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Abstract. The middle Caradoc sedimentary facies transitions and dynamics in southern Estonia
and the Gotland area in the Keila, Oandu, and Rakvere stages are described. Grain size analysis of
the noncarbonate component demonstrates differences between the major confacies belts. A new
name, the Variku Formation, is proposed for a rock unit of intercalating quartzose siltstones,
claystones, and marls in southern Estonia, and the late Keila to Rakvere age of this unit is suggested
by ostracode data. The change of the deposition type in the Caradoc Baltic Basin lasted for
a considerable time and can be characterized by a sequence of successive climatic, isotopic, and
eustatic events and change in sedimentary material input. Complex reasons related to the
continental drift and continental glaciation are proposed for the Caradoc turnover.

Key words: Ordovician, Caradoc, lithofacies zones, mixed siliciclastic-carbonate sediments, Estonia,
Sweden.

INTRODUCTION

The Baltica palaeocontinent suffered drastic climatic changes during the
Ordovician. It drifted from the southern high latitudes to the tropical realm (Torsvik
et al. 1996), and the middle Ordovician (Arenig–Llanvirn) temperate climate
carbonate sedimentation changed to the warm water type carbonate sedimentation.
In the Baltoscandian Palaeobasin the most significant changes took place in the
middle Caradoc, in Keila–Rakvere time (Jaanusson 1973; Nestor & Einasto 1997),
when the unification stage in the basin evolution was replaced by the differentiation
stage (Nestor 1990; Nestor & Einasto 1997). Major sedimentological and faunal
changes, shifts in the isotopic composition of seawater and sea level fluctuations,
recorded in the middle Caradoc of the East Baltic, are thought to be related to the
global oceanographic event (Ainsaar et al. 1999a, 1999b; Meidla et al. 1999).

The aim of this study was to describe the middle Caradoc facies dynamics
and facies transitions between the onshore North Estonian Confacies Belt and
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the Livonian Tongue, an eastern gulf-like extension of the offshore Central
Baltoscandian Confacies Belt. Main interest was focused on the deposition of mixed
fine siliciclastic-carbonate sediments in southern Estonia and the Gotland area
(Gotland Island, Gotska Sandön, and the surrounding submarine exposures), in the
transitional zone between the confacies belts. The composition of the noncarbonate
component in the rocks was under particular attention, as variation in its content and
character can be interpreted in the context of the sedimentary environments and
terrigenous input history.

MATERIAL  AND  METHODS

The middle to late Caradoc interval of four core sections from southern Estonia
and one from Gotland was sampled and described (Fig. 1). Eighty-seven samples
(44 from the Ristiküla-174 section, 9 from the Pärnu-6 section, 3 from the Tartu-453
section, 25 from the Valga-10 section, and 6 from the Grötlingbo-1 section) were
subjected to sedimentological analysis. The carbonate component of the samples
with the initial weight of 20–50 g was dissolved in diluted (3.5%) hydrochloric acid.
Insoluble residue (i.r.) was fractionated by gravity sedimentation and sieving into
the fractions of < 2, 2–8, 8–16, 16–63, and > 63 µm. Grain size data of i.r. from
the Grötlingbo core were considered unreliable because of higher compaction of the

Fig. 1. Location of core sections (filled rings – sampled sections; empty rings – other sections) and
the approximate boundary of post-Tremadoc Ordovician confacies belts (solid and dashed lines,
after Jaanusson 1976; striped area – transitional facies zone after Põlma 1982). Dotted line –
northern limit of the distribution of Ordovician sedimentary rocks. Abbreviations: K., Kaagvere;
L., Laeva; V., Viljandi.
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rocks, leading to diagenetic bounding of noncarbonate particles. Insoluble residues
of two argillite samples of the Mossen Formation of the Valga core were treated
with H2O2 to remove organic material prior to granulometric analysis.

