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Redox changes in the deep shelf
of the East Baltic Basin in the Aeronian
and early Telychian (early Silurian)
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Abstract. Aeronian black shales and overlying Telychian greenish-grey and red claystones of the
deep shelf of the East Baltic Basin indicate different synsedimentary redox conditions of the bottom
water of the sea. In the Aeronian, the primary bioproductivity rise caused accumulation of organic-
rich black shale in deep shelf and formation of microcrystalline limestone with chertification, chert
nodules, and barite in shoreward areas. In thiy @&lychian, the bioproductivity decreased, as
concluded from the absence of indicators of high primary bioproductivity in the Aeronian. The
suggested mechanism regulating primary bioproductivity and oxygen content of bottom waters
of deep shelf was a change from wind-inducedelping in the Aeronian to downwelling in the
Telychian. The sedimentation rate did not influence the change in the redox regime of the deep
shelf sediment, as it was low for both the Aeronian and Telychian.

Key words: Aeronian, Telychian, East Baltic deep shelf, redox conditions, up- and downwellings.

INTRODUCTION

Differences in lithology, mineralogy, and rock chemistry evidence changes at
the Aeronian—Telychian boundary. The changes concern sea water chemistry and
early diagenesis of sediments with implication on hydrodynamic and atmospheric
circulation, and palaeogeography. The asBavestigation is southwest Estonia
and west Latvia, which form a central, deeper part of the Palaeozoic East Baltic
basin, treated here as the deep shelf. Waters below the surficial mixing zone,
i.e. the deep shelf bottom waters, are under the study. In deep shelf the colour of
rock is an indicator of redox conditions. Aeronian black shales are overlain by
Telychian greenish-grey and red claystones. The black colour of the Aeronian
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shales is due to the occurrence of organic carbon and dispersed pyrite. The red
colour of the Telychian rock is caused by hematite and minor amounts of goethite.
Greenish-grey rocks lack ferric oxihyakides, dispersed pyrite, and organic
carbon. The colour of rock indicates a different redox regime of early diagenesis.
The main early diagenetic factors are sea bottom water oxygenation, primary
production of organic carbon, e.g. photosynthesized organic matter, its flux to the
sea floor, and sedimentation rate. These factors have strong control over pore
water composition and early diagenesis.

The aim of the present paper is to characterize the redox conditions of the
deep shelf of the Aeronian and early Telychian on the basis of geochemical and
mineralogical study of rock. Adjacent shallower facies, such as the limestones of
the Saarde Formation of the Raikkila ®taand limestones and marlstones of the
Adavere Stage, contain geochemical and lithological indicators allowing tracing
the processes in shoreward direction. Carigen of Aeronian and Telychian early
diagenetic factors has revealed the regional and global mechanisms governing
environmental changes.

Elucidation of the marine synsedimentary processes is possible. During the
geological history of the East Baltlasin the sedimentary cover has not been
affected by thermal processes. The formation of sediments in deep shelf excludes
the change of colour to red due to subaerial weathering, though large gaps are
present in geological sections (Nestor & Nestor 2002). A red bed, e.g. hematite
formation, due to subaerial weatheringuld have cut the facies boundaries,
involving also shallower sediments. In our case red beds are located within the
deep shelf, mainly in the claystone facies. Telychian marine red beds of the deep
shelf are of primary origin, similar tthe Ordovician red Jonstorp Formation
(Mannil 1966) and to the red clays of the present-day ocean. Aeronian black
shales also preserve much of thieitial chemical composition, though some
decomposition of organic matter and removal of dissolved elements in the late
diagenesis has been possible.

PREVIOUS INVESTIGATIONS

The analysis of ancient redox conditions is based largely upon the knowledge
of the facies of the modern oceanuifdmaa 1987; Tromp ali. 1995). Significant
features of the Palaeozoic, such as prevailing anoxia of ocean deep waters (Berry
et al. 1989), are considered. The model of early diagenesis (Berner 1971, 1980;
Froelich et al. 1979) is taken as the starting point for tracing the geochemistry
of the past marine environment. The Silurian East Baltic sedimentary basin is
well characterized in terms of lithology and palaeontology (Kaljo 1970, 1977;
Galilite et al. 1987; V. Nestor 1994; Paskaws 1997; Raukas & Teedumae 1997).
Figure 1 shows the correlations for the East Baltic. The chemical composition has
been investigated for the black shale of the Dobele Formation (Kiipli 1997). On
the basis of correlations of the black shale of the Dobele Formation and micritic
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Fig. 1. Stratigraphy and correlation of the Llandovery rocks of the East Baltic. Sources: V. Nestor
(1994), Nestor (1997), Kaljo & Martma (2000), Loydell et al. (2003) for standard, regional, and
Estonian units, Galilite et al. (1987) for Latvian, and Pagke{1997) for Lithuanian units.

limestone of the Saarde Formation, a primary bioproductivity rise for the late
Rhuddanian—Aeronian has been proposed (Kiipli et al. 2004). The use of models
based on isotope geology (Kroopnick 1985; Berger & Vincent 1986) has allowed
an insight into Silurian marine chemistry (Heath et al. 1998; Kaljo et al. 1998;
Kaljo & Martma 2000). Location of the Bala Plate (Torsvik et al. 1992; Cocks
1993; Scotese 2001; Kiesslingat 2003), prevailing windéZiegler et al. 1977),

and upwellings (Parrish 1982; Moore et al. 1993) form a geological background
for interpretations of processes.

