenous component in the upper
part and high content of phenocrysts in the lower part cause
the rise of TiO,, V, Y and Fe,O3 concentrations in both ends
of the bentonite. For S, As, Pb (not shown in Fig. 5) and
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Fe,03, the occurrence of pyrite in the lowermost and
uppermost parts of the bentonite may play some role.

4. Elements having higher concentrations in the middle part of
the bentonite: SiO,, K>O, MgO, Ga and Sr. These trends
represent diagenetic effects transforming the volcanic ash to
clay, resulting in more kaolinite near the contacts of the
bentonite. Surprisingly, even Ga, commonly considered as an
immobile element (Winchester & Floyd 1977), follows this
trend.

Grain size

The grain size measurements on clay material suspended in
water (mostly <0.04 mm) show a bimodal distribution within
all samples, especially when calculated as a mean for all the
samples within the Grotlingbo bentonite (Fig. 6). The overall
grain size decreases upwards from sample GB1 to GBS and then
increases, which may be due to the above discussed decrease in

phenocryst content and the upward increase in terrigenous
admixture. Maximal grain sizes are ~200 pm (0.2 mm) in these
analyses.

Measurements of the fraction of extracted grains (> 0.04 mm)
show an upward decrease of total amount of grains >0.04 mm
and coarse grains >0.1mm (Fig. 7). This overall upward
decrease is due to a decrease in phenocrysts.

If combining the weighted % for grains >0.04 mm and
calculated volume % of the clay (mostly <0.04 mm), the pattern
of an upward decrease in medium grain size is even stronger (see
Figs. 6 and 7).

Phenocrysts

One hundred and thirteen grains, of the total 146 measured,
could be classified as fragments of magmatic phenocrysts. The
reminder were illite—smectite, pyrite and in the uppermost
sample calcite. Biotite (42%) and kaolinitised feldspars
(42%) dominate among phenocryst material (Fig. 7). Minor
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Table 1. X-ray fluorescence results.

Sample GB-50 GB-10 GB1 GB2 GB3 GB4 GBS GB6 GB7 GB8 GB + 10 GB + 50
cm (to bottom) —50 —10 0 5 10 15 20 25 30 35 45 85
LOI 920° (%) 3255 31.15 6.94 7.07 6.93 7.16 6.95 7.06 7.24 7.79 37.92 31.94
Si0; (%) 21.7 21.9 533 539 54.1 54.1 53.8 539 54.1 52.6 1.1 21.0
TiO, (%) 0.160 0.195 0.527 0.385 0.384 0.369 0.366 0.372 0.380 0.450 0.084 0.116
ALO; (%) 33 39 23.1 23.1 23.0 22.8 22.6 22.8 229 224 1.9 2.5
MnO (%) 0.121 0.066 0.021 0.013 0.013 0.009 0.011 0.011 0.012 0.018 0.051 0.063
MgO (%) 5.47 2.59 4.96 4.99 5.06 5.03 5.02 5.01 4.99 4.90 1.28 1.40
CaO (%) 31.61 34.47 0.76 0.67 0.65 0.69 0.86 0.84 0.96 2.16 44.06 37.53
Na,O (%) 0.21 0.16 0.20 0.19 0.19 0.20 0.21 0.20 0.21 0.22 0.07 0.10
K50 (%) 1.06 1.24 5.83 5.98 6.05 6.07 6.01 5.90 5.83 5.65 0.47 0.67
Fe,05 (%) 1.60 1.85 2.37 1.83 1.87 1.78 1.84 1.83 1.91 2.49 0.75 1.87
P,0s (%) 0.110 0.046 0.109 0.078 0.080 0.079 0.073 0.072 0.071 0.072 0.052 0.066
ClI (%) 0.043 0.033 0.024 0.020 0.018 0.017 0.016 0.016 0.016 0.017 0.032 0.032
S (%) 0.207 0.357 0.141 0.069 0.064 0.104 0.099 0.120 0.145 0.272 0.092 0.589
F (%) 0.04 0.07 0.57 0.59 0.57 0.61 0.60 0.61 0.60 0.52 0.06 0.03
As (ppm) 32 5.5 2.6 0.3 0.7 0.7 1.2 1.9 1.2 4.3 1.1 9.4
Ba (ppm) 88 83 217 146 139 124 125 121 124 155 23 40
Ce (ppm) <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50
Co (ppm) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Cr (ppm) 15.9 23.8 43 5.0 3.6 7.0 8.3 9.4 9.5 15.3 11.4 14.1
Cu (ppm) 4.9 7.6 4.9 2.0 2.3 3.1 34 4.5 4.6 7.0 34 6.9
Ga (ppm) 4.7 7.3 23.0 24.6 249 249 245 24.3 23.8 224 4.7 5.0
La (ppm) <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Mo (ppm) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Nb (ppm) 3.9 4.8 314 335 323 30.0 31.0 315 293 29.2 25 3.1
Ni (ppm) 8.5 114 5.8 4.0 2.8 5.0 4.9 4.7 6.3 8.8 4.6 113
Pb (ppm) 8.3 21.1 6.5 1.4 1.3 5.1 3.9 6.1 7.1 15.0 1.6 27.6
Rb (ppm) 28 36 154 141 142 143 147 147 147 145 14 22
Sr (ppm) 353 294 209 221 220 226 232 232 227 201 664 361
Th (ppm) <5 <5 32.0 30.1 29.6 30.4 285 29.0 28.2 29.6 <5 <5
U (ppm) <5 <5 6.2 10.3 9.5 11.1 10.1 9.5 9.1 7.2 <5 <5
V (ppm) 22.1 25.0 25.8 203 17.4 17.8 17.9 18.4 19.6 27.1 133 24.4
Y (ppm) 12.9 17.1 18.7 154 15.5 16.2 152 16.4 17.5 17.8 16.3 20.5
Zn (ppm) 17.1 15.8 379 15.7 17.3 14.9 15.1 16.1 18.0 249 6.4 622
Zr (ppm) 72 67 432 283 281 239 211 203 200 227 49 40

Note: Numbers are the average of four results for each sample.

phenocrysts are quartz (5%), Ti-oxides (4%), zircon (4%) and

apatite (3%).

Biotite is Mg-rich (Table 2). In the lower (GB1) and upper
samples (GB8), the biotite is strongly kaolinitised and kaolinite

GB8 sample biotite
(uppermost)

GB1 sample
(lowermost)

kaolinite

illite-

smectite

lenses occur between unaltered biotite layers. In samples GB2
and GB7, kaolinisation of biotite is weaker; and in samples GB4
and GB6, from the middle part of the bentonite, biotite is well
preserved without signs of kaolinitisation. In order to exclude

quartz

kaolinite

quartz
biotite

K-feldspar

calcite

dolomite

pyrite

illite-
smectite

biotite

5 10

15

20

25

30

35

40

26 Co Ka

Fig. 4. XRD patterns of original/untreated samples from the Grétlingbo Bentonite. Lower sample reveals stronger reflections of kaolinite and
biotite; in the upper sample quartz, dolomite and calcite reflections, indicating redeposition of the volcanic ash material appear.
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Fig. 7. Grain size distribution for grains >0.04 mm (above) and coarse
grains (> 0.1 mm, below) for each of the samples within the Grotlingbo
Bentonite.

the altered biotites in the calculation of the average composition
of biotite (Table 2), only results with K,O > 8% and S < 0.5%
are used. In samples GB6 and GB7, biotite dominates and
kaolinitised feldspars are less frequent. Despite the significant
compositional variation of biotites, largely exceeding measuring
uncertainty (see standard deviations in Table 2), there are no
differences or trends in biotite composition between samples.

Feldspars are mostly close to the pure end-member K-feldspars
indicating authigenic origin (Table 2); only two grains contained
significant portions of NaAlSi;Og (12—16 mol%) and CaAl,Si,.
Og (3—5mol%) components typical of the magmatic feldspars.
K-feldspars were associated with kaolinite in the same grains.
Often the interior of the grain is kaolinite, surrounded by a thin
coating of unaltered K-feldspar (Fig. 8). But the opposite, i.e. K-
feldspar in the centre of the grain and kaolinite lenses at the grain
margins, is also common. Kaolinitised feldspars are most
abundant in samples GB1, GB4 and GBS.

Discussion

The identical composition of biotite in all samples indicates that
source magma composition did not change during the time of the
volcanic eruption and confirms that the Grotlingbo Bentonite
originates from one single eruption. Accordingly, all observed

Fig. 6. Grain size distribution for each of the samples within the
Grotlingbo Bentonite and the total (below) for all samples. y-Axis in %
and x-axis in wm. mgs, mean grain size in wm. Note that a portion of
grains being >0.04mm is included here, not having been removed
during separation.
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Table 2. Composition of grains in Grotlingbo Bentonite.

GFF 134 (2012)

Biotite K-feldspar K—Na-feldspar Kaolinite
Average SD Average SD Average SD Average SD
Number 45 7 2 36
Weight %
Na,O 0.56 0.12 0.11 0.05 1.40 0.14 0.14 0.10
MgO 12.75 0.91 0.23 0.12 0.22 0.05 0.43 0.18
Al,O4 15.52 0.74 19.06 0.62 17.80 0.05 42.87 0.84
Si0, 39.48 0.88 62.37 0.72 62.42 1.01 53.10 0.57
P,05 0.05 0.14 0.11 0.21 0.48 0.15 0.13 0.20
K,0 8.72 0.39 14.40 0.73 12.85 0.50 0.75 0.27
CaO 0.17 0.09 0.19 0.13 0.67 0.17 0.22 0.17
TiO, 4.48 0.27 0.13 0.02 0.28 0.04 0.16 0.14
FeO 17.72 1.43 0.61 0.08 0.77 0.20 0.80 0.32
Index in chemical formula
Na 0.09 0.02 0.01 0.01 0.14 0.02
K 0.91 0.02 0.98 0.01 0.83 0.01
Mg 1.53 0.10
Fe 1.19 0.09 0.02 0.00 0.03 0.01
Ti 0.27 0.01 0.00 0.00 0.01 0.00
Ca 0.01 0.01 0.01 0.01 0.04 0.01
Al 1.26 0.03 1.05 0.03 0.99 0.01 1.95 0.02
Si 2.73 0.03 2.92 0.03 2.96 0.02 2.05 0.02

Notes: Indexes are calculated according to the following idealised chemical formulas: biotite, (K,Na);(Mg,Fe,Ti,Ca)3(Al,S1),0,0(OH,F)y; feldspars, (K,Na,Ca);(Al,Si,Ti,Fe),Og; kaolinite,

Al,Si,O5(OH)4.

compositional variations of the bulk bentonite belong to the
physical fractionation during air transport, re-deposition of the
ash and subsequent diagenetic effects.

Geochemical trends indicate that the full section of the
Grotlingbo Bentonite formed under a combination of two
physical processes:

1. Direct fall-out of the ash from the atmosphere. The lower 10—
15 cm (compacted) has accumulated in that way.

2. Reworking and re-deposition of the ash from shallow-marine
environments and land. The upper 20-25cm has been
reworked in a marine environment by wave activity and/or
currents and also river influx cannot be excluded.

Diagenetic effects can be different in different environments.
For example, in the Middle Ordovician Kinnekulle K-bentonite
in North Estonia (Kiipli et al. 2007), a significant portion of

potassium was imported from the surrounding environment,
forming authigenic potassium feldspar layers in the upper and
lower parts of the bentonite. In our case, Mg has probably been
imported from the marine environment into forming illite—
smectite as Mg is commonly relatively low in rhyolitic source
magmas. In accordance with the high Zr/Ti ratio, a rhyolitic
source magma was proposed for the Grotlingbo Bentonite by
Kiipli et al. (2011), whereas the Zr/TiO,—Nb/Y plot of
Winchester & Floyd (1977) suggests a trachyandesitic
composition. Contemporaneous bentonites from the Slite
Group and the distal portions of the Halla Formation (Mulde
Brick-clay Member; cf. Batchelor & Jeppsson 1999) indicate
dacitic affinities. The export of silica and other elements and
compaction of the initial ash layer significantly decrease the
thickness of the bentonite. For example, 50% of the initial SiO,
can be lost during ash alteration (Huff et al. 1996; Kiipli et al.

Fig. 8. Pyroclastic grains from the lower part (GB1) of the Grétlingbo Bentonite. B, biotite; K, kaolinite; A, apatite; Z, zircon; P, pyrite; F,
potassium feldspar. In the right photograph, the rhombic shape of the kaolinised part of the middle feldspar indicates a rhombic shape of the primary
plagioclase phenocryst. Authigenic potassium feldspar forms coatings on primary plagioclase phenocrysts. Less stable plagioclase was later
replaced by kaolinite, but more stable K-feldspar coatings are preserved. Biotite flakes are also partly kaolinitised.
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2006). Kaolinisation has also decreased the content of several
elements near the contacts of the bentonite (see above).