Semiquantitative data on the mineralogical composition of the carbonate
component in the whole-rock samples were obtained by X-ray diffraction (XRD)
using the DRON-3M diffraction system (Mn-filtered Fe-Kα radiation). Calcite
3.04 Å and dolomite 2.89 Å XRD peak intensities were corrected with the
proportional factors 0.7 and 0.6, respectively, for calculating the calcite/dolomite
ratio. Six thin sections (2 from Ristiküla, 2 from Tartu, and 2 from Grötlingbo)
were prepared from samples of the siltstone intervals, and polished, carbon coated
surfaces for scanning electron microscope and energy dispersive spectrometer
analyses were prepared. The electron images and energy dispersive spectrometer
were used for analyses of selected areas of thin sections and for identification of
the individual crystals or grains. Ostracodes were separated and identified from
the samples of Estonian core sections. The sedimentological data of the Ristiküla
section and ostracode data of the Ristiküla, Tartu, and Pärnu sections are partly
published in Ainsaar et al. (1996, 1999b) and Põldvere et al. (1998).

COMPOSITION  OF  THE  NONCARBONATE  COMPONENT

The Caradoc carbonate rocks of the study area are rich in siliciclastic material,
mainly mud (clay and silt). Carbonate material is generally prevailing in argillaceous
limestones and marls common in this interval (Adze and Kahula formations).
Some types of rock are predominantly siliciclastic, with a minor carbonate
content (Blidene and Mossen formations, the new Variku Formation, defined here
– see below; Fig. 2). The exception is the generally calcareous Rägavere Formation
with an only minor supplement of the noncarbonate component.

Fig. 2. Stratigraphy of the Haljala, Keila, Oandu, and Rakvere stages in Estonia (modified from
Männil & Meidla 1994) and Gotland (from Nõlvak & Grahn 1993). Vertical ruling – hiatus; arrows
point at the relative position of the studied core sections.
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The content of i.r. in the Kahula Formation in northern Estonia is changing
cyclically from about 5% to 30%. The i.r. of wackestones of the Kahula Formation
in the Pärnu and Ristiküla sections and of the Adze Formation in the Valga
section contains about 50% clay fraction (< 2 µm; mainly illite), 20–30% fine silt
(2–16 µm), and 20–30% medium and coarse silt (16–63 µm; quartz and K-feldspar;
Fig. 3; Ainsaar et al. 1996). According to Põlma et al. (1988), the i.r. of wackestones
of the Kahula Formation in northwestern Estonia has the prevailing grain size of
< 10 µm. The uppermost part of the Kahula Formation in the Ristiküla section
(transitional zone) is characterized by intercalating argillaceous limestone and marl,
both with an elevated content (30–60%) of medium and coarse silt as compared to
the underlying limestone. The Blidene Formation in the Valga section is composed
mainly of clay and fine silt with a low content of medium and coarse silt (16–63 µm;
0–20% i.r.) and with a carbonate content of 30–40% (Fig. 3).

In the transitional zone and within the Livonian Tongue the uppermost part
of the Keila Stage and the Oandu Stage are represented by predominantly
siliciclastic rocks (50–90% of the rock is noncarbonate). Insoluble residue of these
rocks in the Ristiküla and Tartu core sections contains medium and coarse silt,
mainly quartz, at a concentration of 20% (in clay beds) to 80% (in siltstone beds).
The content of fine sand (63–125 µm) reaches 10% (Ainsaar et al. 1996; Fig. 3).
In thin sections of the siltstone abundant angular quartz grains with a diameter of
30–80 µm together with minor K-feldspar grains of the same size can be recognized
in the surrounding clay matrix (Pl. I, figs. 4, 5). Mineral i.r. fraction of the organic-
rich argillite and carbonaceous clay of the Mossen Formation in the Valga section
contains generally less than 20% medium and coarse silt and less than 1% sand.
Only in the lowermost bed of the Priekule Member the content of the medium
and coarse silt fraction reaches 25–30% of the total i.r.