GEOLOGICAL BACKGROUND

In the Llandovery terrigenous clays accumulated in the deep shelf. In the
vicinity of the continental margin the shelf sediments were black or dark grey
(Bassett et al. 1989), hinting at a decrease in the oxygen content of bottom waters
transitional to the anoxic waters of the ocean deep (Berry et al. 1989). Starting
from the late Rhuddaniacyphus Zone (Loydell et al. 2003), a tongue of black
shales expanded to the west Latvian area. During the Aeronian, the formation of
the black shale of the Dobele Formatieas going on (Fig. 2). Contemporaneously
micritic (cryptocrystalline) limestones of the Saarde Formation accumulated in
the neighbourhood in the north as prograding side-fillings of distal shallow shelf
(Nestor & Einasto 1997). The up to 177 m thick limestone sequence correlates
with 7 m of black shale. At their caatt intercalation of limestone and black

96



WX EST:)N!A % black shale
- ST micritic limestone with
2N . clayey interlayers
NI TR !
shallow i % alternation of black shale
I | 'sheif --‘.-_1 and micritic limestone
d - "llll“ micritic limestone
A \ 1122 ) | carbonate grainstone
TVIA—T. k\
e | 7 /| dolomite
e
-

~ .
N\ shoreline
\

~.

-

".\ erosional margin of sediments

oA oy,
\—rdeep —2—~'
Eshelf e —
—
 N— —

———7 LITHUANIA
=

- boundaries of lithofacies

Fig. 2. Sketch-map showing the present distribution of the sediments of the Mid-Llandovery Ikla
Member, Aeronian. Lithology with modification after Nestor & Einasto (1997, fig. 147).

shale is recorded in boreholes. Palaeontological data confirm the above correlations
(Gallite et al. 1987; Loydell et al. 2003; Nestor et al. 2003). In the southeastern
direction the black shale is replaced by a hiatus in sedimentation (Réd&evi
1997).

The gaps in faunal successions of the shallow shelf cores evidence regressive
basin development in the upper Aeronian (Einasto 1986; Nestor et al. 2003).
Lagoonal dolostones alternating with bioclastic and micritic limestones of the
Raikkila Stage of nearshore middletdssan sections (Teedumée et al. 2003)
confirm shallowing of the basin. The claystones and marls of the Adavere Stage
cover the carbonates of the Raikkiula ®tagnsgressively (Fig. 3). The early
Telychian transgression was contemporaneous in Baltica, South China, and North
America (Johnson et al. 1991). Two sussige pulses were distinguished in
Estonian sections, the first corresponding to the Rumba Formation, the other to
the Velise Formation (Nestor 1972; Johnson et al. 1991; Loydell 1998). In Latvia
the lower part of the Telychian, the Degole Beds of the Jurmala Formation,
contain red-coloured intervals (Fig. 4). Marine red beds occur in the lower part of
the Velise Formation in south Saaremaa and in several cores of mainland
southwestern Estonia. Telychian marine red beds are spread also in the Oslo and
Ringerike district (Vik Formation) of Navay (Worsley et al. 1982), in England,
Scotland, and South China (Holland & Bassett 2002).
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Fig. 3. Sketch-map of main facies boundaries and red bed occurrences in the Telychian, modified
after Kaljo (1977, fig. 2). N-S, the line of the cross-section in Fig. 4.

METHODS

The rock samples were analysed for major and trace elements (Tables 1 and 2)
by the X-ray fluorescence method in the laboratory of the Institute of Geology
at Tallinn University of Technology, using discs fused with Li-tetraborate, and
pressed-powder pellets. Fused discs were used for measuring the main chemical
elements, pressed-powder pellets for trace elements and sulphur. Calibration was
done after international and Estonian rock reference materials (T. Kiipli et al.
2000). The organic carbon content and petrophysical parameters of 13 Telychian
samples were determined in the Geotechnical Laboratory of the Environmental
Survey of Estonia (Table 3). The natural volume density was measured by the
paraphination method. Organic C was measured according to the Tyurin oxidation
method, which is equivalent to the Anne method used in the Western countries
(van Ranst et al. 1999, cited in Reintam 2003). A rapid method for estimating the
content of organic matter is the measuring of loss on ignition (LOI) atCG150
At 450°C the organic matter burns out and crystal water of clay minerals and
goethite volatilizes. Organic C x 1.724 gives the content of organic matter, which
coincides with LOI 450C at the values of organic C exceeding 5%. At the lower
values the agreement is poor. The ignition of samples &Cfleases COof
carbonates and sulphur of pyrite in addition to organic matter and crystal water.
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Table 3. Petrophysical properties and organic carbon content of the Telychian samples of the

Aizpute core

Sample Colour Natural | Natural| Dry Dry |Porosity, Organic| LOI at
(number| of the rock | moisture,| volume | volume | density, % carbon,| 450°C,
refers to % density,| density,| g/cn? % %
depth, m) glent | glent
A951 Dark grey - - - - - 2.96 5.0
A952 Red 1.7 2.3 2.26 2.87 21.3 0.35 -
A953 Red - - - - - 0.21 3.1
A953.98 Dark grey - - - - - 1.15 -
A958 Red - - - - - 0.31 -
A958 Greenish-grey — - - - - 0.32 -
A959 Greenish-grey — - - - - 0.84 4.1
A961.7  Black 2.2 2.11 2.06 2.58 20.2 6.62 10.1
A962 Dark grey - - - - - 3.74 7.5
A963 Greenish-grey — - - - - 0.24 -
A963 Black 1.8 2.15 211 2.55 17.3 6.72 11.5
A966.2  Red - - - - - 0.2 -
A968.2  Greenish-grey - - - - - 0.19 -

LOlI, loss on ignition. Organic carbon analysed according to the Tyurin method. — not analysed.

