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deciphering primary magmatic, sedimentary, environmental and
diagenetic signatures
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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; Ménnik 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
et al. 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 Iapetus Palaco-Ocean at a distance of more than
1000-2000 km (Torsvik & Rehnstrom 2003) from the
study site and accordingly both eruptions are considered
as very large volcanic events. During their burial and
alteration history, the Early Palaecozoic 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 Palacobasin,
the Ordovician sedimentary section of the Kuressaare
core belongs to the transition zone between the proximal
shallow and deeper shelf sea areas (Pdlma 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
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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

141



Estonian Journal of Earth Sciences, 2015, 64, 2, 140158

Fig. 2. The lithology and stratigraphy of the Kuressaare (K-3)

drill core.
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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
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minerals, chlorite—smectite (corrensite) is known only
from the bentonites of the Pirgu Stage in Estonia (Hints
et al. 20006).

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.
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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 Pééskiila 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. Si0,, Al,O;, Fe,0O3; 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,O and S contents near both the lower and upper
contacts with the host rock. A conspicuous increase in
P,0s5 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
Si0, 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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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,Os than the rest of samples. Peak concen-
trations of Y appear directly above the Kinnekulle
Bentonite, together with peak values of CaO and P,0Os.

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)AlSizOg 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 pm. On the
contrary, the maximum pyroclastic grain size distribution
is rather variable in the Kinnekulle Bentonite, being
remarkably high (300 um) 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



S. Siir et al.: Internal stratification of bentonites

‘sojdues jo 1red yeo1yIs ayy

UIYIM S)UIUOD 3 0} PAJE[NO[EIAI JIdM SUONBIUIIU0D d1uojudg [1d 3 Jo 1ed 1oddn oy 10, “sasAjeue X 210J9q uonnjos [DH Y ul SUIA[OSSIP AQ PIAOWIAT SBEM JJ01 }SOU WOI]
[eLId1BW 9)eUOQIRD Y ‘(S3uojudg dnjouury] — [dued 1omo] ‘uoiudg [1g — [oued Joddn) s3o01 Jo uOnORI) 9BIIIS SY} UL SJUSWI[ 08I} pue Jolew Jo uonnquysip ayf, °L *Siq

r0°69¢
r6'89¢
r8'89¢€
rL'89¢€
r9'89¢
rG89¢
r¥'89¢
r€'89¢€

r¢'89¢

00¢

08 09 o O

0 0cT

08

1°89¢

14

-9vlE

LSYLE

A 43

FEVLE

rcvle

R4

LOvlE

(e0}3

00z 00T
(wdd) 17

[0} 014
(wdd) yr,

og ot o1 0 08 09 OF OC

(wdd) qN

(wdd) A

08 014

(wdd) 1

90 0 TO0

(%) ‘oL

(%) ‘O7v

T 6€lE
S9 14

(CANGS

147



€L 197 9T L8 ¥6 148! 6€1 €Ic 6€C 96C 1483 6V % IS A

C Sl 9 (44 ¥C 144 94 0T 81 91 81 81 L1 61 uz
L1 L1 ol 4! 14! €l 4! L1 0¢ 9T 6C 4! €l cl A
143 €C 81 6¢€ 33 33 [43 81 i4! Y ol gt 33 6€ A
> > > 4 € & ¢ Y 14 L 9 4 0 > n
6 9 0 €l €l Ll 61 8¢ 143 123 LE 9 4 Y yrL
06T 19¢ YLy 96 98 6L YL 0L LL LL <L 61 SLT 1T IS
or> or> or> (¢ € ¥ ¢ ¢ L 9 L or> or> or> us
0> 6 0> €l 0> 0> 0> 8l 61 0> 0 0> 0> 0> 3S
[4S 9¢ ¥l 9 ¥9 9 69 L8 001 001 L6 & [44 8¥ qd
8 €l 6 cl 6 0l 4! 6 L 6 8 €l I 9 qd
€C €l 9 (44 4 1€ 8% 33 0¢ 143 143 Ll 14! 91 IN
L L 14 cl 4! 4! 61 ¥e 8¢ 6C LT 6 ¥ ¢ aN
4! 0c> LE Il I cl Sl 61 91 8 8 9¢ 61 Ll ®]
9 € > 8 0l 0l cl 9! 8l 81 Ll ¢ € ¢ D

L Y 8 9 9 9 L [4 14 € S L Il 8 no
139 ()4 91 (43 Sv 97 €€ 91 81 0l L L 93 144 D
LEL ¥6 0T 911 69 €¢ €8 8L 19 0¢ 6C L1 ICl 8€1 ed
€ 0 0 ¥ 14 Y 9 € € € 14 I [4 [4 sV