The Hirmuse Formation (Oandu Stage) has the i.r. content of 5–70% in north-
eastern Estonia (Põlma et al. 1988) and 20–50% in the Pärnu section. In both
cases, i.r. is mainly represented by clay and fine silt fraction (Põlma et al. 1988;
Fig. 3). The micritic limestones of the Rägavere Formation in northern Estonia
contain a minor amount (usually less than 10%) of noncarbonate material. Similar
limestones of the Rägavere and Mõntu formations in the transitional zone
(Ristiküla section) and in the northern part of the Livonian Tongue (Valga
section) contain up to 20% i.r., mainly clay and fine silt in the areas listed above
(Fig. 3).

The Gräsgård Siltstone in the Gotland area generally resembles the siltstone
beds in southern Estonia in respect of the noncarbonate component. The i.r.
content of the Gräsgård Siltstone is 41–71% in Öland boulders (Martna 1955) and
47–76% in the Grötlingbo core section (4 analyses). In thin sections of the
Grötlingbo samples (Pl. I, figs. 6, 7) the noncarbonate material of the Gräsgård
Siltstone consists mainly of quartz, but is finer (grain size 20–50 µm) than in
siltstones of the Ristiküla and Tartu sections.
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PLATE I
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VARIKU  FORMATION

In southern Estonia, in the zone of confacies transition, the argillaceous
limestones of the Kahula Formation are overlain by siliciclastic-dominated rocks
(claystones, marls, and siltstones; Ainsaar et al. 1996, 1999b). In the recent
correlation charts (Männil & Meidla 1994; Nõlvak 1997) the Lukštai Formation is
shown in a similar stratigraphic position. However, the last formation is defined in
the Central Lithuanian Depression as the alternation of marl and biomorphic
limestones (Laškov et al. 1984). This type of rock is definitely missing in Estonia
and the core intervals earlier distinguished as the Lukštai Formation should be
attributed to the Hirmuse Formation (Pärnu core, 327.25–328.3 m: Meidla 1996,
fig. 14) or to a new lithostratigraphic unit. A new name – the Variku Formation – is
proposed for this claystone–siltstone bed (Fig. 2).

The Variku Formation is characterized by alternating dolomitic argillaceous
quartzose siltstone, silty marl, and dolomitic claystone beds 10–50 cm in thickness
(Fig. 4; Pl. I, figs. 1, 2). Occasional calcareous marl or argillaceous limestone
interbeds may be present in this interval. The silty beds of the Variku Formation
contain abundant Chondrites and Zoophycos ichnofauna (Pl. I, fig. 1). For the type
section we propose the interval of 401.1–409.9 m in the Ristiküla-174 core (Fig. 4;
Ainsaar et al. 1996). The Variku Formation is distinguished also in the Kaagvere
(259.6–267 m; Männil 1966), Tartu (Variku)-453 (288.3–299.1 m), Laeva-18
(234.2–240.9 m), and Viljandi-91 (325.5–333.9 m) core sections (Fig. 1). The
thickness of the formation varies between 6 and 11 m.

_________________________________________________________________

Explanation of Plate I

Core samples and scanning electron microscope (SEM) images of sedimentary rocks rich in quartz
silt, from southern Estonia and Gotland.

Fig. 1. Quartzose siltstone with Chondrites and Zoophycos ichnofauna, Variku Formation, Risti-
küla-174 core, 406.9 m.

Fig. 2. Contact of siltstone (above, light) and claystone (below), Variku Formation, Tartu-453 core,
296.4 m.

Fig. 3. Silty limestone (above, light) and siltstone (below), Gräsgård Siltstone, Grötlingbo core,
424.6 m.

Fig. 4. Siltstone, SEM image from the sample in fig. 1, Variku Formation, Ristiküla-174 core,
406.9 m.

Fig. 5. Siltstone, SEM image, Variku Formation, Tartu-453 core, 294.2 m.

Fig. 6. Silty limestone, Gräsgård Siltstone, Grötlingbo core, 424.4 m.

Fig. 7. Siltstone, SEM image from the lower part of the sample in fig. 3, Gräsgård Siltstone, Grötlingbo
core, 424.6 m.