Theoretical background

Berner’'s (1971, 1980) model of early diagenetic factors, which joins into
a mathematical equation the sedimentation rate, concentration of oxygenating
agents of marine water, concentration of organic carbon in the upper sediment
layer, and degradation rate of the organic carbon, was taken as a theoretical
basis in tracing redox conditions. This model is valid for modern sedimentary
environments, where direct measurements of factors can be done. This theoretical
approach is applicable to the geological past if the rock has preserved the early
diagenetic signal. Berner’s early diagenetic equation, reduced to the form that is
most often used in vertical advective—diffusive sediment models (Tromp et al.
1995; see also Krauskopf & Bird 1995 for a review), is

(1)

where t denotes time,D is the diffusion—dispersion coefficienG is the

concentration of dissolved or solid species in the sedinzeid,the depth below
the sediment—water interface, is the sedimentation rat& is the net rate of
concentration change due to chemical laiodbgical sourcesral sinks. Expressing
the net rate as the metabolic decay rate of orgaaitter, substituting it in the
diagenetic equation, and solving the equation fpatQhe boundary conditions

8,C=Dd’C-wd,C+ Y R,
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z=0, C=C, (concentration of free oxygen in overlying water)
z—>®», C—C_ (concentration of @ after reduction ceases),

we get the formula (Berner 1971)
Co =LG,0’ /(Do Ky + @°) +C,, 2)

where C, is the concentration of bottomwater oxygen M/cm®), G, is the
concentration of organic carbon in the sediment layer near the sediment—water
interface (inuM/cm?®), @ is the sedimentation rate (in cm/y, y = yedd), is the
diffusion coefficient of @ in sediment (in cAty), k.. is the first- order rate
constant for oxidation of organic carbon by, On y~) depending on the
sedimentation rate (Tromp et al. 1995), &rd 1.3 is the stoichiometric ratio of
moles of Q reduced over moles of carbon oxidized. The formula (2) represents the
balance of factors for oxic conditions in the sediment. In the oxic regime the
degradation of organic carbon uses only free oxygen, as it takes place in the red
facies of the Telychian. To describe the organic carbon degradation in the case of
black shale formation when most okthrganic matter escapes decomposition,
the equations for sulphate reduction and for methanogenesis are additionally
needed. For the Telychian deep shelf geological section an attempt was made to
estimate the role of each early diagenetic factor using proxies for them. Barium
measurements were used as representatives for primary bioproductiviti £
and KO/Al,O; ratios as proxies for the sedimentation rate. These proxies are
sensitive to diagenetic changes or may depend on other matters, therefore many
aspects must be taken into account. The numerical value of the sedimentation rate
was calculated for Telychian deep shaHystone using the formula by Berner
(1980), time estimation by Tucker & MckKew (1995) and Kaljo et al. (1998),
and present-day porosity from Table 3.

Aeronian conditions were estimated using 0,05 and KO/AI,O; ratios as
proxies for the sedimentation raté’C and several other indicators (see below)
as proxies for primary bioproductivity, and trace metal content and organic matter
as indexes of anoxic bottom water.

LITHOLOGY, MINERALOGY, AND GEOCHEMISTRY

Aeronian

Black shale

The late Rhuddanian—Aeronian blackakds of the Dobele Formation are
laminated claystones containing organic carbon and more trace metals than the
shale average (Gromet et al. 1984). Kii{1997) gives a characterization of
the black shales of the Dobele Formation on the basis of the geochemistry and
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mineralogy of the Aizpute core (Fig. 2). The main rock-forming minerals of black
shale are terrigenous quartz, illite, chlorite, and K-feldspar with the admixture of
authigenic pyrite and Ca—Mg carbonates. Some plagioclase and traces of kaolinite
are recorded. The calculated carbonate content is from 3.5 to 10.3%, on average
7.6%. CaO increases upwards in thepAite section, showing an increase in
calcite content. The pyrite content is 0.5-2%. The organic matter is estimated on
the basis of loss on ignition at 48D (LOI), which in black shale is 12—-25 wt%, on
average 17% (Table 1). Main chemical elements and Ai{d; and K0/Al,O3

ratios are presented in Figs. 5 and 6. In the Aizpute core, the contents of trace
elements Cr, Mo, Ni, Pb, Zn, and V (Table 2) vary from the shale average to
exceeding the average several times. Positive correlation between LOI and the
contents of Ni, V, Cr, and Mo is observed, the correlation coefficients being 0.85,
0.79, 0.75, and 0.55, respectively. The preserved organic matter, increased content
of trace metals, and a fine millimetre-scale lamination of black shale speak about
oxygen-poor or anoxic bottom water and anoxic conditions within the sediment.
Sulphate reduction took place within the sediment and supposedly in the near-
bottom water. The sulphur content of black shales is 0.5-3.2% (Fig. 6).

In the Engure core, black shale, dark grey claystone, and limestone alternate.
The chemical composition of black shale is here similar to that of the Aizpute
core (Tables 1 and 2). Dark grey layers are poorer in organic matter (LOI is 3.8%);
the lamination is absent, hinting at bioturbation and better oxygenation of bottom
waters. Limestone intervals are represented by grey micritic or fine-crystalline
rock, commonly containing dispsed pyrite. Organic matter, if present, gives dark
coloration to the limestone. Limestone witlspersed pyrite and without organic
carbon hints at oxygenating bottom water conditions with sulphate reduction within
the sediment, characteristic of the shallower shelf. Supposedly the oxygen content
of bottom water varied temporally. The carbonate sedimentation was also of
various lateral extension, episodicallyaching the deep shelf. Rare limestone
interlayers within condensed black shales of the deep shelf are recorded in the
Ventspils, Talsi, Pavilosta, Nitaure, and other West Latvian cores.