The association of kaolinite and K-feldspar in grains and
partial kaolinisation of biotite indicate a series of diagenetic
changes of the original ash. A possible alteration scenario of the
ash could be as follows:

1. Devitrification of glass particles and the formation of illite—
smectite.

2. Growth of the authigenic K-feldspar coatings on the
plagioclase grains.

3. Kaolinisation of the plagioclase and biotite.

The initial presence of plagioclase grains among pyroclastic
material can be supposed from the fact that kaolinite has mostly
replaced materials being more sensitive to alteration than K-
feldspar and biotite, but more resistant compared with volcanic
glass. Plagioclase is a common phenocryst in unaltered volcanic
rocks, but is rarely found in bentonites. K-feldspar and K—Na
sanidine are common in kaolinite-rich bentonites (e.g. Kiipli
et al. 2010a), which indicates that these minerals are stable
during kaolinite formation processes.

All of the above discussed also influence concentrations of the
mobile and immobile elements. For regional or intercontinental
correlation of bentonites, mostly immobile elements Al, Ti, Zr,
Nb and Th are useful (Kiipli et al. 2008b). Within the Grétlingbo
Bentonite, the concentration of Zr in the lower part is twice higher
than in the rest of the bentonite. TiO, is 1.5 times higher in the
lower part than in the middle part of the bentonite. Al, Nb and Th
show less variation. Therefore, 1.5—-2 times differences in Ti and
Zr do not exclude correlation between two localities. For a
reliable correlation, analysis of the composition in several
samples through the full section of the bentonite is recommended.
Alternatively, the lowermost 10 cm is most likely to reflect the
original ash composition free from re-working.

Conclusions

Geochemical analysis of the mid-Silurian Grétlingbo Bentonite
has shown that

1. The identical composition of biotite within the bentonite
indicates that source magma composition did not change and
confirms that the Grotlingbo Bentonite originates from one
single eruption.

2. The compositional variations within the bentonite are most
likely due to the physical fractionation during air transport,
reworking and re-deposition of parts of the ash and
subsequent diagenetic effects.

3. Vertical differences in Ti and Zr within the Grétlingbo
Bentonite mean that regional correlation of the bed may need
several samples at each locality to be reliable.
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In the Fennoscandian Shield the fluctuations in arid-humid climate conditions are inferred from the Al,03/TiO,
ratio of the clay fraction of Estonian carbonate rocks of the Baltoscandian sedimentary Basin. The Late Ordovician
climate of the Fennoscandian Shield was mainly semi-humid with several humid pulses in the Sandbian,
mid-Katian and Hirnantian. The post-Hirnantian climate was fluctuating between humid and arid until stable

humid conditions were established in the Middle and early Late Llandovery. Starting from the latest Llandovery,
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global extent.

the climate turned semi-arid and arid. The Ordovician-Silurian long-term trend toward aridity was caused by the
equator-ward drift of the Baltica plate. Shorter-term fluctuations of Al,03/TiO, reflect climate changes of the

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The climate during the Ordovician and Silurian fluctuated strongly
due to several glaciations. Besides the widely known Late Ordovician
glaciations several Early and Middle Ordovician glaciations have been
suggested (Turner et al.,, 2011, 2012). Paleotemperature, oceanic cir-
culation, extinctions of fauna, variations in sea level and lithology
have been used to describe the Ordovician and Silurian environmen-
tal changes (see Munnecke et al., 2010 for a review). The tropical
temperatures (Trotter et al, 2008) and atmospheric pCO, (Berner
and Kothavala, 2001) were high in the Early Ordovician, declining in
the Middle Ordovician. Several numerical climate models suggest gla-
ciation at south pole despite the high pCO, (Herrmann et al., 2004;
Nardin et al., 2011). The present study is focused on fluctuations in
arid-humid conditions during the transition into icehouse in the
Late Ordovician, recovery in the post-Hirnantian and transition to gla-
ciations in the Silurian. The study is based on geochemistry of the ter-
rigenous clay fraction of Estonian sedimentary carbonate rocks. The
Al,05/TiO, (hereinafter referred to as Al/Ti) ratio of the clay fraction
is used as a proxy for weathering and climate in the Fennoscandian
Shield, the provenance of clay for the Estonian shelf situated in the
NE part of the Baltoscandian carbonate Basin (Fig. 1).

The mineralogy and chemistry of a terrigenous sediment depend
on the composition of parent rock and the weathering conditions re-
lated to the amount of rainfall, temperature and topography (Ronov
and Migdisov, 1965; Singer and Galan, 1984; Curtis, 1990; Young

* Corresponding author.
E-mail address: enli.kiipli@gi.ee (E. Kiipli).

0031-0182/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.palaeo.2012.10.001

and Nesbitt, 1998; Van de Kamp, 2010). The initially heterogeneous
weathering products are mixed and homogenized during erosion
and transport, and finally differentiated in the sedimentary basin
according to the grain size. Studying the distribution of Al and Ti in
Palaeozoic rocks of the East European Platform, Ronov and Migdisov
(1965) concluded that the Al/Ti ratio of the clay fraction was pre-
served in sedimentary basins, as Ti and Al were bound together
in the clay-forming process. Both Al and Ti are immobile elements
in near-neutral conditions, but their migration diverges with pH
of the environment. Aluminum goes into the solution at pH<4 and
pH> 10, whereas Ti is mobile at pH<2. In clays Ti can replace Al in
the crystal lattice, depending on the intensity of chemical weathering
(Akul'shina, 1976). Temperature and precipitation determine the in-
tensity of chemical weathering being greater in humid climate and
weaker in arid climate (Van de Kamp, 2010). Correspondingly lower
or higher Al/Ti ratios have been recorded in recent marine sediments
of the South China Sea (Wei et al., 2004) and Indian lake sediments
(Warrier and Shankar, 2009).

Investigating different geological sections, including the forma-
tions with coal interbeds pointing to humid and evaporates assigned
to arid climate, Akul'shina (1976) elaborated empirical relationship
for the Al/Ti ratio and climate: Al,O5/Ti0,<20 for humid, 20-30 for
semi-humid and semi-arid, and > 30 for arid climate. This gradation
is used in the present work as a reference for estimating paleoen-
vironmental conditions. We presume that during the studied time
interval the Fennoscandian Shield had a stable average rock composi-
tion that was subjected to weathering. The parent rock may have had a
local imprint on the chemical composition of the clay that formed, but
during erosional mixing an average composition was achieved. When
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Fig. 1. Location map with paleogeographic setting (A) and sampled sections of Estonia (B).

climate changes, the local compositional differences in clay chemistry,
particularly the Al/Ti ratio, change simultaneously in the same direc-
tion, resulting in a new average. The comparison between temporally
different averages allows to state alterations in weathering conditions.
As the weathering area was mainly the same through Ordovician-
Silurian, the study gives comparable results.

The Al/Ti ratio of clay is juxtaposed with Baltica's drift from high to
low latitudes, global glaciation events, and contemporaneous litho-
logical features of the Estonian shelf to differentiate between regional
and global climate changes.

2. Geological background and materials

During the Ordovician and Silurian the Baltica Plate drifted toward
the equator, crossing southerly mid- and low-latitude climatic zones.
The drift was temporarily interrupted due to the Baltica-Laurentia
collision in the middle of Silurian (Torsvik et al., 1992, 1996; Cocks
and Torsvik, 2005). Although the investigated clay fraction is ex-
tracted from the carbonate rock of sedimentary Baltoscandian Basin,
it characterizes weathering in a wide area of the Fennoscandian Shield
with conceivable center about thousand kilometers away from the
Basin. The Finnish Precambrian area consists of Svecokarelian mica-
ceous schists and gneisses, plutonic rocks such as gneissose granodio-
rites and quartz diorites with minor bodies of mafic peridotites,
gabbros and quartz-gabbros, and Vyborg rapakivi granite at the SE
border of the Shield (Simonen et al., 1997). These rocks were the
main source of terrigenous sediments for the Estonian shelf. To the
central part of the Baltoscandian Basin the terrigenous material
may have reached from different directions by currents (Kiipli et al.,
2009a) making it difficult to follow the climate development, thereby
only shelf sediments were used for clay extraction. Limestone, marl-
stone and dolomite with admixture of siliciclastics are the main sedi-
mentary rock types in the Estonian shelf. Limestone spreads in the
shallowest area, marlstone in the transitional and claystone in the

deep shelf. Coastal sand facies is absent, probably swept away. In
late Silurian the amount of mica in the carbonate rocks gradually
increased (Viiding et al., 1983) pointing to the influence of the rising
Caledonian mountains. The existence of the Ordovician-Silurian
Baltoscandian carbonate Basin ended in the latest Silurian.

The Estonian cores were chosen for study assuming that the main
portion of terrigenous matter had a single provenance. The main part
of the Ordovician and lower Silurian samples came from the Laeva-13
drill core (hereinafter referred to as Laeva), with additional samples
from other cores and quarries (Fig. 1).

3. Methods

The samples were treated with 1 N HCl solution to remove the car-
bonate portion of the rock. The insoluble residue of the samples of the
Laeva core was analyzed for grain size with laser sedigraph Horiba.
The clay fraction<1 um was separated by settling the siliciclastic sus-
pension for 24 h in a 10-cm water column. Material that did not settle
to the bottom - the clay fraction - was centrifuged, dried and used for
chemical and mineralogical analyses. Pressed clay powder pellets
were subjected to XRF analysis using the Bruker AXS S-4 spectrome-
ter. The grain size of the material, less than 1 pm, was favorable for
XRF measurements, producing reliable reflections for all measured el-
ements. Concentration of elements was calculated using the standard
software “MultiRes” from Bruker AXS. The relative standard deviation
of major components was 0.2-0.9% (calculated from 8 measurements
of inhouse reference material Es-1), that of Al,03/TiO, ratio was 0.8%.
Clay minerals were determined in selected samples on the basis of
XRD analysis. The proportion of clay and grain fraction in the studied
samples varies significantly (Fig. 2). Titanium concentrates preferably
in fine-grained silt fraction, while Al is most abundant in clay (Fig. 3).
To retain fingerprints of chemical weathering and avoid grain size ef-
fects on the Al/Ti ratio only clay fraction was used in the present study.
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Fig. 2. Grain-size composition of insoluble residue of the Ordovician and Silurian samples from the Laeva-13 core, calculated according to the sedigraph grain-size analyses.

4. Results

Grain size analysis of the Laeva core revealed that most of the
siliciclastic material in carbonates can be termed as ‘mud’, i.e. consisting
of clay and silt. A small part of fine sand occurs in the Oandu, Pirgu and
Porkuni stages. The content of clay in the insoluble residue varies from
27 to 77% (Fig. 2). Clay minerals are composed of terrigenous illite with
some chlorite admixture. In Ordovician clays the content of chlorite is
below 20%, in Silurian clays 20-25% (Viiding et al., 1983). Authigenic
minerals, such as very fine-grained quartz (Fig. 4, indexes 1a and 1b),
corrensite (Fig. 4, index 2) and hematite in association with goethite
(Fig. 4, index 3), occur at some stratigraphic levels. Two intervals of
extra high silica values were indicated at depths around 250 and
70 m, both caused by addition of dispersed fine-grained authigenic
quartz. The lower excursion corresponds to the lower Haljala silica
sponge Pyritonema occurrence found in wide areas from Estonia to
Russia (Mdnnil, 1966); the Aeronian increase corresponds to chert
recorded in many geological sections of Estonia (Kiipli et al., 2004).
The content of MgO reaches 11% in the Late Ordovician Pirgu Stage.
XRD analyses reveal chlorite-smectite, corrensite, as a carrier of Mg.
Corrensite occurs also in K-bentonites, the layers of altered volcanic
ash, of the transitional zone between deep and shallow shelf (Hints
et al., 2006). As the K-bentonitic clay forms in situ, the corrensite in
the whole rock is of authigenic origin as well. The authigenic minerals
do not affect Al/Ti ratio of the terrigenous clay component.

AlLO,/TIO, of fractions

TiO, of fractions, %

Terrigenous rather uniform illitic composition of clay is not very ef-
fective for tracking the climatic variations of the investigated time-span
in the Fennoscandian Shield. The Al/Ti ratio of clay as a proxy for the
weathering intensity is more sensitive indicator revealing fluctuations
at several stratigraphic levels, which can be interpreted as changes in
weathering conditions in the provenance region. These levels mostly
do not coincide with those where authigenic minerals influence the
chemical composition, showing that different processes drive the for-
mation of authigenic minerals in the sedimentary basin and the Al/Ti
ratio of terrigenous clays (Fig. 4).