Abbreviations: Q, quartz; F, feldspar; C, calcite; D, dolomite.
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Fig. 4. Stratigraphy of core sections with silty sediments in Estonia and Gotland. Correlation
(dotted lines) of southern Estonian sections based on ostracode data (Ainsaar et al. 1996, 1999b),
correlation of stratigraphical units in Gotland according to Nõlvak & Grahn (1993).

The Variku Formation overlies the Kahula Formation. The upper part of the
Kahula Formation in central Estonia is highly argillaceous, composed mainly of
marl with argillaceous limestone interbeds. Thus, the lower boundary of the Variku
Formation is lithologically transitional, marked by the occurrence of intercalating
siltstone and claystone beds and disappearance of limestone beds in the sections.
The upper boundary of the formation is a relatively sharp contact between the marl
or siltstone of the Variku Formation and the limestone of the Rägavere Formation.

CORRELATION

The lower boundary of the Keila Stage in Baltoscandia is tied to the prominent
Kinnekulle K-bentonite bed (Bergström et al. 1995). This marker horizon can be
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recognized within the Kahula and Adze formations of the East Baltic and at the base
of the Skagen Limestone in Sweden (Jaanusson 1995), which proves the correlation
of these units suggested by micropalaeontological evidence (Fig. 2).

The age of the calcareous claystone of the Blidene Formation, overlying the
Adze Limestone in the sections of the Livonian Tongue, has repeatedly been
discussed in the literature (Männil 1966; Männil & Meidla 1994; Hints & Meidla
1997). Recent micropalaeontological evidence (Meidla 1996 and data from the
Valga section) suggest the Keila age for this unit. This is indirectly supported also
by the composition of the uppermost part of the Kahula Formation which may
occasionally be relatively more argillaceous in the zone of facies transition
(Ristiküla and Tartu core sections), and on this basis may be tentatively correlated
with the Blidene Formation.

Various evidence is available of a remarkable hiatus at the Keila–Oandu
transition in northern Estonia (e.g. Hints et al. 1989; Nestor & Einasto 1997). This is
confirmed by the microfauna and stable carbon isotope data (Ainsaar et al. 1999b;
Kaljo et al. 1999; Meidla et al. 1999) which suggest that the uppermost beds of the
Keila Stage are missing in central and northern Estonia (e.g. in the Pärnu and Rapla
core sections; Fig. 2). This assumption is based on the absence of both the specific
faunal elements (Pelecybolbina graesgardensis) and elevated carbon isotopic values
in the sections of northern Estonia. In the Gotland area, the most prominent gap in
the sequence is recognized in a similar position, between the Skagen Limestone
(Keila Stage) and the upper Gräsgård Siltstone (Oandu Stage; Figs. 2, 4; Nõlvak &
Grahn 1993).

In southern Estonia, the beds with an elevated content of quartz silt (Variku
Formation) fill in the sedimentary gap between the Kahula Formation (Keila Stage)
and the marls of the Hirmuse Formation (Oandu Stage). The lower part of the
Variku Formation (Tetrada beds in Ainsaar et al. 1999b) contains a relatively poor
ostracode fauna with Tetrada pseudoiewica and several pre-Oandu taxa (Ainsaar et
al. 1996; Meidla 1996). Ostracode faunas in the middle and upper parts of the
Variku Formation are similar to those described from the Mossen Formation in
southern Estonia (Meidla 1996).

The correlation of the Mossen Formation has been interpreted differently
during the last decades (see Hints & Meidla 1997 for a review). The Mossen
Formation consists of the lower, black argillite member and the upper, Priekule
Member (Ulst et al. 1982; Männil & Meidla 1994). For the lower, unnamed part
of the formation we propose the name Plunge Member. This name was
LQWURGXFHG E\ 3DãNHYLþLXV ������ LQ ZHVWHUQ /LWKXDQLD IRU WKH VRXWKHUQ SHULSKHUDO

part of the same continuous argillite unit which is characteristic of Latvia and
southern Estonia, and used later also in the Latvian part of the Jelgava Depression
�3DãNHYLþLXV ������ 7KH DUJLOOLWH RI WKH 3OXQJH 0HPEHU LV FRUUHODWHG ZLWK WKH