Micritic limestone of the Saarde Formation

The micritic (cryptocrystalline) limestone of the Saarde Formation (Raikkula
Stage, late Rhuddanian—Aeronian) is distributed in western, central, and southern
Estonia. Micritic limestone is a light grey rock consisting of low-magnesian
calcite barren of shelly fauna. The content of the siliciclastic compound is 5-8%.
The limestone is formed in the pezxe of oxygenated bottom waters with
sulphate reduction within the sediment, as shown by dispersed pyrite occurrences
in the limestone. The accumulation has taken place far below the wave-base.

Chert occurrences in the form of nodules are well known in carbonate rocks of
the Raikkila Stage (Jurgenson 1958, 1974). Recently, chertified rims in limestone
layers near bedding planes, or disseteidiapherules of millimetre-scale diameter
were discovered (Kiipli et al. 2004). In modern oceans silica production covaries
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with primary productivity (Thunell et al. 2000). Micritic limestones contain barite,
formed at the expense of Ba scavahde the frustules of silica-producing
planktonic organisms during their fall through the water column. Barite is also
considered as a proxy for bioprodudtyv(Bishop 1988; Dymond et al. 1992).
Small, 1-2%o increases i81°C have been interpreted as an index of rise of
primary bioproductivity in surficial waters (Berger & Vincent 1986). The
increase iNb™*C of up to 3.7%. in the middle of the Ikla Member in the Ruhnu
core, recorded by Kaljo & Martma (2000), is reinterpreted by the author as a
reflector of the increased primary bioproductivity. The main conclusion, based on
correlative black shale of the Dobele Formation and micritic limestone of the
Saarde Formation containing chertifioat barite occurrences, and increa8Eq,

is that the Aeronian in the East Baltic was a period of high primary bioproductivity
(Kiipli et al. 2004).

Telychian

The Telychian in western Latvia igpresented by the Jurmala Formation
consisting of the Degole Beds in the lower and Irlava Beds in the upper part.
We focus on the Degole Beds. The boundary between the Jurmala and Dobele
formations is defined as the boundary between black shale and greenish-grey
claystone. The graptolites of thalli Zone were not found here (Loydell et al.
2003), which shows that the boundary between the Aeronian and Telychian is
either in a gap or within the greenish-grey basal part of the Degole Beds, where
graptolites are lacking due to unsuitable living or preservation conditions. In
Estonia the Telychian corresponds to the Adavere Stage consisting of the Rumba
and Velise formations (Fig. 1).

Telychian red and greenish-grey beds of the deep shelf

The 17-20 m thick Degole Beds of the Jurmala Formation consist of red and
grey rocks in western Latvian cores (Fig. 3). A 5-13 m thick grey unit containing
greenish-grey and dark grey layers with rare thin 0.5 cm interlayers of finely
laminated black shales divides the varicoloured, mostly red claystone section into
two parts (Fig. 4). The Degole Beds are overlain by the grey Irlava Beds with the
upwards gradually increasing carbonate content.

Mineralogy and geochemistry were studied in the Aizpute core. The Degole
Beds consist predominantly of claystone with few carbonate layers. Main terri-
genous minerals are quartz, illite, chlorite, K-feldspar, and minor plagioclase. The
authigenic minerals hematite and goethite occur in red intervals (Kiipli et al. 2000a).
In claystones the content of carbonates, represented mostly by dolomite, is low.
The average CaO content is 2.2% (standard deviation 3.8), and that of MgO, 3.6%
(sd 0.4) (Table 1). Main chemical components,Si),0s, K,O, and TiQ vary
only little. Variation of Fe, S, and organic matter depends on redox conditions of
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the sedimentary environment. The Fe content, expressed@so&eis higher in

red rocks (average 9.3%) due to the presence of hematite and goethite. The content
of ferric oxihydroxides (hematite + goethite) is 1.8-3.8% in red terrigenous clay-
stones (on average 2.3%, including 1.7% hematite and 0.6% goethite) and 5.6%
(as hematite) in thin violet layers of altered volcanic ash, metabentonites (Kiipli

et al. 2000a). The hematite occurrence in metabentonites evidences that hematite
and goethite of red beds are formaditu, not transported from lanéreenish-

grey rocks have an average Fe content of 5.4%, greenish-grey metabentonites 3.6%,
(expressed as F@sa). In greenish-grey rocks Fe is mostly bound in terrigenous
clay minerals. Ferric oxihydroxides are absent. In red and greenish-grey rocks
sulphur is below the detection limi®,05%. Greenish-grey rock may contain
crystals of coarse euhedral pyrite, but not dispersed pyrite. The absence of dispersed
pyrite refers to the lack of sulphate reduction within the sediment. Nitrate and
Fe(lll) reduction is characteristic of greenish-grey rock. Red colour points to the
absence of or minor Fél) reduction, as evidencelly Mn reduction of red
metabentonites (Kiipli et al. 2000b). Dispersed pyrite and higher S contents are
recorded in dark grey and black interlayers from the claystone interval dividing
the red beds into the upper and lower parts. Dispersed pyrite refers to sulphate
reduction within fresh sediment. The content of organic carbon is 1.2-3.7% in
dark grey claystone (3 samples) and 6.6—6.7% in two black shale interlayers
(Table 3). Trace metals in the thin black interlayers were measured in the Priekule
core. The contents of Cr and Ni are nearly the same, of V and Zn lower in the
Degole Beds of the Priekule core compared to the black shale average in the
Dobele Formation of the Aizpute core (Table 2).

The Ba content of the Telychian rocks of the Aizpute core was rather low and
even, on average 376 ppm (Table 1). Most of the barium was obviously bound in
the lithogenic component. In three greenish-grey samples from the grey interval
the Ba content was up to 483, 537, and 705 ppm (Fig. 6). This might be connected
with the presence of biobarium. In the Viki core, Ba varied from 130 to 376 ppm,
depending on “dilution” by carbonates.