The composite section (Fig. 5A) shows a long-term Al/Ti trend in
average values from about 20-25 in the Ordovician to 25-32 in the
Silurian. This trend is disrupted by four intervals with values below
20: in Sandbian, Katian, Hirnantian (Upper Ordovician) and lower Si-
lurian. The Hirnantian sediments (Fig. 5 v) reveal Al/Ti values around
18. The post-Hirnantian values at first rise rapidly and decrease after
that, reaching the lowest values in the Middle and lower Late
Llandovery. The Al/Ti low of the Middle Llandovery occurs in thick
deposits of cryptocrystalline limestone of the Raikkiila Stage. A sim-
ilar decrease in the ratio characterizes the mid-Katian with minimal
Al/Ti values in the Rakvere Stage and Saunja Formation of the Nabala
Stage, both represented by cryptocrystalline limestone as well. The
uppermost Llandovery (Silurian) reveals an increase in Al/Ti up to 30,
staying within the limits of 25-32 in the Wenlock and early Ludlow. In
the Wenlock and Ludlow wide distribution of sedimentary-diagenetic
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dolostones on the Estonian shallow shelf (Kiipli et al,, 2011) indicates
arid climate being in good accordance with high Al/Ti ratios (Fig. 5 x).

5. Discussion
5.1. The basic lines of model

According to the moderately low Al/Ti values, the Ordovician cli-
mate of the Fennoscandian Shield was mainly semi-humid (Fig. 5A).
Humid pulses in Late Ordovician and early Silurian, interrupting the
semi-humid conditions, show intervals of relatively intense chemical
weathering, though not intense enough to influence the clay mineral-
ogy. The late Silurian climate was semi-arid and arid without humid
pulses, indicating uniform weaker chemical weathering.

We tested the compatibility between the data on weathering in-
tensity in the Fennoscandian Shield, most characteristic lithological
features of adjacent sedimentary Baltoscandian Basin, Gondwana
glaciations, and climate zones which Baltica crossed during its drift
(Fig. 5). The movement of Baltic Craton is based on paleomagnetic
data, with Oslo, Norway as the reference location (Torsvik et al.,
1996). The uncertaince of the location varies from 5° to 25° latitude,
mainly around 5°. The given track is reliable, although, based on the
present investigation, the most equator-ward positions in the middle
of Silurian seems too close to the equator. The lithology, mainly the il-
litic composition of clay within the carbonate rocks of Baltoscandian
Basin, does not suit with the tropical wet climate characteristic of
low latitudes. Kaolinite, the index of strong weathering, does not
appear before the Devonian in the Estonian geological sections. Also,
the great number of K-bentonites reached from the west with west-
erly winds do not support the position of Baltic shelf within the
low-latitude belt of trade winds. In the Timan-Petchora Basin, NW

from the Fennoscandian Shield, the Late Ordovician-Llandovery sec-
tion consists of dolostones (Baarli et al., 2003; Antoshkina, 2004 ) indi-
cating arid, not wet equatorial climate belt. We therefore shifted the
mid-Silurian track of Baltoscandia's movement toward higher lati-
tudes about 10° in comparison with the positions given by Torsvik
et al. (1996) (Fig. 5B). The Baltica drifted from temperate to tropical
climate, from the Ferrel to the Hadley cell. The stability of climate in
this transitional zone depends on how constant the boundary be-
tween tropical and midlatitude belt is. The terminus of the tropical
Hadley circulation is determined by planet radius and rotation rate,
and many less stable variables, among which the temperature is the
most important one (Seidel et al., 2008; Schneider et al., 2010). The
temperature-dependent aquaplanet model by Levine and Schneider
(2011) is therefore used to show the Hadley terminus (Fig. 5B).
When dealing with geological past, different size and location of cra-
tons, oceanic circulation etc. complicate the climate study. Neverthe-
less, some general considerations can be listed: proceeding from the
Clausius-Clapeyron relation in which the water holding capacity of
air is an exponentially increasing function of temperature, the zonally
and annually average global precipitation increases in times of global
warm climate and decreases in cold climate (Rind, 2000). During the
rise of global temperatures the temperate and polar areas will get
more precipitation, while the subtropical regions suffer from in-
creased aridity. The model simulation of the present-day warming
predicts that tropical wet regions should get wetter and dry regions
dryer (Wentz et al., 2007). At the transition from warm to cold Earth
the climate changes vice versa. The cold Earth, icehouse, means perma-
nent ice in polar region, the cool Earth is without direct evidences of
permanent ice (Royer, 2006), and the warm or hothouse world is
without ice sheets. In highly cold and hot worlds temperature gradient
between the pole and equator diminishes, the Hadley cell weakens
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Fig. 5. (A): Ordovician-Silurian composite of Al,03/TiO, ratio of the clay fraction of Estonian samples, and lithology in the Estonian shelf of the Baltoscandian Basin. (B): schematic
movement of the Estonian shelf and Fennoscandian Shield in accordance with the drift of the Baltic Craton from mid- to low latitudes, the counter-clockwise rotation taken into
account. Arid-humid gradation of Al,03/TiO, from Akul'shina (1976). Correlation of regional and global stages by Nélvak et al. (2006) and Nestor (1990). Drift of the Baltic Craton
after Torsvik et al. (1996) with compiled 10° southward shift of the track in the late Silurian. ‘g’—Katian ice-sheets in Gondwana by Loi et al. (2010); ‘g™ —Darriwilian glaciation by
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(Levine and Schneider, 2011) and weak winds occur in subtropics and
tropics. In Fig. 5B the temperate Ferrel cell and two components of the
Hadley terminus - the evaporation-precipitation equity and bound-
ary between westerly winds and easterly trade winds - are shown,

as they affected most the region under consideration during the Late
Ordovician and Silurian. The temperature interval between 280 and
300 K was used. It incorporates the present-day average global tem-
perature 288 K and the Late Ordovician and Silurian temperatures,
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with highest values for the warm and lowest for the cold world.
The Ordovician temperature is based on the study by Trotter et al.
(2008) giving the average tropical temperatures near-modern for
the Katian and 5 to 10 °C lower for the Hirnantian. Recently, Pucéat
et al. (2010) questioned the methodology of Trotter et al. (2008),
but did not give new temperatures for the Early Palaeozoic saying
that a secular trend in oxygen isotope composition occurred. Both
components of the Hadley cell terminus have rather conservative po-
sition at the range of 280 and 300 K, as the temperature-dependent
shift is less than 5° latitude (Levine and Schneider, 2011) (Fig. 5B).
The midlatitude storm track with the strongest westerlies and rainfalls
oscillates in wider limits. It shifts equator-ward when the global cli-
mate is cold, and pole-ward when it is warm. Toggweiler and Russell
(2008) give the storm track position at 45° to 50° S in the modern
world, and 7-10° N during the last glacial maximum. Very wide shift
of climate belts for the Late Triassic in the western Tethys margin is
suggested by Berra et al. (2010). Their proposed oscillation of the arid
belt of the Hadley cell was more than 10° of latitude between the cold
and warm Earth. The present study reveals some particular times
when the conservative estimates of climate boundaries according to
the aquaplanet model of Levine and Schneider (2011) are not applica-
ble. The intervals in the Katian, Hirnantian and Llandovery of lowest
Al/Ti values point to rapid rearrangement of global climate and, proba-
bly, large shifts in climate belts (Fig. 5B).

5.2. The Sandbian-Katian

Midlatitude strong westerlies controlled the climate in the Sandbian
and early Katian. At the Kukruse and Haljala times the Fennoscandian
Shield and Baltoscandian Basin were situated at the storm track,
which brought rainy weather to Fennoscandia and caused intense
chemical weathering, as shown by the decreased Al/Ti ratio (Fig. 5 i).
K-bentonites are numerous in the Baltoscandian geological sections in-
dicating westerly winds typical for the temperate climate zone (Torsvik
and Rehnstrom, 2003). In the mid-Katian a positive excursion of carbon
(Saltzman and Young, 2005) and oxygen isotopes (Buggisch et al.,
2010) has been considered as an indicator of glaciation at south pole
(the Guttenbergian glaciation), corresponding to the end of the Keila
Stage in the Baltoscandian region (Ainsaar et al,, 1999) (Fig. 5 ii). The
Al/Ti ratio shows minor oscillation responding to the Guttenbergian
glaciation and a large decrease and variation of Al/Ti ratio following
the glaciation event (Fig. 5 iii). Probably, the postglacial global warming
caused world-wide humid conditions and increase in precipitation in
the Fennoscandian Shield. Cryptocrystalline limestones of the Rakvere
and Nabala stages in the Estonian shelf support the idea about cli-
mate warming, as the formation of large amount of lime mud needs
warm waters. Global warmth caused the pole-ward retreat of the west-
erly storm track. Absence of volcanic ashes in the geological sec-
tions of the eastern part of the Baltoscandian Basin may evidence
weakened winds, as K-bentonites present in Scania (Lashkovas, 2000)
and Bornholm (Kiipli et al., 2009b) indicate volcanic activity, but
ashes did not reach the eastern areas.

The Fennoscandian Shield entered the subtropics and climate
turned more arid in the late Katian (Fig. 5 iv). Loi et al. (2010) suggest
two glaciations, one at the barbata chitinozoan biozone in middle of
the Katian corresponding to the Vormsi Stage, and the second at the
end of the Katian, 447 Ma, corresponding to the upper Pirgu Stage
and taking place after the Boda warming event. In the Pirgu time
the dolomitization of the Yaroslavskaya Series in the adjacent Russian
Platform, and sulfate accumulation in the Pechora Basin (Nikishin et
al., 1996; Antoshkina, 2004) indicate arid climate. Scattered dolomite
addition in limestones up to 30% is characteristic of carbonates in the
Estonian and West-Latvian sections (Kiipli and Kiipli, 2006). In the
Fennoscandian Shield the chemical weathering weakened shown by
the rise of Al/Ti ratio. Views on the global temperatures for late Katian
differ—cool climate (Cherns and Wheeley, 2007) and warm climate of

the Boda event (Fortey and Cocks, 2005; Armstrong et al., 2009) have
been suggested. The data of the present investigation do not allow to
distinguish the late Katian glaciations and warming events. Gradual
drying shown by Al/Ti increase suggests that weathering in the dry
belt of the Hadley terminus near 30° S, where the Fennoscandian
provenance was located, might have been stationary and indepen-
dent of the short-term global climate warming or cooling. Though,
Al/Ti rise during the Vormsi time, following the Rakvere and Nabala
humid pulses, points to global climate change and may affirm the
small-scale glaciation suggested by Loi et al. (2010).

5.3. The Hirnantian

A decrease in temperature lead to the Hirnantian glaciation, the
most prominent climatic event in the end-Ordovician (Brenchley
et al,, 1994). Data from Canadian Anticosti Island show fluctuation of
tropical temperatures in the latest Katian around 33-38 °C (Finnegan
et al,, 2011) and a 5-10° fall in the Hirnantian (Trotter et al., 2008;
Finnegan et al., 2011). According to general considerations, the global
climate of peak glaciation is cold and dry, but the Hirnantian Al/Ti
data obtained from Estonian samples (Fig. 5 v) reveal humid condi-
tions, despite the location of the Fennoscandian Shield at the dry
subtropical latitude 30° S. In cold global climate the midlatitude pre-
cipitation maximum is farther equatorward than the storm track
(O'Gorman and Schneider, 2008)—a shift of cold polar front toward
low latitudes has been inferred from cool-water faunal migration to-
ward tropics in the Hirnantian (Vandenbroucke et al., 2009, 2010).
Approach of the storm track suggests increase in precipitation in the
Fennoscandian Shield. Also, the Hirnantian ice-age consisted of sever-
al waxing and wanings of ice sheets in Gondwana (Ghienne, 2003; Loi
et al., 2010). Unconformities bound and intersect the Porkuni Stage in
the Baltoscandian Basin (Hints et al., 2010) corresponding to eustatic
regressions and, probably, more severe climate conditions in the
south pole. The preserved sediments of the Porkuni Stage correspond
to modest transgressions and temporary warmings within longer
glaciation period and thereby reflect oscillating, not steady state
cold and dry climate. Mineralogical investigation also supports the
idea about intense weathering in the Hirnantian. The study has re-
vealed an Upper Ordovician more mature composition of the sand
fraction extracted from the Estonian carbonate rock (Viiding et al.,
1983). The Sandbian K-feldspar/quartz ratio 2:1 decreases to 1:4 in
the Hirnantian, which can be considered as an indication of increase
in weathering intensity. Nevertheless, the dolomitic interlayers in
Estonian geological sections reveal temporary aridity, and small coral
reefs point to warm waters. Better understanding of the Hirnantian cli-
mate needs further investigations.