uppermost part of the Keila Stage, the carbonaceous claystone of the Priekule
Member with the Oandu and Rakvere stages (Meidla 1996; Hints & Meidla
1997).
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The new data from the Mossen Formation of the Valga core are in agreement
with the former consideration. The argillite of the Plunge Member contains
abundant ostracodes Vogdesella subovata, typical of the same unit in the Abja
and Taagepera sections of southern Estonia (Meidla 1996). In the Abja section,
V. subovata is found together with Tetrada sp. (= T. pseudoiewica? in Ainsaar et
al. 1999b) and Consonopsis consona (Meidla 1996), suggesting the correlation of
the Plunge Member with the lowermost beds of the Variku Formation. The
appearance of a new assemblage with Klimphores minimus, Easchmidtella
fragosa, and Pseudoancora parovina is recorded 1 m above the argillite bed in
the Valga section. This suggests that the lower boundary of the Oandu Stage
is positioned in the lower part of the Priekule Member, inside claystones, in
the sections of the Livonian Tongue. The distinction of the Rakvere Stage in
the same area is based on the appearance of the ostracode association with
Pelecybolbina pelecyoides, characteristic of the pure micritic limestone of the
Rägavere Formation in central Estonia, of the upper part of the claystone of
the Priekule Member (Mossen Formation) within the Livonian Tongue area, and
recorded in the upper part of the siliciclastic deposits of the Variku Formation
in the transitional zone. In summary, the available information suggests the
penecontemporaneity of the Variku and Mossen formations and refers to the Oandu
and Rakvere age of some parts of the Variku Formation (Fig. 2).

According to Jaanusson (Jaanusson & Mutvei 1982), the Gräsgård Siltstone
beds in subsurface of Gotland contain fauna typical of the Oandu Stage. Boulders
of this rock have been found in southeastern Öland (Martna 1955), where both
the Keila (Schallreuter 1977) and Oandu fauna (Jaanusson & Mutvei 1982) can
be recognized in different boulders. The boulders are probably derived from
the area east of Öland, where these silty rocks may occur in a stratigraphically
wider interval than in core sections of Gotland (Jaanusson & Mutvei 1982). The
overlying Lower Östersjö Limestone in northern Gotland and the Slandrom
Limestone in southern Gotland are both tentatively considered as of Rakvere–
Nabala age, but their exact correlation with northern Estonian sections is unclear
(Fig. 2; Grahn 1982; Nõlvak & Grahn 1993).

DISTRIBUTION  OF  LITHOFACIES

The beginning of Oandu time tentatively marks the transition from the
unification stage to the differentiation stage in the sedimentation history of the
eastern part of the Baltoscandian Palaeobasin (Nestor 1990; Nestor & Einasto
1997). This crucial rearrangement brought along drastic changes in the facies
pattern, which are summarized in Fig. 5.

Lateral facies transition from argillaceous carbonate sediments of the North
Estonian Confacies Belt to relatively more argillaceous rocks in the Livonian
Tongue area in early Keila time was continuous (Fig. 5A), like it is characteristic of
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Fig. 5. Distribution of sediments and facies belts. (A) early Keila time; (B) late Keila time;
(C) Oandu time (the latest part excluded); (D) Rakvere time. Lithology: 1, micritic limestone;
2, cyclical intercalation of pure and argillaceous limestone (wackestone); 3, argillaceous limestone
(wackestone) and marl; 4, marl; 5, silty sediments (siltstone and silty limestone in Gotland;
intercalation of siltstone, silty marl, and claystone in Estonia); 6, claystone, carbonaceous claystone;
7, organic-rich argillite; 8, area of nondeposition/erosion; 9, shoal sediments (predominantly
grainstones). Filled rings – sampled sections.