Telychian carbonates and claystones of the shoreward deep shelf

The Aeronian carbonate accumulation was replaced by mainly terrigenous clay
or marl deposition in the Telychian. The deep shelf expanded at the expense of
previous shallow shelf areas due to the transgression in the Telychian. The Viki core
from western Saaremaa is a good example, showing the change in sedimentation
in the course of water deepening: upper Rhuddanian micritic limestones of the
Raikkila Stage are unconformably overlain by nodular limestones of the Rumba
Formation corresponding to the first pulse of Telychian transgression. Upwards,
red claystones of the Velise Formation appear, corresponding to the second pulse.

The chemical composition of the red claystone of the Velise Formation was
similar to that of the Degole Beds (Table 1). In the Viki core the CaO content was
3% higher than in the Aizpute core.
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The average SifAl,0O; and K0O/AlLO; ratios (Fig. 7) were higher in the Viki
core than in the Aizpute core (Fig. 6) (particularly thg&K\I,O5 ratio, 0.430).

This means that the amount of K-feldspar referring to silt-size terrigenous fraction
was higher in the onshore Viki core than in the offshore Aizpute core.

The hematite and goethite content of the red rocks of the Velise Formation
was about 2%, that is, on average 0.3% less than in offshore red rocks (Kiipli
et al. 2000a). The thickness of the red-coloured layers decreased shoreward and
at last only metabentonites revealed rtb@ colour (Valjala core). The Telychian
rocks of the shallow facies of north and central mainland Estonia, the Rumba as
well as the Velise Formation, were mostly light grey in colour and contained
dispersed pyrite.

DISCUSSION
Sedimentation rate

The sedimentation rate is one of the factors triggering the redox conditions
within the sediment. In the present-day ocean red clays form in pelagic areas
with the smallest sedimentation rate. If the sedimentation rate increases, the
red colour disappears and sediments turn grey, as in the hemipelagic areas. The
sedimentation rate regulates the burial and degradation of organic carbon. Rate
constants of aerobic and anaerobic degtion decrease with the decreasing
sedimentation rate (Tromp et al. 1995). In areas of a lower sedimentation rate the
relative portion of organic carbon resistamtbacterial consumption increases,
as decomposition preferentially removes the most reactive fraction from the
plankton. The ratios of SKAI,O; and KO/AI,O; allow us to estimate the

Viki core .
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the Aizpute core. Oscillation of the conditional high/low oxygen front in the water column against
the background of eustatic sea level fluctuations is suggested. Red samples hint at their origination
in the high-oxygen environment, greenish-grey samples hint at the low-oxygen environment. Black
samples refer to deposition in anoxic bottom water conditions. Transgression-regression of the
sea is estimated on the basis of $#/D,0;. The model shows that sea level stand is not the cause
of change in redox conditions at the Aeronian-Telychian boundary. (B) Schematic model of the
environments of deposition depending on oxygen concentration referriogddions (a), (b), and

(c) in diagram (A). The lower red interval of the Degole Beds in the Aizpute core corresponds to the
Rumba Formation in Estonian sections according to “O” — metabentonite correlation (Kiipli et al.
2000b).

stability of the terrigenous input rate (Figs. 6—8). TheBi0; and KO/AI,O4
ratios reflect the relationships between terrigenous compounds — quartz, K-feldspar,
and clay. This approach is valid if authigenic minerals containing Si, K, and Al
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are absent. For example, for the Saarde Formation the authigenic chert occurs in
the carbonates of the Ruhnu core (Kiipli et al. 2004), so the/AiD; ratio

reflects other qualities than terrigenous input alone. If using the//8i0;

and KO/Al,O; ratios as indicators of terrigenous matter, the lower ratios are
characteristic of a finer grain size, higheias of a coarser grain size. It is possible

to consider the ratios also as indicators of the sedimentation rate, which depend on
the distance from the clastic source area. Transgressions and regressions influence
the distance, being thereby related to the sedimentation rate.

The SiQ/AIL,O; and KO/AI,O; ratios may reflect also a change in the
terrigenous mineral composition and content due to the different terrestrial
weathering conditions. The XRD studyshshown that the composition of the
Aeronian and Telychian terrigenous minerals is similar (Kiipli 1998), except
for kaolinite, the traces of which have been detected in the clay fraction of
the Aeronian deep shelf sediments (Kiipli 1997). Previous investigations have
revealed the following clay mineralsrfthe Silurian: illite(60-90%), chlorite
(5—-40%), and illite-smectite (5-20%) (Jurgenson 1988). The proportions of
terrigenous minerals are slightly variable, causing the variation ig#/A0; and
K,O/Al,Os. Nevertheless, the variation in the mineralogical compaosition may
hint at the influence of climate on the terrestrial weathering, but this needs further
investigation.

Figure 6 reveals an increase in the S0,0; and KO/AI,O; ratios in the
upper half of the black shale section of the Aizpute core. Supposedly this shift
corresponds to the end-Aeronian regression supported by a parallel trend of
Zr/Al 05 (Kiipli 1997). In shallow-water sections the rocks of this time interval
are absent. The decrease in the, 803 and KO/Al,Os ratios in the lower part
of the Degole Beds reflects the first pulse of the lower Telychian transgression in
the Aizpute core (Figs. 6 and 8). TheAI,O; ratio in the Ruhnu core (Kiipli et
al. 2004) shows a fall from 0.37 in the Velise Formation to 0.30 in the Saarde
Formation, also hinting at the transgression. These examples confirm the link bet-
ween the named ratios and eustatic movements. We therefore prefer to consider
the changes in SAI,O; and KO/AIL,O; at the Aeronian—Telychian boundary
beds of the Aizpute core as related to the distance from the input source, but not
to alternation of weathering conditions. The $#D,0; and KO/Al,O; ratios can
be used as indicators of transgressions and regressions, and of the sedimentation
rate. In estimating the sedimentation rate, additionally the carbonate content should
be taken in account.