(wdd) syuowapd 90w ],

LT°0 €00 €0°0 LTO 8C0 w0 1€°0 0 9¢°0 ¥$0 €0 0ro 0ro <o d
0T0 81°0 €00 (14 810 91°0 €C0 0oro 90°0 €00 0ro 0ro 600 cro S
€200 8200 €200 ¥20°0 810°0 9100 €10°0 010°0 8000 600°0 0100 120°0 120°0 00 1D
820°0 1o ¥20°0 ¥20°0 9200 0200 ¥10°0 110°0 8000 010’0 ¥10°0 0v0°0 120°0 6100 s04d
0°¢ 1'C L'l (44 [4% v Sy ¥ s 0°¢ 0°¢ L1 vl 91 o
Lo 80°0 €00 Sro 91'0 020 §Co S0 LTO ¥To ¥T0 90°0 90°0 L00 O%N
9v¢ 9°¢e 6°SY c¢Cl 9vl 6°Cl €01 Y [ €1 91 9°LT I'1€ LT (010]
9 0°¢ 8’1 €6 0l I'T1 €l ! I'T1 611 el 8L 99 LiL 03N
£v0°0 6€0°0 8200 6€0°0 0v0°0 8€0°0 €00 810°0 800°0 900°0 L00°0 ¥€0°0 LY0°0 €60°0 OUN
I'C €1 S0 ¥'e 94 0¢ Lt ¢¢e 9¢ 0y (44 8’1 L1 0¢ f0%d
69 €Y 0c L6 101 ! Lel c¢cl €Ll TLl 991 8V L% €¢ oV
0rco €10 10°0 090 8€T0 8¥YT0 LYT0 1¥C0 LTTO 0€T0 9€T0 [61°0 c81°0 91T0 OLL
L€ (4% L0l e [ §9¢ 6'8¢ Sy vev 8'6v cov 44 €€T LSC oIS
9°¢c 9°6¢ I'LE Y've 1've (44 ol 9°¢l 1'01 68 I'6 VIE €Ce 0'1€  o0T6 1071

(%) suawdd Jofejy

QUOISAWI] | QUOISOWI| | QUOISAWI| | NIUOUSQ | SUUOIUIG | AIUOUSQ | JUOJUSG | SHUOIUAQ | ONUOIUDQ | AJUOIUSQ | OJUOUSG | QUOISAWI| | QUOISIWI] | SUOISIWI]

/06°€LE | /00¥IE | /LOPLIE | /OLVIE | /HLVIE | BLVIE | /CTVIE | /9TYIE | /OEVIE | /SEVIE 0rviE /EvyLe | /0SVIE | /09 VIE
/0c+11d | /01+11d | /e+11d /8 114 /L 119 /9 11d /€ 11d /v 11d /€ 11d /¢ 11d /1 11d /e—1d | /o1—1d | /0c—11d

Aooymy/(w) ydopyajdures

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

3001 JS0Y puB 1uoIud [[g Y} UI SUJUOD JUSWI[S d0BJ) PuB JO[BIA ] JqeL

148



S. Siir et al.: Internal stratification of bentonites

LL 1T LEL Lyl 6L1 v6l 0Ll 181 L91 123! [44 61 1z
Il S 11 I cl 11 Cl cl 01 0l L 9 uz
€C 6v 91 14! 0¢ 81 1T 0T 14 [4¢ €l 1T A
¥C 8 Y4 LT €C (44 61 94 91 Ll Y4 Ll A
€ ¢ ¥ [4 € 9 ¥ € € ¥ € > n

8 L Cl Sl Sl 91 €l Cl Sl €l ¥ 14 UL
¥9T 861 YL 08 6L LL 6L 8L 8¢ 8¢ 17l 161 IS
01> 0> L 8 01 L 8 01 8 8 0r> 0r> us
0c> C [4 0> 0 6 8¢C 01 Ll ¢ 4! 0c> 3S
LE 91 c8 44! 8¢C1 LTl 9¢l 0¢l €l 86 LT Y4 Ok |
Il €l 9T 6 8 L L 8 9 01 6 ¢ qd
L C 0T 9 L L 6 91 Ll Cl L 6 IN

9 € Sl Cl €l ¢l €l cl 01 8 8 L4 aN
144 9¢ 6 01 0C> 0c> 8 9 8 8 0C 9¢ B
€ > €1 (44 €C (44 €C [44 L1 4 C [ eH

L L 01 [4 I € ¥ € € S ¢ 01 no
8¢ 14! 143 Cl 1! 91 L 6 4! 6 374 143 D
1< ¢ 911 6Tl ¢8l Lyl 8¢C1 SLI 9¢1 c61 0€ €€ ed