the unification stage. The lower ramp sediments of the Adze Formation differ
from the upper ramp (in terms of Nestor & Einasto 1997) sediments of the
Kahula Formation mainly in the lack of pelletal material, in the elevated
(20–75%) content of i.r., and in the composition of skeletal debris (equally
distributed brachiopod, trilobite, echinoderm, and bryozoan fragments in the
Kahula Formation, predominantly trilobite fragments in the Adze Formation;
Põlma 1972a, 1972b; Hints & Põlma 1981). The Skagen Limestone in the Gotland
area shows a great lithological similarity with the Kahula Formation of western
Estonia. This is approved by the composition of skeletal debris of the corresponding
interval in the File Haidar core (Martna 1955), which is more similar to the Kahula
Formation (Põlma 1972b) than to the Adze Formation (Põlma 1972a). The similarity
of the successions of the Gotland area and northern Estonia is emphasized by the
gap in a similar position: at the top of the Skagen Limestone, on the Keila–Oandu
boundary.

The absence of sediments of late Keila age in northern Estonia and the
Gotland area and the existence of a wide nonsedimentation and/or erosion area in
the upper ramp zone (Fig. 5B) is thought to be related to sea level drop (Kõrts et
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al. 1991; Ainsaar et al. 1996). This sea level change in late Keila time terminated
the slowly seaward prograding highstand deposition of argillaceous carbonates
(Kahula Formation) of late Haljala (Jõhvi) to Keila time (see Ainsaar 1990). The
hiatus at the Keila–Oandu transition can thus be interpreted as type 1 sequence
boundary (Van Wagoner et al. 1988).

Sedimentary rocks of the Variku Formation of late Keila to early Rakvere age
form a 30–50 km wide belt of siliciclastic mudstones with an elevated content of
coarse quartz silt in southern Estonia, bordering the clay-dominated facies within
the Livonian Tongue. The abundance of erratic boulders of siltstone or silty
limestone in Öland Island, with fauna indicating both the Keila and Oandu age
(Martna 1955; Schallreuter 1977), show that this facies belt extended to the
western part of the Baltic Sea already in late Keila time (Fig. 5B). Claystone and
siltstone beds in the lower part of the Variku Formation grade in the southern
(offshore) direction into the organic-rich claystones (Plunge Member) or pure
claystones (lowermost part of the Priekule Member). There are lithologically
transitional sections between the distribution areas of the Variku and Mossen
formations, characterized by claystones, but without siltstone and black argillite
beds, like Ruhnu-500 (638.8–645.7 m). The occurrence of the well-differentiated
facies pattern in late Keila time may be interpreted as the beginning of the
differentiation stage in basin development.

The sedimentation of organic-rich mud (Plunge Member) within the Livonian
Tongue in late Keila time can be explained as an episode of flooding after
the regression. In a transgressive situation, it could be taken as an evidence of
stratification of the sea. The lower boundary of the Variku Formation and
approximately the correlative lower boundary of the Mossen Formation could be
regarded in this case as a transgressive surface which is correlated with the hiatus in
northern Estonia. This transgressive surface may mark a sequence boundary in the
offshore area due to the absence of the lowstand deposits of late Keila age. The
flooding may be partly responsible for the hiatus, as such deepening episodes are
often accompanied by nondeposition or erosion in onshore areas (Van Wagoner et
al. 1988). The faunal change at the lower boundary of the Oandu Stage in northern
Estonia (Männil 1966; Rõõmusoks 1972; Hints et al. 1989; Kaljo et al. 1995) can
also be traced in the offshore area. It is recognized in the middle of the siliciclastic-
dominated unit (Meidla 1996; Ainsaar et al. 1999a; Meidla et al. 1999), thus
indicating that the boundary of the Oandu Stage is located higher of the sequence
boundary.

Sea level rise and flooding of the onshore areas introduced the accumulation
of mixed carbonate-argillaceous muddy sediments (marls) of Oandu age
(Hirmuse Formation) which covered transgressively the nondeposition surface.
The Hirmuse Formation occurs in two separated distribution areas in northern
Estonia (Fig. 5C). This particular distribution pattern may suggest the existence
of submarine nonsedimentation belts or be a result of postsedimentational
removal of the material. However, it may also be due to patchy distribution of the
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basal transgressive strata as suggested by Hints (1998). In southern Estonia the
marls of the Hirmuse Formation grade into the silty siliciclastic beds of the
Variku Formation.