Past sedimentation rates cannot be measured directly, mainly because the time
corresponding to the rock sequence is not precisely known and due to gaps in
sedimentation. Approximate calculatiorr fine whole Telychian of the Aizpute
core yielded a mean sedimentation ratel cm/ky (Appendix). Excursions in
SiO,/Al0O5 and KO/AILO5 hint at some deviations from the average (Fig. 6).

Contradictions arise when comparing the sedimentation rates of the Aeronian
and Telychian in the Aizpute core section. The,#Q0; and KO/Al,O; average
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values plus carbonate content do not differ substantially between the Aeronian
and Telychian, hinting at possibly similar rates of sedimentation, but thicknesses
of the corresponding sections differ up to 10 times (in the Aizpute core). Gaps are
not found in the Dobele black shale section as the graptolite succession is complete,
though condensed (Loydell et al. 2003). This leads to the problem whether the
Aeronian is of much shorter duration than the Telychian (4 Ma for the Telychian
according to Kaljo et al. 1998), or Si@l,0; and KO/Al,Oz are not comparable
between different geological epochs in the sense of sedimentation rate. As in the
Aeronian the sedimentation rate in the deep shelf was the same as in the Telychian
or lower, it did not cause inversion i@dox conditions at the Aeronian—Telychian
boundary in deep shelf. This argument comes from the consideration that a low
sedimentation rate promotes red bed ankigh sedimentation rate black shale
formation, if other conditions stay the same and water coloumn is oxygenated
(Tromp et al. 1995).

Oxygenation of sea water and sediment

Aeronian

The chemical composition of Aeronian black shale indicates insufficiency of
oxygen in deep shelf bottom waters. The preservation of fine lamination reflects
the cease of bioturbation due to oxygen deficiency.

Anoxic conditions of the sea waters in general might be caused by the
restricted water advection or by high planktonic production. The Ordovician—Early
Silurian Baltic Basin was open to the ocean. The water depth was great in the Peri-
Tornquist zone (Poprawa et al. 1999). Therefore, there is no reason to consider
the Baltic Basin isolated during the Aeronian.

As the ocean deep waters were anoxic, their upwelling might have been one
reason for anoxic bottom water conditions in the deep shelf. The other reason
concerns primary productivity. Supposedly, the oxygen profile of the water column
had depth-dependent descending gradient. The Kolka and Engure cores reflect
the situation upwards on the shelf slope in the zone of oscillating oxygen content.
Black shale layers formed in the anoxic, and grey limestones in the oxygenated
bottom water conditions. Dark greyagltones and organicarbon containing
limestones formed in the intermittent sulwkbttom water environment. Deeper in
the sea, at the location of the Aizpute core, the bottom water was anoxic.

Telychian

The formation of the red bed in the Telychian replacing the Aeronian black
shale, speaks about better oxygenation of deep shelf bottom water and sediment.
In the red facies free oxygen was present within the sediment. Towards the
continental slope the oxygen content of sea bottom waters supposedly decreased,
as the contemporaneous Rasyte Formation in western Lithuanian cores and in
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cores of the Kaliningrad District was represented by dark claystones (Raskevi
1997). These dark grey sediments in the outer shelf show that the flux of free
oxygen into the red facies could not be from the direction of the ocean deep.
Therefore the inversion of the oxygen regime of the ocean deep waters to the
modern-ocean-like regime is excluded. Oxygen approached deep shelf from above,
from the mixing zone of surface waters. The oxygen profile supposedly had a
smoother depth-dependent decline than in the Aeronian. At the Aizpute site the
oxygen content of bottom water decreased to the level at which Fe(lll) reduction
began, as evidenced by covariation of colour with,iQ0; and KO/Al,Os

ratios. This covariation was revealedthe upper red-and-green interval of the
Aizpute core (Figs. 6-8) — greenish-grey rocks have smaller ratios than adjacent
red ones. Treating the SiAI,0; and KO/AI,O; ratios as reflectors of trans-
gressions and regressions, the alternation of red and green sediments can be
explained by the location of the core site within the oscillations of the oxygen
“front”.

Primary bioproductivity

Aeronian

The organic carbon flux to the sediment surface is the third important factor
influencing the sediment and seawater ciséhym As stated above, black shale
in the deep shelf, contemporaneougnitic limestone formation, widespread
chertification, barite occurrences, a8idC positive mild shift in the shallower
shelf were interpreted as indicators of high primary bioproductivity (Kiipli et al.
2004). The bioproductivity rise started in the late Rhuddanian witfiCavalue
of +1.5%0 and achieved a maximum 08.#%. in early Aeronian mid-Ikla time,
measured in the Ruhnu core (Kaljo & Martma 2000). The primary bioproductivity
decreased at the Dobele—Degole transition.

Telychian

Telychian carbonate rocks lack chert occurrences and barite. Organic-rich
black shale receded from the deep shelf and micritic limestones were not formed.
From the comparison with the Aeronianiemportant conclusion for the Telychian
comes obvious: photosynthesized primary bioproductivity fell at the beginning of
the Telychian. The decrease in bioproductivity was an important factor triggering
the oxygenated sedimentary environment exdbep shelf. It is not known whether
the decline in primary bioproductivity and the corresponding organic carbon flux
to the sediment surface were sufficient to rearrange the oxygen regime in deep
waters and favour red bed formation, or a mechanism bringing surplus oxygen to
deep waters might be considered.