5.4. The early Silurian

Following the Hirnantian glaciation, the beginning of Silurian re-
veals large-scale and rapid climatic variations in the Fennoscandian
Shield, as the Al/Ti ratio oscillates largely (Fig. 5 vi). By the Middle
and early Late Llandovery (Fig. 5 vii) the Al/Ti ratios stabilize
and show humid climate in the Shield. For the Aeronian, Middle
Llandovery, the ice-free world is considered on the ground of 6'80
value -1%. of the ocean water, inferred from ‘clumped isotopes’
(Finnegan et al.,, 2011). A short-term return of the glaciation took
place in late Aeronian shown by a sedimentary gap and regression
in most Estonian geological sections, and about 1%. positive excursion
in 5'%0 of brachiopods indicating cooling (Azmy et al., 1998). In the
early Telychian corresponding to the Rumba Formation the moist
conditions returned to the Fennoscandian Shield together with high
sea level in the Baltoscandian Basin (Johnson, 2006; Kiipli et al.,
2010b). The Aeronian and early Telychian humid pulses may have
the same reason as for the Katian humid interval—moisture increase
at all latitudes due to global warming. At globally warm climate the
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Hadley cell weakens. In the Middle Llandovery the sluggish sea-
water and air movement is shown by cryptocrystalline limestones
in the Estonian-Latvian shelf, and black shales in the deep part of
the Baltoscandian Basin. The humidity and warm temperatures to-
gether caused intense weathering in the Fennoscandian Shield, but
the lack of kaolinite among terrigenous clay minerals points that
chemical weathering was not the strongest.

5.5. The Late Llandovery

In the Late Llandovery Al/Ti ratio reveals semi-humid and later
semi-arid climate in the Fennoscandian Shield (Fig. 5 viii). Global
climate change was responsible for the abrupt end of humid condi-
tions, corresponding to the Rumba/Velise Formation boundary. The
Late Llandovery was transitional between the Aeronian warm and
Sheinwoodian cold global states. The Hadley circulation, being weak
in hothouse and icehouse climates, strengthened and weakened in ac-
cordance with temperature changes during the Telychian. The oscilla-
tion of warmer and cooler temperatures, persisting in subtropics until
the Wenlock, is inferred from §'80 of Estonian conodonts (Lehnert et
al., 2010). The oscillation probably indicates temporary increase in
temperature gradient between the pole and equator, corresponding
strengthening of the Hadley circulation, activation of wind and sub-
tropical drying. Numerous clouds of volcanic ashes came from the
Scandinavian side to the eastern Baltoscandian Basin with westerly
winds (Kiipli et al., 2008a,b, 2010a) whereas in the previous Aeronian
only rare K-bentonite layers are recorded in the Estonian and Latvian
geological sections. The sea-level stand was high in the Telychian at
the beginning of the Velise time (Johnson, 2006; Kiipli et al., 2010b)
suggesting mainly ice-free world. Later on, the high sea-level turned
into gradually regressive trend evidenced by increasing Si/Al ratio in
the Priekule drill core (Kiipli et al., 2010b), and ended with a hiatus
comprising the upper lapworthi-centrifugus biozones of the latest
Telychian (Loydell et al., 2003) speaking about formation of small ice
sheets at the pole. Two superimposed processes - the shift of
Fennoscandian Shield deeper into the desert zone and increased dry-
ness due to temporary Hadley intensification - caused rearrangement
of climate toward aridity during the Telychian, the increase in Al/Ti
ratio being in compliance with this change (Fig. 5A viii).

5.6. The Wenlock and later Silurian

In the early Wenlock, at the beginning of Sheinwoodian glaciation
(Fig. 5 ix), the temperatures in the Baltoscandian Basin decreased
(Wenzel and Joachimski, 1996; Heath et al., 1998; Lehnert et al.,
2010). The drift of Baltica toward the equator ended in the middle
of Silurian as the Baltica and Laurentia cratons collided (Fig. 5 x)
(Torsvik et al., 1996). The maximum dolomite occurrence of the
Rootsikiila Stage, and the following replacement of dolomites by
marlstones in the Kuressaare Stage and Pridoli Series, shows that in
the latest Silurian the Baltoscandian Basin was back in temperate cli-
mate. The collision finished in the Ludlow and thereafter the merged
Baltica-Laurentia drifted back toward higher latitudes (Torsvik et al.,
1996). Though the Baltoscandian Basin shifted to the zone of westerly
winds, the K-bentonites disappeared upward from the Rootsikiila
Stage. Probably, the volcanism ended due to the thickening of the
lithosphere in collision process.

The Sheinwoodian, Homerian and Ludfordian glaciations (Wenzel
and Joachimski, 1996; Kaljo et al.,, 1997; Saltzman, 2005; Kiipli et al.,
2010b; Lehnert et al., 2010; Cramer et al., 2011) caused oscillation of
lithology, climate and sea level in the Baltoscandian Basin and else-
where (Jeppsson, 1990; Jeppsson et al., 2006; Johnson, 2006). On the
contrary, Al/Ti ratios during the Wenlock-to-Pfidoli indicate more sta-
ble conditions than in the Late Ordovician-early Silurian, as humid
pulses are not recorded in the Fennoscandian Shield. The Sheinwoodian
to mid-Ludfordian sea was characterized by long-term moderate low

stand with shorter-range sea level falls corresponding to peak glacia-
tions (Kiipli et al., 2010b). The long-lasting low sea stand points to per-
manent smaller ice sheets at south pole responsible for cool global
climate without warm humid intervals.

6. Conclusion

Two superimposed processes influenced the climate in the
Fennoscandian Shield—long-term drift of the Baltic Craton from mid-
latitudes toward the equator, and shorter-term global or regional cli-
mate changes. The Al/Ti of terrigenous clay reflects the overall trend
toward weaker chemical weathering and dryer conditions in accor-
dance with the drift of Baltica, thereby justifying the use of the ratio
as an indicator of climate. The short-term climate changes are
reflected in Al/Ti rapid fluctuations, mainly coinciding with or con-
verging around climatically unstable periods of Ordovician glacia-
tions. The midlatitude storm track influenced the climatic changes
in the Sandbian and Hirnantian. In the Silurian the subtropical Hadley
circulation governed the Fennoscandian Shield and Baltoscandian
Basin. The humid pulses of middle Katian and Middle Llandovery
show that climatic belts changed considerably at globally warm pe-
riods. Lithology of sedimentary rocks of the Baltoscandian Basin is
compatible with climate in general. Several lithological features,
e.g. K-bentonites, deposits of cryptocrystalline limestone, black shale
in the deep shelf, or widespread dolomite, correspond to climatic pecu-
liarities, such as lack or presence of wind, warmth, or aridity. A lot of
new information about global and regional climate has been inferred
from the Al/Ti ratio, and yet additional data from the Baltic region and
other continents would be necessary to support or deny the given
suggestions.
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Abstract. The content of the trace elements Ti, Nb, Zr and Th has been analysed in 34 Upper Ordovician bentonites from the
Billegrav-2 drill core, Bornholm, Denmark. The section contains two 80-90 c¢m thick bentonites, which potentially may represent
the Kinnekulle Bentonite, as well as several rather thick but composite bentonite layers with thin terrigenous shale interbeds.
Comparison of the four immobile trace elements with data from the Kinnekulle Bentonite reported from other locations in
Baltoscandia indicate that the 80 cm thick bentonite between 88.30 and 89.10 m in the Billegrav-2 core represents this marker
bed. The other thick (90 cm) bentonite in the Billegrav-2 core, exceeding the thickness of the Kinnekulle Bentonite, belongs to the
Sinsen or uppermost Grefsen Series bentonites. Bentonites in the Grefsen Series frequently contain much higher concentrations of

trace elements than the Kinnekulle Bentonite.

Key words: bentonites, Ordovician, Denmark, Kinnekulle.

INTRODUCTION

The lower part of the Upper Ordovician contains
numerous altered volcanic ash layers in the Balto-
scandian area, amongst them the unusually thick so-
called Kinnekulle Bentonite, which represents one of
the largest eruptions that has ever taken place during the
Phanerozoic (Huff et al. 1992, 1996). After recognition
of the volcanic origin of the clay-rich interbeds in
the Ordovician of Scandinavia by Thorslund (1945),
Hagemann & Spjeldnaes (1955) first applied these layers,
in particular the thickest one (XXII), to correlation of
sections. In North Estonia Jiirgenson (1958) correlated
five bentonite layers, including the thickest one (d) at
the base of the Keila Stage. Ménnil (1966) correlated
the thickest bentonite (XXII) in Scandinavia with
the thickest one (d) in the East Baltic. Using these
correlations, Vingisaar (1972) published the first dis-
tribution and thickness map of the ‘main metabentonite’
layer across the entire Baltoscandian area. Bergstrom
et al. (1995) applied trace element geochemistry to
correlation in combination with palacontological data
and thickness of the beds. Bergstrom et al. (1995) also
named the thickest bed the ‘Kinnekulle’ K-bentonite.

In the Oslo Region, south-central Sweden and Estonia
one of the bentonites in the Sandbian Stage (Upper
Ordovician) is significantly thicker than the others,
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supporting correlation, whereas in Latvia and Lithuania
all bentonites are thin and, hence, recognition of the
Kinnekulle Bentonite is not possible without using
chemical or mineralogical fingerprinting. In Scania,
southernmost Sweden, the same problem was encountered
by Bergstrom et al. (1997), as more than one thick
bentonite occur in Kyrkbdacken and other sections, and
identification of the Kinnekulle Bentonite is not straight-
forward.

In order to identify individual eruption layers,
researchers have used phenocryst compositions of
apatite (Batchelor 2009; Ray et al. 2011; Sell & Samson
2011), biotite (Batchelor 2003) and sanidine (Kiipli et al.
2007, 2010, 2011, 2012, 2014a; Ménnik et al. 2014).
Separation of phenocrysts for analyses is, however, time-
consuming and often phenocrysts are absent or altered
to an extent that they cannot be properly identified.
Therefore a series of immobile trace elements have been
used for correlations (Huff et al. 1998; Inanli et al.
2009; Hetherington et al. 2011; Kiipli et al. 2013; Kaljo
et al. 2014).

The aim of the present contribution is to demonstrate
the possibilities and problems of geochemical identi-
fication of individual volcanic eruption layers and, if
possible, to identify the Kinnekulle Bentonite in the
Billegrav-2 drill core section on Bornholm, Denmark.
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MATERIAL

Seventy-six geochemical samples were collected from
the ca 12 m thick Sandbian part of the Billegrav-2 drill
core (Figs 1, 2), Bornholm, Denmark. The Sandbian
strata are resting unconformably on a thin Komstad
Limestone (basal Dapingian) and are in turn overlain by
grey and black shales of Katian age; these strata are
locally on Bornholm assigned to the Dicellograptus
Shale. The conspicuous feature of the Sandbian section
is that ca 50% of the section is formed by volcanogenic
sediment altered to clay, i.e. bentonite. The other 50%
of the section is formed by grey, often silicified mudstone.
The bentonites contain also much chert. The section
includes two thick bentonites (80 and 90 cm) and also
thick intervals where bentonite material dominates.
These intervals are separated by only thin terrigenous
mudstone interbeds.

The Billegrav-2 well (DGU 248.61) was drilled as
part of a shallow drilling campaign conducted by the
Geological Survey of Denmark and Greenland (GEUS)
on southern Bornholm in August 2010. The well was
fully cored and subsequently subjected to an extensive
logging programme by GEUS in order to characterize
the lithology, the water composition and the flow capacity
of the fracture systems (Schovsbo et al. 2011).

LOGSTRATIGRAPHICAL UNITS IN
BILLEGRAV-2

Pedersen & Klitten (1990) discerned 6 units (A-F) and
16 subunits based on the gamma-ray log pattern in water

wells and scientific wells drilled on southern Bornholm.
The log signature of the logstratigraphical units was
expanded to also include the formation resistivity and the
sonic velocity by Schovsbo et al. (2011). The bentonite-
rich interval occurs within log unit D that corresponds to
the Dicellograptus Shale of traditional Danish terminology
(Fig. 2). The log zone is divided into subunits D1-D3
of which the D3/D2 boundary approximates the
Dicellograptus foliaceus/D. clingani zonal boundary
and the D2/D1 boundary approximates the top of the
bentonite-rich interval (= Sularp Shale according to the
terminology proposed by Lindstrom 1953; Bergstrom
et al. 1999). This level corresponds to log unit D1 of
Pedersen & Klitten (1990). Bergstrom & Nilsson (1974)
correlated this part of the shale with the D. multidens
[now foliaceus] Zone. This unit is much thicker in
the Billegrav-2 core (ca 12 m) than at Lesd (2.9 m,
cf. Funkquist 1919). It is apparently about 1 m thinner
in the Semarken-2 well (see Pedersen & Klitten 1990,
fig. 5).