In the Gotland area the silty facies of Oandu age is more widely distributed than
that of late Keila age. The Gräsgård Siltstone bed is transgressively overlying the
hiatus on top of the Skagen Limestone. Compared to the Variku Formation, the
Gräsgård Siltstone is almost nondolomitic, more fossiliferous, and lacks claystone
interbeds. An ichnofauna recorded in the Gräsgård Siltstone (Teichichnus or
Zoophycos? in Martna 1955, fig. 3 on p. 239) is similar to that found in the Variku
Formation (Pl. I, fig. 1). This is an additional evidence for considering the Gräsgård
Siltstone as a western facies analogue and extension of the siltstone beds of the
Variku Formation.

The main reason for facies differentiation of these siliciclastic beds could be
the hydrodynamic fractionation of terrigenous material. Although the size of
quartz grains and clay agglomerates might be similar in normal saline seawater,
the heavier quartz grains settled in the shoal area (northwestern Estonia) and in
low energy environment closer to the input area, while clay material could be
distributed more evenly over the basin. There is no direct evidence from the
Baltic Basin of the deposition of terrigenous shoal sands of Caradoc age. The pre-
hiatus limestone beds (uppermost part of the Kahula Formation, Saue and
Lehtmetsa members) and post-hiatus limestone strata (Saku Member of the
Vasalemma Formation) contain thin, sometimes cross-bedded layers enriched in
coarse silt (Männil 1960; Põlma et al. 1988). These rocks represent a probable
flank facies of the shoal grainstones of the Vasalemma Formation and are formed
in the wave action zone. The similar grain size of terrigenous quartz and feldspar
in shoal siltstone beds and in offshore muddy siltstone beds shows the absence of
fresh clastic material input into the basin. It is possible that older Vendian and
Cambrian claystones and siltstones were exposed during the sea level drop, and
the silty accumulations in southern Estonia and eastern Sweden may have been
formed as reworking products of these sediments during the sea level drop and
the following flooding.

The pure calcareous mud covered the older sediments in northern/central
Estonia in the latest Oandu and Rakvere time (Fig. 5D). Similar sediments are
distributed in the northern Gotland area (Lower Östersjö Limestone). Calcareous,
finely nodular or bedded micritic limestone (Slandrom Limestone) is also
widespread in the neighbouring areas of the Central Baltoscandian Confacies
Belt. The Slandrom Limestone is considered as the wedge of the pure micritic
limestone deposition of the North Estonian Confacies Belt (Lower Östersjö Lime-
stone in the northern Gotland area; Rägavere, Paekna, and Saunja formations in
northern Estonia; Fig. 3; Jaanusson 1982). Formation of clay-rich sediments
(upper part of the Priekule Member) continued during Rakvere time within the
Livonian Tongue.
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CARADOC  TURNOVER  SCENARIO

The change from carbonate-dominated to fine siliciclastic-dominated
sedimentation in late Keila time in the offshore part of the basin, in the Livonian
Tongue and in the transitional belt surrounding it, was an extraordinary event
having not analogues in the Baltoscandian basin since the Arenig. The change
in the type of sedimentation was caused by an increase in terrigenous fine-grained
quartz input into the basin and increasing water turbidity, together with increasing
clay input inhibiting the carbonate production. This might have been initiated by a
eustatic sea level fall and continued during the following sea level rise (drowning).

A similar and nearly contemporaneous change from carbonate-dominated to
siliciclastic-rich sedimentation is described from the eastern part of North America
(Holland & Patzkowsky 1996, 1997). This change coincides in this area with a
major sea level rise and faunal change at the M4/M5 sequence boundary above
the Millbrig K-bentonite bed. The correlative late Keila and M4/M5 sequence
boundaries in two continents may be the results of the same eustatic sea level change
which was also responsible for increasing siliciclastic influx into the carbonate
basins. However, the increased influx of terrigenous silt and clay into the carbonate
basin of North America may be ascribed to the Taconic orogeny (Holland &
Patzkowsky 1996, 1997).