! [4 93 9 I € € 1 € €1 I 14 sV

(wdd) syuowayo sov1],

200 ¥0°0 S1'o w0 I7°0 8€°0 6€°0 0¥°0 €0 020 €0°0 00 d
91°0 80°0 €0'1 Sro L00 I1°0 L00 o 90°0 8S°0 €00 o S
8€0°0 1€0°0 9€0°0 0’0 1€0°0 €00 €00 620°0 00 910°0 820°0 1€0°0 D
coro 9¢€'0 LEOO €10°0 6100 8100 8100 810°0 L20°0 LEO0 120°0 IL1°0 SO
61 80 70l 69 L9 89 0L 89 €6 L0l 4! 01 o
600 700 1T°0 (340 6€°0 LEO LEO LEO 920 810 00 700 O®eN
6°0F oS (4% 90 90 90 90 €0 70 70 (43 £y 0oeD
I'1 90 1'C 0°¢S 0°¢ 6'Y 8V 8V 9°¢ 94 L0 60 OSIN
0’0 910°0 600°0 L00°0 6000 800°0 600°0 8000 8000 800°0 9€0°'0 0¥0°0 OUN
[ 0] I'¢ ¥'e 94 ¥'e 194 6'C 1'C 0°¢ L0 01 £0%d
9°¢ €1 191 ¢'0c §0c 9°0¢ §'0c 8°0¢ c6l 981 [ 0'C OV
€81°0 £€60°0 68C°0 o 9€T0 Y€T0 1€C°0 10 61T0 120 o o OLL
891 €9 8¥¢ 6'FS 0°¢S 6'%¢ [4YS £'¢¢ €'LS L9¢ 9°9¢ 081 EOIN
6'1¢ 9'8¢ 1'9 'L €L V'L 69 I'L Y 0°¢S 38 44 6'C¢ 0026 1071

(%) syuowd[d JoleIN

QUO)SOWI| | QUOISAWI| | ONUOIUAQ | 9JUOIUIQ | NIUOJUIG | SUUOIUAQ | 9JUOIUAQ | ONUOIUQ | JUOUIQ | OJUOIUSQ | QUOISIWI] | QUOISIUWI]
/S1°89¢ /ST'89¢ /0€°89¢ /9€°89¢ /T¥'89¢ /87°89¢ /7$°89¢ /09°89¢ /$9°89¢ /0L"89¢ /SL'89¢ /00°69¢
/ST+U | /S+ Uy /8 ury /L ury /9 ury /€ ury /¥y ury /€ ury /cury /1 ury /U | /0g—ury

AZojoyp/(w) yrdop/orduweg

001 JSOY PUB SHUOJUE S[[NYOUULY Y} Ul SJUJUOD JUIW[I Aok} Puk JofeN *7 dqe L

149



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

12 16 20 90 110 130 013 015 0.17
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
[ B3 | [ m xvTd [ m& 1 OW |
Al A A A A A a2
» » ° ° » o I
(Wt%) o
" 3 e e ) -
. & +8 o o N o ¥
81 Ga
\2_ A (ppm) A A A A A
o ¥ e a} A1F _a e e AL * e |
3 i OJ 3 F n % -
» ® xv | % owx |
H # Nb RN + 1=+ 2 + 2
A A (ppm) A A A =
& ] ] @ | @ [ ) e Eoo
7 B S || o
e ] A A A Rb A A A
o ° [* r (ppm) ° r °
%k | % oL %
< v £ L4 £ (%4 |
i +v ty 9| 7 v |8
A X A X A X A X Zr AX X &g
° L | r - ® - (ppm) r _ o [~
| | | || | o
b o b o[ % -
= F K N F F ¥
o
o] Ti
c 0,
S [ A rd| || ok,
S e ° a4 Y | e 4 e 4
A A A A A A -
e L ><L » o y ° L y R
& +] +9 e * % vy oot
<o <o <o < <o (ppm) _—
* -
] T ) 1 T 1 . LI l‘l;l 1 r : ﬁI‘l 1 1 1 | ﬂ 1 L 1 T 1 I—S

85 95 105 8 10 12 14 140 160 180 14 18 22

® Sample1 4 Sample3 {Sample5 | Sample 7
A Sample2 X Sample4 ¥ Sample6 % Sample 8

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

"PareNOed J0U OU SJUIWAINSLIW JO Joquunu U

8OY(RATVIS) 1(BEBDBN) saedspo,| A'HO)OTOF(IS TV)E(EDLLDA BN [ (BNM) -morg

€0°0 L6C 10°0 00°€¢ 00 86°C 00 96°C €00 L9T IS

€0°0 'l 10°0 660 10°0 001 10°0 0’1 €00 (4! v

ou ou ou ou ou ou ou ou 00°0 200 N

u ou ou ou ou ou ou ou 200 0€°0 1

00°0 10°0 00°0 10°0 00 00 10°0 00 90°0 0L'1 od

ou ou ou ou ou ou ou ou 90°0 S6°0 3N

10°0 100 00°0 00°0 000 000 00°0 10°0 00°0 10°0 ed

10°0 00 00°0 10°0 10°0 100 00°0 00 10°0 00 e

200 9¢°0 10°0 660 10°0 660 10°0 vL0 10°0 ¥6°0 .|

¢0°0 170 000 10°0 00°0 10°0 10°0 144\ 10°0 90°0 BN

B[NWLIOJ [BOIWIDYD Y] Ul XpU]