LOG RESPONSE OF BENTONITE BEDS

The log readings of the formation resistivity and
gamma ray in the bentonite-rich shale interval clearly
indicate that the thick bentonite beds in the mid
to upper part are characterized by low formation
resistivity and high Gr values (Fig. 2). No clear log
signature is seen in the lower part of the interval. This
probably reflects that the bentonite—shale intercalations
are thin and below logging resolution. The low resistivity
of the bentonites probably reflects different clay

Fig. 1. Location of the Billegrav-2 drilling
site and distribution of Lower Palacozoic
sediments in southern Scandinavia. Modified
from Nielsen & Schovsbo (2011)
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minerals with high cation exchange capacity, such as
mix-layer clays compared with the inter-bedded shale
that in part is silicified. The formation resistivity appears
to be about 17 ohm.m for relatively pure bentonite
and 175 ohm.m. for relatively pure shale.

LABORATORY METHOD

X-ray fluorescence analyses for determination of major
chemical components and trace elements were made
on a Bruker S4 Pioneer spectrometer. The X-ray tube
with Rh-anode and maximum working power of 3 kW
was used. Eight grams of fine powder (grains not larger
than 50 um) per sample were mixed with eight drops
of 5% Mowiol solution and pressed. Pellets were
dried for 2 h at 105°C. The samples were measured
and preliminary results were calculated by using the
manufacture’s standard methods MultiRes and GeoQuant.
Ten international and in-house reference materials were
used to refine analytical results by up to a few per cent of
the concentration. The results are available in an electronic
attachment at http://dx.doi.org/10.15152/GEO.6.

The results were compared with published geo-
chemical compositions of the Kinnekulle Bentonite
from Scandinavia and the East Baltic (Bergstrém et al.
1997; Kiipli et al. 201 1; Batchelor 2014; Siir et al. 2015).

Four elements, Ti, Nb, Zr and Th, were used in
searching for the Kinnekulle Bentonite as these have
been shown to be immobile during conversion of
volcanic ash to authigenic silicates (Kiipli et al. 2008,
2014b). Element ratios vs Al,O; are used for comparison
in order to eliminate the effects of different residual
enrichment of immobile elements during conversion of
volcanic ash to authigenic silicates (Kiipli et al. 2013).

HOMOGENEITY OF THE KINNEKULLE
BENTONITE COMPOSITION

The most reliable average composition of the Kinnekulle
Bentonite, based on analytical results from 13 laboratories
worldwide (reference sample Es-15), is published by
Kiipli et al. (2000). Sample Es-15 originates from the
upper part of the Kinnekulle Bentonite in the Paiskiila
exposure, North Estonia. There the Kinnekulle Bentonite
contains abundant authigenic K-feldspar and 18-19%
ALO;. More frequently the Kinnekulle Bentonite consists
predominantly of illite—smectite and contains 20-26%
AlLO;, even up to 31% in a kaolinite-rich variety from
the Valga core (Kiipli et al. 2007). In Scandinavia
bentonites often contain some carbonate or chert diluting
the immobile elements and in these cases the Al,O3
content may be as low as 14-17% (Batchelor 2014).

Average immobile element/Al,O; ratios in the
Kinnekulle Bentonite, calculated on the basis of 46
analyses from the East Baltic and Scandinavia, are as
follows:

TiO, x 10%AL,0; = 122,
Nb x 10*/A1,0; = 0.595,
Zr x 10/A1,05 = 8.26,
Th x 10%A1,0; = 0.648.

Data from the Fjacka and Vasagéard exposures are
excluded from these calculations because they are
deviating from the main data cluster (Fig. 3). These
average values are used for comparison in Fig. 3. All
element ratios in particular samples are divided by the
average values for the Kinnekulle Bentonite. Figure 3A
shows that the composition of particular samples of the
Kinnekulle Bentonite in the East Baltic mostly does
not differ from the average more than 1.2 times. In
Scandinavian sections the deviation from the average
can reach 1.4 times and in the Fjacka and Vasagéard
sections the differences are 1.6-2.6 times.

IDENTIFICATION OF THE KINNEKULLE
BENTONITE IN THE BILLEGRAV-2 SECTION

The comparison of Sandbian bentonites with the
Kinnekulle Bentonite shows that other bentonites mostly
have higher concentrations of Ti, Nb, Zr and Th (Fig. 3B).
Zr concentrations are often especially high in the lower
part of the Sandbian section in the Billegrav-2 core,
showing up to 3.5 times higher values than in the
Kinnekulle Bentonite. High contents of Zr characterize
many bentonites of the Grefsen Series (Batchelor 2014),
so the lower bentonites in the Billegrav-2 core likely
belong to this series. Lower concentrations of elements
compared with the Kinnekulle Bentonite are less frequent.

Eight of a total of 34 separate bentonite layers show
geochemical similarity with the Kinnekulle Bentonite.
Starting from below, the depths of these samples are:
93.88, 93.84, 92.75 and 91.90 m, inside the lower
90 cm thick bentonite at 90.0 and 90.45-90.60 m,
inside the upper 80 cm thick bentonite at 88.55-88.95,
89.05-89.10, 87.5 and 87.25-87.35 m (Fig. 3B). Four
layers in the lower part of the section are thin (1-4 cm)
and alternate with high Zr layers and, hence, likely
belong to the Grefsen Series. A relatively small part of
the overlying thick bentonite between 89.95 and 90.85 m
(25% e.g. five samples of a total of 20) is similar to the
Kinnekulle Bentonite. The most likely candidate for
the Kinnekulle Bentonite is the 80 cm thick bentonite
between 88.30 and 89.10 m, revealing in nine of 13
samples closely similar compositions with the Kinnekulle
Bentonite. Higher up the upper part of the thick composite
bentonite layer between 87.25 and 88.00 m also exhibits
some similarity with the Kinnekulle Bentonite.
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DISCUSSION

Possibilities and problems of using immobile
elements for proving correlations

Immobile trace elements, analysed easily by the X-ray
fluorescence method (Ti, Nb, Zr, Th and major element
AlL,03), can be confidently used for the correlation of
bentonites. However, volcanic ash compositions from
repetitive eruptions from the same volcanic source
may exhibit similar compositions. A favourable situation
for volcanic stratigraphy is when ashes from different
volcanoes alternate regularly (Kiipli et al. 2010). Using
the thickness of bentonites for correlation is unreliable
as a thick eruption layer can be thin in other areas.

Bentonites from single eruptions and composite
layers from several eruptions

Internal compositional variations of two thick bentonite
layers in the Billegrav-2 core indicate that the composition
of magma can vary during long-lasting eruptions. The
absence of terrigenous shale interbeds suggests that
it was the same continuous eruption. Compositional
variations can be caused by involving the lower layers
from a stratified magma chamber during the eruption
or differentiation of ash material during air transport
or redeposition. Somewhat larger variations in the
composition of the Kinnekulle Bentonite in Scandinavia
(Fig. 3) compared to the East Baltic may indicate a
change in wind directions during the eruption. The
maximum power of the eruption is likely represented
by the middle part of the Kinnekulle Bentonite in the
Billegrav-2 core and at this time the ash cloud reached the
most distant areas including the East Baltic. Initial and
final stages of the eruption reached mostly Scandinavia,
creating different compositions in the lower and upper
parts of the bentonite layer. Thin shale interbeds in the
interval between 87.25 and 87.82 m in the Billegrav-2
core indicate that this thick bentonite formed from several
volcanic eruptions.

Causes of geochemical differences of the Fjicka
and Vasagard bentonites compared with the
Kinnekulle Bentonite

The bentonites from these two localities were not used
for calculating the average composition of the Kinnekulle
Bentonite due to large deviation from the other data at
hand, although these sections were previously believed
to represent this bed. The compositional difference of
the Fjdcka bentonite (Batchelor 2014) may be caused by
mixing with terrigenous material as indirectly indicated
by the high carbonate content. Terrigenous material
commonly contains significantly higher contents of trace

elements than is typical of the Kinnekulle Bentonite. The
bentonite from Vasagard has only a significantly higher
content of Ti, whereas the other immobile elements
occur at low levels. This may indicate that bentonite
from Vasagard (or at least the sample taken in 2003
from the poor outcrop and analysed by Kiipli et al.
2009) does not belong to the Kinnekulle Bentonite.

CONCLUSIONS

The study suggests with high probability that the 80 cm
thick bentonite in the Billegrav-2 core section between
88.30 and 89.10 m represents the Kinnekulle Bentonite.
Bentonites above it belong to the Grimstorp Series and
those below to the Sinsen and Grefsen series. One of
the Sinsen or uppermost Grefsen Series bentonites
is 90 cm thick, thus exceeding the thickness of the
Kinnekulle Bentonite. Bentonites in the Grefsen Series
frequently show much higher concentrations of trace
elements than the Kinnekulle Bentonite.
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Abstract. Twenty-six samples from two major altered volcanic ash beds, Kinnekulle and BII Bentonite of the Kuressaare core
section (K-3), Saaremaa Island, were explored to record the geochemical and mineralogical heterogeneity of beds. Signs of ash
transport fractionation, redeposition of volcanic ash and diagenetic redistribution of material are described and interpreted.
In authigenic mineralogy of the Kinnekulle Bentonite illite—smectite dominates with addition of K-feldspar at the margins. The
BII Bentonite is composed of chlorite—smectite and illite—smectite. The stability of phenocryst compositions, including that of
sanidine and biotite, indicates that both bentonites originate from a single eruption. The observed rather stable pyroclastic sanidine
compositions in the cross section of bentonites confirm the reliability of sanidine-based fingerprinting of altered volcanic ash
beds. Trace element distribution in bentonites and host rocks indicates that Zr, Ga, Rb, Nb, Ti and Th stayed largely immobile
during volcanic ash alteration and reflect primary ash composition. However, some redistribution of Nb and Ti as well as Y has
probably occurred near the contacts of bentonite with the host rock. More scattered grain size distribution and immobile element
patterns of the Kinnekulle Bentonite support the idea that the primary ash bed had a heterogeneous composition and it was one of
the biggest bentonites of the Phanerozoic and most likely records an extended volcanic event. Significant geochemical variations,
including a high S content, near the upper and lower contacts of the Kinnekulle Bentonite and elevated Ca and P in host rocks of
both bentonites suggest that the studied large ash-falls caused notable perturbations in shallow marine and early post-sedimentary

environment.

Key words: K-bentonite, Mg-bentonite, Ordovician, Estonia.

INTRODUCTION

Volcanic ash fallout is an ‘instantaneous’ event compared
to geological time and can be used for precise regional
correlation of sedimentary sections (Kolata et al. 1987;
Bergstrom et al. 1995; T. Kiipli et al. 2008a, 2010a,
2010b, 2012, 2014a, 2014b, 2015; Ray et al. 2011;
Kaljo et al. 2014; Méannik et al. 2014). Volcanic ashes
carry also information for the reconstruction of
tectonomagmatic environments in volcanic source areas
(Batchelor 2009; Hetherington et al. 2011; Kiipli et al.
2013, 2014c). Super-eruptions, ejecting more than
1000 km® of dense rock equivalent, transport huge
amounts of magmatic material from the Earth’s interior
to the surface, some of which freezes immediately as
surface rocks, but much of ejected fine material enters
the atmosphere as aerosol creating a ‘dark rug’ cover
in the upper layers. Aerosols from major blowouts may
remain in the atmosphere for up to five years (Rampino
etal. 1988) and during this time the influx of solar
radiation to the Earth’s surface is impeded, causing
global cooling. Lower temperature exerts stress on life
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and sometimes even causes its extinction after the
largest eruptions (Hints et al. 2003; Perrier et al. 2012).
Volcanic ash fallouts can also directly affect marine
geochemistry, triggering transient acidification of sea
water, and quick release of different metals which can
either act as nutrients supporting primary production
or toxify the marine environment, the latter leading to
a possible mass mortality event (e.g. Jones & Gislason
2008; Duggen et al. 2010). Thus, the interaction of
primary volcanic ash with different environmental and
biotic factors can vary case by case and the signals of
these variations may be preserved in the cumulative
composition of old volcanic ash beds.