In the Baltoscandian Palaeobasin, the Caradoc turnover was a complex event
(Fig. 6). It developed on the background of a gradual climatic change from
moderate to tropical during Keila–Oandu time, resulting generally from the
continental drift (Jaanusson 1973; Webby 1984; Nestor & Einasto 1997) and
including a succession of events: (1) change in the carbon isotopic composition of
seawater in Keila time, possibly of global character (Ainsaar et al. 1999b), related
to a change in sea stratification and/or organic productivity; (2) possibly eustatic
sea level fall in late Keila time and a following transgression(s) lasting from late
Keila to early Rakvere time; (3) increased input of siliciclastic clay and silt into
the basin during late Keila and Oandu time, initiated by sea level change;
(4) appearance of new fauna at the boundary between the Keila and Oandu
stages, possibly reflecting a global change (Meidla et al. 1999). Such a sequence
of related events suggests a global oceanographic background, and a change in
the type of sedimentation fits with this scenario.

As one possible factor, which may have controlled this process of the Caradoc
turnover we could mention the fluctuation of the continental ice sheet in
Gondwana. Although recent papers advocate for a short-lived end-Ordovician
glaciation, and the beginning of continental glaciation already in the Caradoc
has no direct evidences yet (see Brenchley et al. 1994), the last viewpoint is
supported by several authors (Lavoie 1995; Nestor & Einasto 1997; Pope & Read
1998) and might explain the changes in eustatic sea level and in isotopic
composition, and subsequently also in sedimentary input and fauna.
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Fig. 6. Relative timing of the sedimentological, geochemical, and faunal events in the Balto-
scandian Palaeobasin. A gradual climatic change from temperate to warm-water basin took place
during the same period.

CONCLUSIONS

The transition from the onshore North Estonian Confacies Belt to the offshore
Central Baltoscandian Confacies Belt in the middle Caradoc (Keila–Rakvere)
stratigraphic interval is characterized by the distribution of a rock unit of
intercalating quartzose siltstones, claystones, and marls. The name “Variku
Formation” is proposed for this particular rock unit. According to ostracode data,
the Variku Formation can be subdivided between the Keila, Oandu, and Rakvere
stages.

The lower boundary of the Variku Formation and approximately the correlative
lower boundary of the Mossen Formation can be regarded as a transgressive
surface which grades into the unconformity in northern Estonia and serves as a
sequence boundary in this area.

The Caradoc turnover and change of deposition type in the Baltic Basin was a
complex event which lasted for a considerable time (Fig. 6). It can be described
as a succession of events, probably caused by global oceanographic changes.
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KESK-CARADOCI  TERRIGEENSETE-KARBONAATSETE
SEGASETENDITE  FAATSIESED  JA  STRATIGRAAFIA

BALTOSKANDIA  IDAOSAS

Leho AINSAAR ja Tõnu MEIDLA

On uuritud Baltoskandia paleobasseini konfaatsieste üleminekuala settekivi-
meid ja faatsieste dünaamikat Keila, Oandu ja Rakvere eal Lõuna-Eesti ja Gotlandi
piirkonnas. Vähekarbonaatsete peenpurdkivimite mittekarbonaatse komponendi
terasuuruse analüüs näitas erinevusi fatsiaalsete vööndite vahel. On püstitatud
uus, kahe suurfaatsiese üleminekualal leviv litostratigraafiline üksus Variku
kihistu, mida iseloomustab aleuroliidi, savi ja merglikihtide vaheldumine. Ostra-
koodide andmetele toetudes on esitatud Variku kihistu vanus (Keila kuni Rakvere
iga) ja korrelatsioon külgneva Mosseni kihistuga. Basseini üldine settimistüübi
muutus kestis Caradocis arvestatava aja ning seisnes kliima, merevee isotoop-
koostise, meretaseme ja setete sissekande teisenemises. Sellel basseini arengu
pöördeprotsessil olid ilmselt komplekssed mandritriivi ja mandrijäätumistega
seotud põhjused.
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