LO0 00 €00 ¥0°0 9¢°0 LTO L00 00 80°0 90°0 L1°0 0¥°0 11°0 8¢€°0 oed

8¢°0 LSV 98°0 ¥8C clo 0 LT°0 LTO 0€°0 €9°0 1T°0 €c0 el 6¥°CC 024

€0°0 00 ¥0°0 100 ¥0°0 00°0 €00 00°0 €0°0 100 00 €00 ¥0°0 €C0 OUN

(N0 010 €To 1€°0 ¥0°0 10°0 90°0 00 0ro 60°0 0ro 1o €€°0 vy “OLL

I1°0 €90 90°0 LSO o LY0 €00 60°0 I1°0 c1o 90°0 (430 60°0 91°0 oed

LT°0 [4R* 610 0L9 0€0 10°6 €00 1P €l 970 6S°¢I 80°0 LTl €0 €6 o™

90 8¢°0 60°0 1T0 L0O0 60°0 €1ro 0ro 80°0 80°0 60°0 o 61°0 c1o S

96°0 €I°LS 90 9¢°09 €0'1 €8°€9 8¥°0 L0€9 6€°0 €S9 1€°0 €879 9I'l 90°6€ QO

€60 60°C1 €r'l €CLI 6£°0 19781 1T°0 LY°L1 81°0 8Ll 60°0 9¢°81 9€°0 ¥ 91 fouv

LLO 9671 €90 66'L LT°0 ¥C0 1480 620 cro 110 €00 90°0 90 L6'9 O3

<00 ¥0°0 90°0 0ro o ey €00 0r°o ¥0°0 90°0 60°0 1€°C L00 LEO O%N
ars % arLs % alLs % ars % alLs % arLs % ars %

L= L=u 9l =u Ly=u ge=u c=u Is=u
1IIWIS—ALIO[YO IWS—IN][I
Apso Apso surprues suIprues surprues surprues
s91e32133e o1uAIYINY o1rewdeN orddyIny JrddyIny onewdeN amorg

Nuodg 14

2)IuoIudg MUY

uonoely ureld oy} ur sjesourwt Jofew jo uonisodwod 9y, *¢ dqe L

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) Quartzin | 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
(nm)
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 44.1 431 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 43.9 Quartz, TiO, 190
Kinnekulle Bentonite
368.30 nd nd nd nd nd nd 180
368.36 494 6.1 44.6 25.2 26.4 0.36 Quartz 200
368.42 522 7.9 39.9 25.3 nd nd 210
368.48 52.7 7.0 40.3 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 27.9 249 25.7 0.35 Quartz, apatite 300
368.65 529 16.2 30.9 252 247 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,0s5) 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,O;. 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 & Rehnstrom 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 Al,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
et al. 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, eesmargiga vélja selgitada kihtide sisemine geokeemiline ning mineraloogiline heterogeensus. On kirjel-
datud ja interpreteeritud mirke materjali fraktsioneerumisest vulkaanituha transpordil ning imbersettimisel mere-
basseinis ja tunnuseid elementide diageneetilisest imberjaotumisest. Valdavaks autigeenseks mineraaliks Kinnekulle
Bentoniidis on illiit-smektiit vdhesema kaaliumpdevakivi lisandiga kihi dértel. BII Bentoniit koosneb kloriit-smektiidist
ja illiit-smektiidist. Magmaliste fenokristallide sanidiini ja biotiidi koostise stabiilsus mdlema kihi vertikaalldbildikes
tdendab, et mdlema bentoniidi ldhtematerjal kuhjus tihest vulkaanipurskest. Sanidiini koostise stabiilsus (0,5 mol%)
molema bentoniidi 1dbildikes kinnitab, et see on usaldusvairne kriteerium bentoniidikihtide identifitseerimiseks
ja korrelatsiooniks. Mikroelementide jaotus osutab, et Zr, Ga, Rb, Nb, Ti ja Th piisisid immobiilsena vulkaanilise
tuha muutumisel bentoniidiks, peegeldades hésti vulkaanilise tuha algset koostist. Siiski on médrgata vdikest Nb,
Tija Y liikuvust kihtide kontaktil {imbriskivimiga. Markimisvairsed S, Ca ja P akumulatsioonid kihtide kontaktidel
imbriskivimiga on tunnuseks, et vulkaanituha kuhjumine pdhjustas méirgatavaid hidlbeid madalmere ning sette-
lises keskkonnas.
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