Amorphous glassy material of volcanic ash in
sediments alters to clay minerals (commonly smectite)
and other authigenic silicates (Grim & Giiven 1978),
forming bentonites. The primary vertical chemical and
mineralogical composition of individual ash beds is not
homogeneous (Dahlqvist et al. 2012), but varies due to
a successive change in magma composition during long-
lasting eruptions and physical fractionation (possibly also
chemical alteration) of ash in air transport and settling
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in water basins (Fisher & Schmincke 1984). Bergstrom
et al. (1997) and Huff et al. (2010) suggested that in the
conditions of an overall slow sedimentation rate and
intense volcanism visually homogeneous bentonite layers
can accumulate from several volcanic eruptions providing
ashes of different compositions. Further, in the course of
burial, volcanic ashes are altered by various diagenetic
processes (Altaner et al. 1984; Brusewitz 1988; Kiipli et
al. 2007; R. Hints et al. 2008).

The aim of this study is to test, describe and interpret
the internal heterogeneity of different origins of two
major Upper Ordovician bentonite beds in Baltoscandia:
the Sandbian Kinnekulle Bentonite of the Keila Regional
Stage (Bergstrom et al. 1995; L. Hints et al. 2008) and
the Katian BII Bentonite of the Pirgu Regional Stage
(Kiipli et al. 2004, 2015; Hints et al. 2006).

MATERIAL AND METHODS

The Kinnekulle Bentonite is the thickest (up to 2 m in
the Ostergotland area in Sweden and up to 70 cm on
Hiiumaa Island in Estonia) and most widely distributed
altered volcanic ash bed in the Ordovician of Balto-
scandia and the BII Bentonite is the thickest (up to
30 cm) in the Pirgu Stage of Estonia. The ash for both
bentonites originated from tectonically active margins
of the lapetus Palaeco-Ocean at a distance of more than
1000-2000 km (Torsvik & Rehnstrém 2003) from the
study site and accordingly both eruptions are considered
as very large volcanic events. During their burial and
alteration history, the Early Palaeozoic bentonites of
the region never reached considerable burial depth and
are characterized by low thermal maturity (Somelar
et al. 2010).

The material for the current study was collected
from the Kuressaare (K-3) drill core from southern
Saaremaa Island (Fig. 1), stored at the Keila core
depository of the Geological Survey of Estonia. The
Kinnekulle Bentonite, marking the boundary of the Haljala
and Keila stages, is 40 cm thick and the BII Bentonite in
the middle of the Pirgu Stage is 30 cm thick (Figs 2, 3).
Host rocks of the Kinnekulle Bentonite are limestones
and those of the BII Bentonite, argillaceous marlstones.
Based on the facies framework of the Baltic Palaeobasin,
the Ordovician sedimentary section of the Kuressaare
core belongs to the transition zone between the proximal
shallow and deeper shelf sea areas (P6lma 1967).

During sampling both bentonites were divided into
eight equal parts, therefore BII samples are 3.75 cm and
Kinnekulle samples 5 cm thick. The amount of the study
material was about 15-20 g per sample. Host rock samples
were taken for comparison at 5 and 30 cm below and
at 5 and 15 cm above of the Kinnekulle Bentonite, and

21°20
8
8
é
FET .
S Y
e
"b”d .\,
<
d

Baltic Sea

Kuressaare (K-3)
N}

Gulf of Riga

LATVIA

25°15'

Riga
: 100 km i su

Fig. 1. Location of the Kuressaare (K-3) drill hole in the
southern part of Saaremaa Island, Estonia.

at 3, 10 and 20 cm below and above the BII Bentonite
layer.

Major chemical components and trace elements were
determined by X-ray fluorescence (XRF) methods using
a Bruker S4 Pioneer spectrometer. The X-ray tube with
the Rh-anode and maximum working power 3 kW was
used. Eight grams of fine powder (grains not larger
than 50 um) of samples was mixed with eight drops of
5% Mowiol solution in distilled water and pressed. The
pellets were dried for 2 h at 105°C. The samples were
measured and preliminary results were calculated by using
the manufacturer’s standard methods software MultiRes
and GeoQuant. The XRF data in the present study
represent the average of these two measurements. Ten
international and in-house reference materials were used
to refine analytical results by up to a few per cent of the
concentration.

Grain material for X-ray diffraction (XRD) and micro-
analyses was separated using the following procedure:
about 2 g of bentonite samples were dispersed ultra-
sonically during 2 min in 50 mL of 0.1% Na-pyro-
phosphate solution. The remaining Na-pyrophosphate
suspension was slowly poured away. The pouring must
be done very carefully so that the separated grains would
not be lost with the suspension of the material. This
procedure was performed twice. The next step was
adding 25 mL of 1:4 HCI solution to the separated
grain material for dissolving carbonate minerals and
treated with ultrasound until the acid solution became
warm and started to steam slightly; the process took
about 3 min. According to our experience, this procedure
extracts most of the grains larger than 0.04 mm from the
bentonite sample.

The XRD measurements of the bulk sample and
grain fraction were performed on a D-8 Advance
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Fig. 2. The lithology and stratigraphy of the Kuressaare (K-3)
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Fig. 3. Drill core photos of the BII and Kinnekulle bentonites.
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instrument from Bruker AXS. The measured diffraction
patterns were analysed with the TOPAS and EVA software
and Microsoft Excel.

Microanalyses of grains were performed with an
energy-dispersive X-ray instrument (EDXRF), connected
to the scanning electron microscope, under low vacuum
(30 Pa) conditions. The electron beam was generated
by 20 kV and 650 pA. The basaltic glass BBM-1G,
distributed by the International Association of Geo-
analysts, was measured together with the studied grains
and used as a reference. On the basis of these measure-
ments, Al, Si and Fe concentrations were corrected
linearly by a few per cent of the concentration. According
to repetitive measurements of BBM-1G, the precision of
measurements was better than 0.4%.

RESULTS
XRD analysis of bulk bentonite

Main components of the BII Bentonite detected through
the layer are illite—smectite, chlorite—smectite and K-
feldspar plus quartz and dolomite (Fig. 4). From these

Corrensite

1-5, llite

5 10 15 20 25

minerals, chlorite—smectite (corrensite) is known only
from the bentonites of the Pirgu Stage in Estonia (Hints
et al. 2006).

Lower samples of the BII Bentonite are minera-
logically quite similar, having a minor amount of calcite
and pyrite in sample 1. Small portions of quartz and
dolomite appear in sample 3 and these phases consistently
increase towards the upper boundary of the bentonite
layer. In the upper part of the bentonite (samples 7 and 8)
traces of calcite could be observed again. The content of
illitic layers in illite—smectite in 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 is mostly
composed of calcite and dolomite, together with smaller
amounts of quartz, illite, K-feldspar, chlorite and traces
of pyrite. The host rock just above the bentonite consists
mainly of calcite but there are also traces of K-feldspar,
quartz and dolomite. The dolomitization and quartz
component increase 10 cm above the bentonite, however,
this sample is still highly calcitic. This trend continues
until 20 cm higher and the rock composition gradually
becomes similar to the rock below the bentonite.

Dolomite

Cuartz

sample 7

sampled

sample 2

30 35 40 "28 ({CoKa)

Fig. 4. Examples of XRD patterns from the BII Bentonite. Patterns demonstrate an increase in quartz and dolomite content
upwards in the bed. Clay minerals are most abundant in the lower part of the bentonite. I-S, illite—smectite; Kfs, potassium feldspar;

Cal, calcite.
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Similarly to bentonites, the clay fraction of the host rocks
of the Pirgu Stage in the transition zone also contains
abundant chlorite—smectite (E. Kiipli et al. 2012).

The mineral composition of the Kinnekulle Bentonite
has previously been studied in the Péaskiila exposure,
northern Estonia (Hints et al. 1997), where the mineral
assemblage of the bentonite was reported to be composed
of potassium feldspar and illite—smectite. The same
minerals occur in the Kinnekulle Bentonite over the
entire northern and central region of Estonia (Kiipli et
al. 2007). The content of illitic layers in illite—smectite
in the East Baltic area varies between 71% and 87%.

In the Kinnekulle Bentonite of the Kuressaare drill
core, illite—smectite occurs as the dominant mineral
phase with the highest concentrations in the middle of
the bentonite layer. The K-feldspar content is lower
than in North Estonian settings, but similarly to those
sections the content of K-feldspar reaches the maximum
at the upper and lower boundaries of the layer (samples 1,
2 and 8) (Fig. 5).

Major components revealed by XRF analysis

The chemical composition of the two targeted bentonites
differs significantly. The most outstanding feature of the
compositional variations can be illustrated on the MgO—
K,O chart (Fig. 6). The Kinnekulle Bentonite has a
typical K-bentonite composition with the K,O content
around 7% in the middle part. The BII Bentonite has
a lower K,O content (around 5%) and a high content
of MgO between 9% and 13%. It suggests that Mg-
bentonite could be a more appropriate name for this
lithological variety of bentonite. It is distinctive that the
host rocks near the BII Bentonite are also enriched in
MgO compared with the host rocks of the Kinnekulle
Bentonite.

Furthermore, the internal chemical variability patterns
of major elements of the BII Bentonite and the Kinnekulle
Bentonite possess distinct individual features (Fig. 5).
The BII Bentonite shows big differences in geo-
chemistry between the upper and lower parts of the
bentonite. SiO,, Al,0s, Fe,O; and MgO follow a similar
upward decreasing trend and the differences between
the upper and lower parts of bentonite are obvious,
whereas the CaO level changes in the opposite direction.
Based on the distribution of a number of major
components, the Kinnekulle Bentonite is rather uniform
throughout the layer. However, it exhibits notably higher
K,0 and S contents near both the lower and upper
contacts with the host rock. A conspicuous increase in
P,05 associated with some rise in CaO occurs in host
rocks directly above both bentonites. The host rocks of
the bentonites have significantly lower concentrations
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of all typical elements of silicate minerals and higher
contents of CaO than the bentonite beds.

The comparison of the major element composition
of bentonites with that of the silicate part of host rocks
shows that bentonites contain significantly more Al,O;
and less SiO, and TiO, (Fig. 7). Distinctive is a higher
SiO, content below the Kinnekulle Bentonite compared
with other host rock samples (Fig. 7).

Trace elements revealed by XRF analysis

The studied bentonites have significantly lower con-
centrations of Ti, Cr and V than the silicate part of host
rocks. These elements are therefore good discriminators
for recognizing the volcanic origin of clay-rich layers.
Higher concentrations of Ti were also recorded in the
silicate fraction of host rocks.

The contents of trace elements such as Zr, Th and
Nb are higher in the BII Bentonite than in the silicate
part of host rocks, but in case of the Kinnekulle
Bentonite do not show much difference. Compared to
the BII Bentonite, the Kinnekulle Bentonite exhibits
notably higher contents of Rb and Ba.

Trace elements vary considerably in the upper and
lower parts of the BII Bentonite. Zr reaches 300 ppm in
a lower sample and decreases steadily to 100 ppm in the
upper part. Ga, Nb, Th, and Rb follow mostly the same
pattern and show positive correlation with each other,
indicating that these elements stayed largely immobile
during the alteration (Fig. 7, Table 1). However, the
maximum content of Nb in the silicate fraction of the
host rock was recorded directly below the BII Bentonite.

Variations in the trace element content throughout
the vertical section of the Kinnekulle Bentonite tend to
be smaller but somewhat more irregular than those
observed in the BII Bentonite. The most remarkable
concentration shifts occur in the uppermost (sample 8)
and lowermost (samples 1, 2) parts of the bed. Thus, Ga,
Rb and Zr concentrations decrease near the lower and
upper contacts (Fig. 7, Table 2). Samples from near the
lower and upper contacts of the bentonite bed show also
a significant rise in the content of chalcophile elements
such as As and Pb, simultaneously with peak S and Fe
concentrations. The trace element patterns from the
middle part of the bed exhibit small-scale but still notable
scattering of immobile trace elements, e.g. of Zr (Table 2,
Fig. 8). The higher values of Nb in the silicate fraction
of the host rock of the Kinnekulle Bentonite compared
to the bentonite values suggest, similarly to the BII
Bentonite, mobilization of Nb near the contacts of
bentonite with the host rock. The Y values in the bentonite
lack good correlation with other typical immobile
elements. Its highest concentrations appear in the two
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12 - Kinnekulle K-bentonite
with authigenic K-feldspar
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8 = Kinnekulle K-bentonite
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Fig. 6. The composition of two bentonites and host rocks
illustrated on the MgO-K,O chart. The Kinnekulle Bentonite
has typical K-bentonite composition but the BII Bentonite
shows high contents of MgO.

lowermost samples of the bentonite containing also
slightly more P,0Os than the rest of samples. Peak concen-
trations of Y appear directly above the Kinnekulle
Bentonite, together with peak values of CaO and P,0s.