To estimate the relative change in primary bioproductivity, we measured the
Ba content of rocks. Barite dissolves in anoxic sediment. In oxic sediment about
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30% of barite is preserved (Dymondatt 1992; De Lange et al. 1994). The Ba
data were used as a palaeoproductivity proxy for red and greenish-grey rock,
but the use of Ba was not efficient. The barite content was low (Fig. 6) due to
small primary production of siliceous plankton and small thickness of the water
column.

Another proxy for bioproductivity i$**C. Small fluctuations 08**C (1 or
2%0) may be interpreted as reflecting variations in primary bioproductivity.
Together withs*?0, the analysis af**C is more informative. The oxygen isotope
data of brachiopods point at stable warm climate through the Llandovery in the
East Baltic (Heath et al. 1998).

A sudden negative shift i°C down to 1% is recorded at the base of the
Rumba Formation in the Estonian Kirikukiila and Ikla cores (Kaljo & Martma
2000). The reason for this shift is not clear, though primary bioproductivity fall
may contribute to it.

Eustasy, water depth, and redox conditions

Eustasy influenced the marine redox conditions through changes in water
depth or indirectly by shaping the basin and delimiting its areal extent. The early
Telychian transgression coincided with the beginning of the oxygenation of deep
shelf waters, but we have no grounds to claim that deepening of water was the
process that caused overturn of the oxygen regime (Fig. 8B).

Different marine researchers (Thunell et al. 2000) have joined the relation-
ship between water depth, organic carbon flux to the sea bed, and primary bio-
productivity of surficial waters into an empirical formula. For example, the late
Aeronian regression and the corresponding decrease in water depth increased the
amount of organic carbon flux to the sediment surface. This supposedly favoured
the anoxic conditions in the deep shelf, though the maximum of the primary bio-
productivity was over by that time. The Telychian transgression and increase in
water depth, on the other hand, reduced the amount of organic carbon flux reaching
the sea floor and supported the oxic conditions in the nearbottom waters. The
transgression may also influence the sedimentation rate by slowing it, thereby
favouring red bed formation. In early Velise time the shift of the red facies from
Latvia to Saaremaa was contemporaneous with the second pulse of the trans-
gression (Kiipli et al. 2002). The Viki ¢e shows how deepening of water at
the Rumba—Velise boundary changed redox conditions of the sediment. At the
beginning of Velise time the sedimentation rate, carbon flux, and oxygen utilization
decreased, causing the formation of red clays replacing the greyish limy sediments
of the Rumba Formation. Altogether, eustasy played some role in amplifying the
redox conditions in the shelf, but it was not a direct cause of the oxic/anoxic over-
turn in the Aeronian—Telychian transition.
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Processes governing Aeronian—Telychian changes

From the above discussion the following conclusions can be drawn: 1) the
Aeronian was a time of increasedmary bioproductivity. High primary bio-
productivity played an important role in triggering the anoxic regime of deep
water; 2) the Telychian oxygenation of deep water was caused by low primary
bioproductivity; 3) extra oxygen to deep waters did not come from the direction
of the ocean deep, because the distal shelf sediments were dark-coloured, which
does not point to their formation ithe oxic environment. The mechanism
governing the Aeronian and Telychian changes is hypothesized on the basis of
the named presumptions.

The East Baltic Basin was situated in the southwestern part of the Baltica
Craton, which in the Llandovery extended from the equatorial region to 20-30°
southern latitude (Cocks 1993; Kiessling et al. 2003). By the Wenlock the Baltic
Craton was centred at the equator (Ziegler et al. 1977; McKerrow 1988; Torsvik
et al. 1992). During the Ordoviciama Silurian, Baltica drifted from the
region of northwesterlies to southeabtdrade winds, performing a counter-
clockwise rotation. The changing wind regime in the coastlines of the Baltic
Basin might have caused an alternation of upwellings and downwellings (Fig. 9).
The models on wind-driven upwellings are presented by Parrish (1982) and
Moore et al. (1993). In the Aeroniaretipwelling lifted nutrient-rich and oxygen-
depleted waters from the ocean deep to the shelf and induced high primary bio-
productivity in surficial waters. Remineralization of organic carbon intensified
oxygen deficiency and favoured the agumuation of organic-rich sediment
in the deep shelf. The Aeronian was a period of arid climate, as evidenced by
lagoonal dolomites of mainland Estonia. It is likely that in the mid-Llandovery
the East Baltic was located at about 24° southern latitude as this is the zone of
deserts where dry air falls down. In thelychian the downwelling of sea water
supposedly took place. Contrary t@ tAeronian, the wind-induced downwelling
gathered the oxygen-rich but nutrient-depleted surficial waters and directed them
towards the sea bottom in shelf areas. The primary bioproductivity of that time
decreased, and bottom waters of the deep shelf became oxygenated, causing the
formation of red sediments. Telychian eustatic high sea level and rotational stand
of the craton supposedly fixed the Baltic Basin so that southeasterly trade winds
blew towards the East Baltic coast undesuitable angle, generating the down-
welling (Fig. 9).

The model presented here deals with local and regional processes. The
Silurian models of Jeppsson (1990), Aldridge et al. (1993), Wenzel & Joachimski
(1996), and Bickert et al. (1997) find evidence for sedimentary, geochemical,
and faunal periodical changes from global processes, such as oceanic overturns,
icehouse—greenhouse alternations related to atmosphesjca@@ glaciations.
These processes are of great importance, yet do not explain all phenomena
recorded in geological sequences. Therefore the present model provides a new
possible mechanism for describing the genesis of sediments.
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CONCLUSIONS

1. The Aeronian black shales formed in anoxic sedimentary and anoxic near-
bottom water conditions in the deep shelf. The oxygen content below the
mixing zone decreased abruptly.