The composition of grain material and
pyroclastic sanidine

Grain material larger than 0.04 mm forms 2-10% of
both bentonites. Higher concentrations are found in the
lower parts of bentonites with a secondary peak in the
third sample from below in the Kinnekulle bed and in
the middle of the BII bed. The composition of minerals
in grain fraction is presented in Table 3 and pyroclastic
material is characterized in Table 4. According to XRD
analysis, the authigenic K-feldspar component (end-
member orthoclase 313 and K-sanidine, Kastner 1971)
forms the major part of grains, varying between 70%
and 85% in the Kinnekulle Bentonite. Microanalysis of
grains revealed a number of clay aggregates in grain
fractions of the BII Bentonite. Conversely, the samples
of the Kinnekulle Bentonite were more efficiently purified
and did not contain clay. Authigenic pyrite occurs mostly
in concentration of 0.5-3.5% in grain fraction, except in
the lower and upper samples of the Kinnekulle Bentonite
where much higher contents were recorded.

The allogenic (terrigenous + pyroclastic) part (mostly
15-30%) of grains is formed predominantly of K—Na-
sanidine (Kastner 1971), quartz and biotite. The quartz
component remains at the same level (nearly 6%) within
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the four lower samples in the BII Bentonite and is
followed by an increasing trend upwards. The volcanic
sanidine (Na—K-sanidine) component is about 12% within
the first six samples (except sample 3 where it reaches
19%), decreasing to nearly 5% in samples 7 and 8. The
Kinnekulle Bentonite is rich in biotite (38% of grains
measured by microanalysis), while authigenic sanidine
forms 48% and Na—K-sanidine only 4% of measurements.
Minor phenocrysts are quartz (5%) and apatite (4%).

Among pyroclastic grains the quartz content remains
stable, being close to 50% of pyroclasts in the Kinnekulle
Bentonite and 24-28% in the BII Bentonite (Table 4).
The content of biotite in the Kinnekulle Bentonite
decreases upwards and correspondingly the sanidine
content rises. The composition of pyroclastic material
was not calculated for the upper samples as these
contain much terrigenous quartz, indistinguishable from
pyroclastic one by XRD. According to XRD, K-Na—Ca-
sanidine has a constant composition throughout
both bentonite sections, averaging at 25.2+0.6 mol%
(Na,Ca)AlSi;Og for the Kinnekulle Bentonite and
43.8£0.4 mol% for the BII bed. Measurements of grain
compositions by the energy-dispersive XRF (EDXRF)
microanalyser confirm the XRD measurements. The
composition of biotite detected from the Mg/(Mg + Fe)
ratio is also stable throughout the section of the Kinnekulle
Bentonite.

The distribution of maximum pyroclastic grain sizes
(observed visually under microscope) is homogeneous
in the BII Bentonite, staying around 180 um. On the
contrary, the maximum pyroclastic grain size distribution
is rather variable in the Kinnekulle Bentonite, being
remarkably high (300 pm) in samples 2 and 3, compared
to the lowermost and uppermost parts of the bentonite
(Table 4, Fig. 9).

DISCUSSION

Multiple- versus single-eruption hypothesis for
the source of bentonite-forming material

To explain the origin of some of the major Early
Palaeozoic bentonites, a multiple-eruption hypothesis
has been put forward (Huff et al. 2010). Nevertheless,
the vertical sections of both of the studied bentonites
have a stable composition of primary magmatic pheno-
crysts, as evidenced by the high-precision XRD data
of volcanic sanidine (Table 4). Furthermore, sanidine
compositional data exhibit good correspondence between
XRD and EDXRF data. The Mg/(Mg + Fe) atom ratio
in biotite in the Kinnekulle Bentonite was also found to
be stable. The observed stability of the composition of
primary phenocrysts provides evidence that the magmatic
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Fig. 8. Scatterplot matrix showing immobile element distribution in the cross section of the Kinnekulle Bentonite. The graphic
presents pairwise relations of Al, Ti, Ga, Nb, Rb, Zr and Y. In case of homogeneous source material the ratios of immobile
elements are expected to remain constant during ash alteration. However, for the Kinnekulle Bentonite the trace element
scatterplots reveal notable variations between different samples, which might suggest either primary geochemical inhomogeneity
of source material or diagenetic redistribution. Samples close to the upper and lower contacts of the bentonite (samples 1, 2 and 8)
are characterized by a somewhat different immobile trace metal behaviour than the samples from the middle part of the bentonite.
Those samples also have the lowest Al content. Samples 3—6 are characterized by a considerably homogeneous trace element
composition. The distribution of Zr in the middle part of the Kinnekulle Bentonite, however, does not show good correlation with
that of Al and with other immobile trace elements. Y demonstrates a rather different behaviour with respect to other immobile
elements in the upper and lower parts of the bentonite.

150



S. Siir et al.: Internal stratification of bentonites

"POIE[NO[E) 10U “OU (SJUIWAINSEOW JO JOqUINU U

8OV(RATVIS) (g 2D BN s1edspraf YIHOIOTOH(ISTVIE(EDTLRI TN 1 (BN oty

€00 L6'T 10°0 00°¢ 00 86C 00 96'C €00 L9T IS

€00 w01 10°0 660 100 00°1 100 w0l €00 (43! v

ou ou ou ou ou ou ou ou 000 200 U

ou ou ou ou ou ou ou ou 200 0€°0 1L

000 100 0070 100 00 00 100 00 90°0 0Ll od

u u u u u ou ou ou 900 S6'0 ME

10°0 10°0 0070 00°0 00°0 00°0 00°0 10°0 00°0 10°0 ed

100 00 0070 100 100 100 00°0 00 100 00 €D

00 950 100 660 10°0 66°0 10°0 L0 100 6°0 A

00 §40] 0070 10°0 00°0 10°0 10°0 4 10°0 900 BN

R[NULIOJ [ROIWAYD Y} Ul XPU|

L0°0 00 €00 ¥0°0 9¢0 LTO L00 00 80°0 900 L1T°0 0¥'0 [AN0) 8¢0 oed

8¢°0 LSV 98°0 ¥8'C [4%0) [4N0] LT°0 LTO 0€°0 €90 170 S0 S 6¥'CC 094

€0°0 00 ¥0°0 10°0 ¥0°0 0070 €00 00°0 €00 10°0 00 €00 ¥0°0 €00 OUN

01°0 0ro €To 1€0 ¥0°0 100 90°0 00 01’0 60°0 010 110 €60 (484 ‘OLL

(SN0 €90 90°0 LSO o L¥'0 €00 60°0 1o S10 90°0 (430 60°0 91’0 oed

L1°0 [433 6¥°0 0L9 0€0 106 €00 Iv¢el 90 [9Y! 80°0 LTl €To €T6 o™

9T0 8¢€°0 600 170 L00 60°0 €1’ 01°0 80°0 80°0 60°0 cro 61°0 €10 S

960 €r'Le 90 9¢'09 €0'1 £8°€9 8170 LO'€9 650 €¢e9 1€°0 €879 9I'l 90°6€ ‘oIS

€60 60°S1 er'l €C°L1 6£0 1981 1T0 L9LT 81°0 8Ll 60°0 9¢'81 9¢'0 P91 f0hv

LLO 9611 €9°0 66'L L1°0 0 10 6C°0 c1o 110 €0°0 90°0 90 L6'9 03N

w00 ¥0°0 900 01°0 o 34 €00 01°0 ¥0°0 900 60°0 1€C L00 LEO O%N
ars % ars % ars % ars % ars % ars % ars %

L= L=u 9l =u Ly=u ge=u c=u 1€ =
9)1190UIS—)LIO[YO )100UWS—AI[[1
ApsoN Apsow suiprues suipiues suipiues suipiues
$91832133R O1UAFIYINY onewsdeN JruadyIny suadiyny onewdeN anorg
uoudg 19 2)1uojudg d[NyuUry]

uonoely ures oy ul sjesourt Jofew yo uonisodwoos Ay, ¢ dqe ],

151



Estonian Journal of Earth Sciences, 2015, 64, 2, 140-158

Table 4. Characterization of the pyroclastic material

Depth XRD results EDXRF microanalyses results Micoscope
(m) Quartz in | Biotite in | Sanidinein | Na+ Cain | Na+ Cain | Mg/(Mg + Fe) Other Maximum
pyroclasts | pyroclasts | pyroclasts sanidine sanidine atom ratio in minerals size of pyro-
(%) (%) (%) (mol%) (mol%) biotite clastic grains
(1)
BII Bentonite
314.10 nd 0.0 nd 44.0 nd nd
314.14 nd 0.0 nd 44.0 438 Quartz 170
314.18 nd 0.0 nd 43.6 nd 180
314.22 nd 0.0 nd 44.1 43.1 Quartz 180
314.26 nd 0.0 nd 44.0 nd 170
314.30 23.9 0.0 76.1 43.7 432 Quartz 180
314.35 27.0 0.0 73.0 435 433 Quartz 180
314.40 27.7 0.0 723 435 439 Quartz, TiO, 190
Kinnekulle Bentonite
368.30 nd nd nd nd nd nd 180
368.36 49.4 6.1 44.6 25.2 264 0.36 Quartz 200
368.42 52.2 7.9 399 253 nd nd 210
368.48 52.7 7.0 403 25.0 nd 0.35 Quartz 200
368.54 52.0 12.4 35.6 25.1 nd nd 220
368.60 55.1 16.9 27.9 24.9 25.7 0.35 Quartz, apatite 300
368.65 529 16.2 30.9 25.2 24.7 0.37 Quartz, apatite 300
368.70 48.2 214 30.5 26.0 25.6 0.37 Quartz, apatite 230

nd, not determined.

material most likely originated from a single volcanic
eruption for both bentonites.

On the other hand, notable grain size difference of
pyroclastic minerals was documented across the section
of the Kinnekulle Bentonite. As a rule, coarser grain
material falls first from volcanic ash clouds and con-
sequently the lower part of the bentonite must contain
larger grains than the upper part. However, while the
grain size in the BII Bentonite perfectly follows this
rule, in the Kinnekulle Bentonite the maximum primary
grain size was found in the second and third samples
from below. This may indicate relatively long duration
of the Kinnekulle eruption. The deposition of larger
grains in the middle of an eruption can be caused by a
temporary rise in the power of the eruption or change in
wind direction. The pyroclastic grain distribution of the
BII Bentonite shows no obvious signatures of primary
volcanogenic or air-transport-induced heterogeneity and
this bentonite probably originates from a shorter eruption.
The recorded immobile trace element distribution patterns
in the studied sections do not contradict the concept of
the single-eruption origin of both bentonites. However,
variations in the contents of some minor elements (e.g.
Zr, Rb, P,Os) in the Kinnekulle bed could reflect
notable variations in pyroclastic minerals input during
sedimentation.
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Role of the mixing of material during transport
and emplacement

The Zr content in the BII Bentonite is the highest in the
lower sample and decreases upwards. As this trend
occurs already in lower samples, it cannot be explained
by redeposition and points to the fractionation of material
already during air transport. Obviously the phenocrysts
larger and heavier (e.g. zircon) than vitric particles
deposited faster and accumulated in the lower part of
the ash bed. In case of the Kinnekulle Bentonite the
heterogeneity of the primary ash layer is signalled by
somewhat irregular distribution of Zr content across the
section, with the highest concentrations in sample 5.
Ash deposition in shallow-water marine environments
might be accompanied by considerable redeposition and
mixing of primary ash with regular marine sediments.
Terrigenous and calcareous admixture in the Kinnekulle
Bentonite is noticeable only in the upper sample, as
indicated by slightly elevated values of CaO and Cr.
Data for the BII Bentonite, however, suggest that the
upper part of the bentonite layer was mixed with marine
calcareous mud and terrigenous material (Fig. 7). Judging
from the absence of carbonate material and low content
of Ti, Cr and V, the 3—4 lower samples represent pure
bentonite. The admixture of terrigenous and carbonate
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Fig. 9. Photographs of the grain fraction of the Kinnekulle Bentonite showing much larger grains in sample 3 (upper image) than

in the lowermost sample 1 (lower image).

sedimentary material increases upwards starting from
sample 4, as seen from the content of dolomite in bulk
samples (Fig. 4) and an increase in Ti, Cr and V. Thus,
geochemical trends indicate that the full section of the
primary ash layer of the BII Bentonite formed under
a combination of two physical processes: (1) direct fall-
out of ash from the atmosphere and (2) reworking and
redeposition of ash during transport from shallow- to
deeper-marine environments.