2. The Telychian red sediments with hematite and goethite point at an
oxygenating environment in deep shelf bottom waters and sediment.
The oxygen profile below the surficial mixing zone had a smooth depth-
dependent decline. Dark grey sediments in the offshore deep shelf (in western
Lithuania and Kaliningrad District) indicate that the flux of free oxygen
could not be from the side of ocean deep waters, denying the inversion of
the oxygen regime of the ocean of that time.

3. High primary bioproductivity in the Aeronian was suggested considering
organic-carbon-rich black shale inetlieep shelf contemporaneous with
micritic limestone, large-scale chertification, barite occurrences, and a mild
positive excursion i8*°C in the shallow shelf carbonate facies.

4. The Telychian rocks lack indicators of high primary productivity characteristic
of the Aeronian. Consequently, in the Telychian primary bioproductivity
was lower than in the Aeronian.

5. The mechanism supposedly regulating the primary bioproductivity and
oxygen content of bottom waters and sediment of the deep shelf was
alternation of wind-induced up- and downwellings. Upwelling in the
Aeronian brought nutrient-rich and oxygen-depleted waters from the ocean
deep to the shelf, generating high primary productivity and anoxic deep
shelf environment. Downwelling in the Telychian gathered nutrient-poor
but oxygen-rich surface waters, causing low primary bioproductivity. As a
result, the oxygenation of bottom waters and sediment favoured red bed
formation in the deephelf in the Telychian.

6. The sedimentation rate in the deep shelf was low in the Aeronian as well as
in the Telychian. Its oscillations were too small to influence the burial of
organic carbon and consequent redox conditions in the deep shelf.

7. Drift of the Baltica Plate through ftérent climatic zones and prevailing
winds was responsible for the alteinatof up- and downwellings. Eustasy
probably affected the configuration of the basin, thereby being related to
the up- and downwellings and redox changes.

The present model shows the importance of wind-driven hydrologic movements
related to the palaeogeographic location of the continental plate. The proposed
mechanism can be responsible for the change in water chemistry of the deep shelf
influencing the sediment composition.
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APPENDIX

THE AVERAGE SEDIMENTATION RATE FOR THE TELYCHIAN
OF THE AIZPUTE CORE

Tromp et al. (1995) have distinguished the sedimentation rate as the leading
variable in the early diagenetic model for the modern ocean. The accumulation
rate is equivalent to the sedimentation rate if hiatuses in the rock section are
lacking. Sedimentation in the Telychian in the Aizpute core of West Latvia was
permanent from the lower boundary at a depth of 969-930 m. At this depth
the Wenlock graptoliteCyrtograptus murchisoni appears (Loydell et al. 2003),
revealing a gap in section corresponding toitisectus and centrifugus zones.

The gap is about 15 m according to the graphical correlation between depths of
metabentonites in the Viki and Aizpute cores (T. Kiipli & Kallaste 2002). The
proposed thickness of the Telychian sequence is 54 m. The sedimentation rate
was found by dividing the thickness of the Telychian section by its duration of
4 million years (Tucker & McKerrow 1995; Kaljo et al. 1998), increasing the
present-day thickness on account of porosity change according to the equation
(Berner 1980)

(1 -9)/[(1 —Do) = ho/h,

whered andd, are the present and past porosities, respectivelyy andh, are the
thickness of the yearly layer of the present and past. The average porosity of the
present-day rockd = 20% was used (Table 2); the initial porosfly= 75% was

taken after Tromp et al. (1995). The thickness of the yearly layer obtained from the
calculation using the thickness of 54 m wasx34¥/4 x 1¢° = 0.00135 cm, which

gave the sedimentation rate: (1 — 0.2)/(1 — 0x78)0135 = 0.0043 cmly.
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Redokstingimuste muutused |da-Balti basseini stigaval
Selfil Aeronis ja Telychis (Vara-Siluris)

Enli Kiipl|

Alam-Siluri Aeroni-vanusega geoloogilises labildikes esinevad Laane-Latis
mustad orgaanilise aine rikkad savikivimid, Telychis punased ja rohekashallid
savikivimid. Need kivimid on moodustunud sigaval Selfil settinud setetest.
Varvuste erinevus viitab settimisaegsete redokstingimuste erinevusele. Redoks-
tingimustest lahtuvat sette varadiageneesi kujundasid jargmised faktorid: vaba
hapnik pdhjalahedases merevees, primaarsest bioproduktsioonist tulenev orgaani-
lise suUsiniku voog merepbhja ning sette settimise Kiirus. Uurimistdost jarel-
dus, et vastupidiselt Aeroni-aegsele suurele primaarsele bioproduktsioonile oli
Telychi-aegne bioproduktsioon madal. See tekitas hapnikusisalduste erinevuse
pohjaldhedases merevees. Bioproduktsioomideevust reguleerisid tbusu- ja
langevhoovused. Aeronis tbi tbusuhoovus stigavamatest ookeanikihtidest Selfile
hapnikuvaese, kuid toitainerikka vee. Telychis kogunes hapnikurikas, kuid toit-
ainevaene pindmine veekiht, mis suundus sligavusse. Tdusu- ja langevhoovuste
vaheldumise pohjuseks oli Balti mandrilaama ja selle ladneserval asuva Balti
basseini triiv 1abi erinevate tuulesuundadega kliimavddtmete.

Sette settimise kiirus ei olnud Aeroni ja Telychi redokstingimuste erinevuse
pohjuseks, kuna oli mélemal ajal kas vOrdselt madal vdi Aeronis vaiksem
kui Telychis. Vaiksem settimiskiirus soodustaks aga pigem punavarvilisuse kui
Aeronis oleva musta kilda teket. Arvutuslik settimiskiirus Aizpute puuraugus ol
4 cm 1000 aasta kohta Telychi I&bilGike jaoks.
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