Diagenetic alteration

While SiO, contents are high in evolved source magmas
(e.g. between 60% and 80%), the concentrations in
bentonites are typically significantly lower (e.g. between
40% and 60%), indicating the dissolution and removal
of silica during the transformation of volcanic ash to
authigenic minerals. The source magma composition
of the Kinnekulle Bentonite has been determined from
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glass inclusions in quartz phenocrysts (Huff et al. 1996).
These analyses showed approximately 78% SiO, and
13% AL Os. After diagenetic alteration the SiO, contents
of bentonite are much lower — around 55%. The removal
of SiO, from ash beds could be indicated by the
accumulation of authigenic chert below thick ash beds
(Grim & Giiven 1978) and less frequently above them.
In our case unusually high SiO, contents reaching 80%
(Fig. 7) in the silicate part of host rock below the
Kinnekulle Bentonite most likely indicate silica leaching
from the bentonite. The process is similar to the silicifi-
cation of conodonts (Laufeld & Jeppson 1976). The
absence of elevated SiO, contents above the BII
Bentonite suggests that either (1) early release of silica
was mostly completed before the deposition of layers
above, or that (2) the system was open enough to
support effective migration of dissolved silica. Among
other major components Na,O, common in source
magmas, has been almost completely dissolved and
removed. Only small amounts of Na,O are preserved
within sanidine phenocrysts in both bentonites.

The rest of less soluble residual material has altered
into clay minerals and authigenic potassium feldspar.
During authigenic mineral formation, ash assimilated
some elements from the surrounding environment,
whereas the set of assimilated elements has been con-
siderably different in the Kinnekulle and BII bentonites.
The most obvious difference is the incorporation of Mg
during the alteration of primary ash of the BII Bentonite.
The content of Mg is low in the evolved source magmas
(for example 0.07% in the 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 sedi-
ments of the Pirgu Age are not known in Estonia,
sedimentary diagenetic dolomites occur in younger
Hirnantian sediments. So it is possible that initially
lagoonal environments existed also in the Pirgu Age and
these primary sediments have been eroded later. The
outflow of lagoonal waters along the seafloor to the
open sea of the transition zone may explain both: partial
dolomitization of host rocks of Pirgu age and the
occurrence of chlorite—smectite in host rocks (Kiipli
et al. 2012). Higher temperature in Pirgu time, possibly
favouring the development of evaporitic settings, is
supported by Fortey & Cocks (2005). On the basis on
the movement of tropical fauna to lower latitudes, they
showed a global warming in Katian time. In contrast,
the limestones around the Kinnekulle Bentonite are
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considered to have been deposited in cold water
conditions as the Baltica plate was located at that time
in intermediate latitudes in the southern hemisphere
(Torsvik & Rehnstrém 2003). Being deposited under
normal marine conditions, the ash of the Kinnekulle
Bentonite converted mostly to illite—smectite during
alteration, the illitization process controlled by external
K-flux.

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 cannot be supplied from
volcanic ash where the initial K,;O content was 4%
(Huff et al. 1996). The K,O content can exceed 15% in
other sections (Kiipli et al. 2007). A number of hypotheses
have been put forward to explain the formation of K-
feldspar and incorporation of additional potassium into
bentonites. Kiipli et al. (2007) suggested that high pH
in shallow-sea environments enables incorporation of
cations from sea water, favouring the formation of
feldspars instead of H' in low-pH conditions, which
leads to the formation of clay minerals. R. Hints et al.
(2008) suggested that authigenic feldspar in Estonian
bentonites might be a product of recrystallization of
early diagenetic metastable zeolites, formed due to the
interaction of ash and juxtaposed highly alkaline
calcareous muds. Somelar et al. (2010) concluded that
significant influx of potassium controlling illitization
of smectite in Early Silurian bentonites was caused by
regional saline fluids flowing into sedimentary rocks
significantly later than the deposition time.

Late diagenetic formation of K-feldspar (or its
precursor phase) in bentonites is, however, problematic
because of frequent alternation of bentonites of different
composition in sections. For example, the Kuressaare
drill core contains the following bentonites: 368.7 m —
illite—smectite with K-feldspar addition at margins,
314.4 m — chlorite—smectite with illite—smectite (present
study), 215.7 m — 7 cm of pure K-feldspar, 214-158 m —
16 thin bentonite layers consisting of illite—smectite
including a K-feldspar layer at 184.8 m (Kallaste &
Kiipli 2006; Kiipli et al. 2006). According to R. Hints
et al. (2008), the upper part of the Kinnekulle Bentonite
in the Pddsaspea exposure (Northwest Estonia), includes
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 indicates that the hardened layer in the upper part
of the bentonite had already formed before a storm event
brecciated it, strongly supporting an early start of the
recrystallization of primary ash.

Supposing that A,O; was immobile (13% in source
magma and 20% in bentonite) during the conversion of
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volcanic ash to clay and feldspar, we see that concen-
trations of immobile elements in the Kinnekulle Bentonite
have risen 1.5 times compared with source magma. In
our previous analyses on the East Baltic materials we
have considered Ti, Zr, Th and Nb as immobile (Kiipli
et al. 2008b, 2013). The present data from the BII
Bentonite, where the maximum Nb content significantly
exceeding common values in the silicate parts of the
host rock occurs directly below the bentonite, indicate
small-scale mobility of this element during the conversion
of volcanic ash in lime sediment. Although small-scale
mobility to a distance of a few centimetres may not
exclude the use of Nb in the interpretation of source
magma, still, care should be taken when using this
element in particular cases. In the samples of the
Kinnekulle Bentonite, for example, the Nb/Y ratio,
commonly used for discriminating magma series
(Winchester & Floyd 1977), was found to vary from 0.4
to 0.9. However, this considerably large variation is
largely dependent on the irregular distribution of Y,
whose content in beds was likely controlled by
combined factors such as the input of pyroclastic apatite
and leaching of elements near the upper contact of the
ash bed.

Environmental effects of ash-falls and interaction
of the ash-water—sediment system

Some previous works have reported a marked decrease
in the diversity of marine life after the deposition of the
thick Kinnekulle Bentonite (Hints et al. 2003; Perrier
etal. 2012) and interpreted those variations as con-
sequences of environmental perturbations caused by
volcanic eruptions. The geochemical signatures recorded
in bentonites and their host rocks by the current study
demonstrate that both studied large ash-falls, but more
notably the Kinnekulle ash-fall, triggered environmental
changes in marine settings where they were deposited.
The direct effect of the ash-fall can be read from the
peaks of sulphur below and above the Kinnekulle
Bentonite. Sulphur fixation in sediments occurs when
organic material is decayed in an anoxic environment
via microbial sulphate reduction. Life forms on the sea
bottom possibly died at the lower contact of the primary
ash layer as a result of abrupt burial under the ash,
which initially could be up to 1 m thick, and thus
promoted the development of anoxia below. Water-
soluble ash leachates could additionally provide an extra
source of sulphate for sulphate reduction near a freshly
deposited ash layer. It is also possible that ash-fall was
accompanied by toxification of the water column and
mass mortality. The deposition of dead organic matter

on the sea floor could have been slower than of volcanic
dust due to its better flotation properties. Consequently
the organic matter could accumulate in the upper layers
of the ash bed, thus explaining sulphur accumulation in
the upper layer of bentonite. Alternatively, an ash-fall
could trigger an increase in primary production through
fertilizing the water column with essential macro- and
micronutrients (e.g. Duggen et al. 2010). The resultant
rise in organic matter flux to the shallow sea bottom
could promote quick consumption of free oxygen and
sulphate reduction.

The absence of sulphur peaks at the margins of the
BII Bentonite may be caused by a shorter duration of
the eruption and a smaller amount of ash which reached
the sedimentation area. Violet patches in host rock also
indicate an environment with better oxygenated sediments
and probably with lower bioproductivity during the
deposition of the bentonite. The lower sulphur content
of this bentonite could as well reflect more suppressed
microbial sulphate reduction in a marine environment
with increased salinity.

An outstanding feature of both studied bentonites is
P and Ca peaks (Fig. 5) in the host rock directly above
the bentonites. This effect is greater after the thicker
Kinnekulle Bentonite and less significant after the
smaller BII Bentonite. Note that the previously discussed
sulphur peak occurs in the Kinnekulle bed just below
the Ca- and P-rich host rock. Increased productivity
after the ash-fall, bottom oxygen deficit, enhanced
sulphate reduction and raised alkalinity near the sediment—
water interface could possibly favour precipitation of
calcium carbonate from the dissolved Ca-hydrocarbonate.
The enrichment of P, which is a fundamental limiting
nutrient for marine life (Filippelli 2002; E. Kiipli et al.
2010), is more controversial. Phosphorus mostly
remineralized in the course of organic matter break-
down on the seafloor and most of it externally recycled
in shallow marine environments. Studies of modern
volcanic ashes indicate that some ash-falls might
provide a considerable extra source of P for marine
environments through rapid release of the element from
ash (Jones & Gislason 2008). The recorded P,Os values
in the Kinnekulle and BII bentonites are rather low;
however, it does not exclude the possibility that some
of P was released during very early stages of ash
transformation. We suppose that P-enrichment above
the studied bentonites could have been induced either
(1) by the release of P during anoxic breakdown of
organic matter under increased flux of organic matter
to the seafloor or (2) by the desorption of phosphorous
species or leaching of P from ash particles, and thereafter
fixation in alkaline mud above the ash beds.
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CONCLUSIONS

1. Both the Kinnekulle and BII bentonites in the
Kuressaare section were formed from a single
volcanic eruption as evidenced by the stability of the
composition of phenocrysts through the entire section
of the bentonite. In Norway and Sweden a multiple
eruption deposit has been interpreted in the Kinnekulle
Bentonite (Batchelor 2014), thus our study area
received only some of the ash events. Sanidine
phenocryst compositions that have been used in many
previous studies for proving the correlations of
volcanic ash beds are stable throughout the vertical
section and therefore serve as a good discrimination
criterion. Phenocrysts from the redeposited parts
of bentonites can also be used for correlation.
Sanidine composition can be analysed very precisely
(£0.5 mol%) with advanced XRD technologies.

2. The Kinnekulle Bentonite, one of the major volcanic
ash beds of the Phanerozoic, was formed from the
eruption of longer duration, with a maximum power
of the eruption in the middle. Pyroclastic mineral
grain size distribution and immobile trace element
composition point to the layered and heterogeneous
nature of the primary ash bed.

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

4. For reliable trace-element-based correlation of thick
bentonites the bulk chemical composition of several
samples covering the whole section should be studied.
Lower parts of the bentonites originating from direct
ash-falls are of correlative value. However, the
mobility of trace elements should be checked in
advance.

5. The Kinnekulle ash-fall and to a lesser extent the BII
ash-fall had a notable effect on the chemistry of
juxtaposed marine sediments. Peak concentrations
of Ca and P directly above both bentonites and the
increased S content near bentonite contacts show
that the ash-falls triggered significant fluctuations
in biotic and geochemical cycles in shallow marine
settings.
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Kahe paksu Ordoviitsiumi bentoniidi sisemine stratifikatsioon: magmaliste, setteliste,
keskkonna ja diageneetiliste tunnuste deSifreerimine

Sven Siir, Toivo Kallaste, Tarmo Kiipli ja Rutt Hints

Uuriti 26 proovi kahest suurest vulkaanilise tuha kihist, Kinnekulle ja BII Bentoniidist Kuressaare K-3 puuraugust
Saaremaalt, eesmérgiga vilja selgitada kihtide sisemine geokeemiline ning mineraloogiline heterogeensus. On kirjel-
datud ja interpreteeritud mérke materjali fraktsioneerumisest vulkaanituha transpordil ning timbersettimisel mere-
basseinis ja tunnuseid elementide diageneetilisest imberjaotumisest. Valdavaks autigeenseks mineraaliks Kinnekulle
Bentoniidis on illiit-smektiit vahesema kaaliumpéevakivi lisandiga kihi dartel. BII Bentoniit koosneb kloriit-smektiidist
ja illiit-smektiidist. Magmaliste fenokristallide sanidiini ja biotiidi koostise stabiilsus mdlema kihi vertikaallidbildikes
tdendab, et molema bentoniidi lahtematerjal kuhjus tihest vulkaanipurskest. Sanidiini koostise stabiilsus (0,5 mol%)
mdlema bentoniidi 1dbildikes kinnitab, et see on usaldusvéérne kriteerium bentoniidikihtide identifitseerimiseks
ja korrelatsiooniks. Mikroelementide jaotus osutab, et Zr, Ga, Rb, Nb, Ti ja Th piisisid immobiilsena vulkaanilise
tuha muutumisel bentoniidiks, peegeldades hasti vulkaanilise tuha algset koostist. Siiski on médrgata véikest Nb,
Tija Y liikuvust kihtide kontaktil timbriskivimiga. Markimisvédrsed S, Ca ja P akumulatsioonid kihtide kontaktidel
umbriskivimiga on tunnuseks, et vulkaanituha kuhjumine pdhjustas mérgatavaid hilbeid madalmere ning sette-
lises keskkonnas.
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