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Abstract

The thesis focuses on the interpretation of the depositional environments of
Rezekne and Parnu siliciclastic succession of the Baltic Devonian Basin. Previous studies
of this succession were based mainly on lithological, mineralogical and stratigraphical
data, as well as to some sedimentological description of deposits in the eastern parts of the
basin. To date no detailed overall synthesis of the depositional environment of the entire
succession existed. Thus, the palaecenvironmental setting of Rézekne and Parmu basins
remained the subject of discussion and re-evaluation. In the past decade, the role of facies
analysis in reconstruction of palaeoenvironments of Middle to lower Upper Devonian has
been emphasised. The findings of the thesis, based on detailed facies analysis and
sequence stratigraphic implications, indicate that the succession was deposited under the
strong dominance of tidal processes in transgressive estuarine and tidal flat settings. High
meso- to macrotidal ranges are suggested for this basin.

Keywords: facies analysis, sedimentary environments, sequence stratigraphy, tidal
processes, estuaries, tidal flats, Baltic Devonian basin.
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Anotacija

Disertacijas pétjjumu téma ir veltita Rézeknes un Pérnavas regionalo stavu
nogulumu faciju analizei un to uzkrafanas vides rekonstrukcijai Baltijas valstu teritorija.
Agrak sai devona klastisko nogulumu slankopas dalai tika veltiti galvenokart litologiski,
mineralogiski un stratigrafiski petijumi, ka ari nogulumu sastava raksturojums baseina
austrumdala. Detalizeti petijumi ar meérki rekonstruet kopgjo baseina attistibu lidz &im
netika veikti. Tadel Rézeknes un Pérnavas regionalo stavu nogulumu veido$anas apstakli
bija maz zinami, ka arl diskutabli. Pedgjo desmit gadu laika faciju analize tika plasi
pielietota videja un augsfeja devona klastiskas sedimentacijas baseinu rekonstrukeijas.
Disertacijas darbs balstas uz faciju analizi un secibu stratigrafijas metodologijas
pielietofanu, un petijumu rezultata tika secinats, ka Rézeknes un Pernavas laikposmos
Baltijas devona baseina nogulumu uzkraganos noteica plidmainu procesi, turklat kopuma
transgresivaja sistema veidojas estuari un attistijas plafi pladmainu lidzenumi.

Atslegas vardi: faciju analize, pludmainu procesi, sedimentacijas vide, secibu
stratigrafija, estuari, pludmainu idzenumi, Baltijas devona baseins.
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Introduction

Devonian deposits are widespread in the territory of Baltic States and adjacent
regions. The Lower, Middle and lowermost Upper Devonian succession consist mainly of
siliciclastic rocks such as sandstones, siltstones and clays with a minor role of dolostones
and gypsum (Kurshs, 1975; 1992). It forms more than 500 m thick tidally influenced
complex that contains both transgressive and regressive tidally influenced and tidally
dominated deposits (Plink-Bjorklund, Bjérklund, 1999).

This study focuses on Rézekne and Parnu Regional Stages (RS) of the Baltic
Devonian Basin (BDB) that represents a complex transgressive succession of fluvial and
tidal transition zone to outer estuarine deposits in tide-dominated estuaries associated with
adjacent tidal flat complex that developed in a shallow, epicontinental sea.

The implications oftidal control to the deposition of Middle and lowermost Upper
Devonian siliciclastic succession in general have been discussed by Plink-Bjérklund and
Bjorklund (1999). The most recent studies by Pontén and Plink-Bjorklund (2007),
Téanavsuu-Milkeviciene et al. (2009), Tanavsuu-Milkeviciene, Plink-Bjérklund (2009) and
Pontén, Plink-Bjérklund (2009) discuss the depositional environment of the BDB in mid
and early Late Devonian. The authors describe tide-influenced retrograding shallow
marine sedimentary environment and prograding delta complex of the Narva Formation
(Tanavsuu-Milkeviciene et al., 2009), delta plain and delta front deposits associated with a
large southward prograding delta complex of the Arukila Formation (Té&navsuu-
Milkeviciene, Plink-Bjorklund, 2009) and Gauja Formation (Pontén, Plink-Bjorklund,
2007), as well as compare barforms from deltaic succession of the Gauja Formation with
bars of estuaries in the Amata Formation (Pontén, Plink-Bjorklund, 2009).

The results of this study complement the results given by the above-mentioned
authors on the overall development of the BDB in the Middle and early Late Devonian,
which contributes to reconstruction of the sedimentary environments at different
evolutionary stages of the BDB: from transgressive to regressive settings.

The motivation

Although recognized in ancient geological record (Rahmani,1988; Richards,
1994; Kvale et al., 1995; Lanier, Tessier, 1998; Plink-Bjorklund, 2005; 2008), as well as
from modern environments (Dalrymple et al.,, 1990; Allen, 1991; Allen, Posamentier,
1993; Fenies, Tastet, 1998), differentiating ancient estuarine deposits from deltaic
successions is often difficult and equivocal due to the similarity of the tide-dominated
estuarine deposits with tide-dominated deltaic deposits in the rock record (see discussions
in Walker, 1992; Richards, 1994; Boyd et al., 2006; Dalrymple, Choi, 2007). This is
especially relevant to sand-rich estuarine successions, such as the Rézekne and Parnu RS,
which have been previously interpreted as fluvial channel or distributary fills and shallow
marine to delta deposits in the BDB (Kurshs, 1975; 1992; Kleesment, 1997). These
interpretations, including “facies zonations” of deposits in Baltic States by Kurshs (1975),
were based mainly upon lithological and mineralogical data, as well as on
sedimentological studies of deposits in Eastern Latvia (Stinkulis, 1998). To date no
detailed synthesis of the depositional environment of the Reézekne and Parnmu RS exists.
Thus, the larger palaeoenvironmental setting of the Reézekne and Parnu Basin remains the
subject of discussion and re-evaluation.
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Aim of the study

Compared with published data on wave-dominated estuaries, the data on tide-
dominated estuaries remain relatively rare, primarily because tide-dominated estuaries are
not that common (Tessier, 2012). In order to be able to recognize tide-dominated estuarine
deposits in rock record and to differentiate tide-dominated estuarine deposits from tide-
dominated deltaic deposits, detailed facies analysis is needed in the appropriate
stratigraphic context. This especially concerns sand-rich estuarine systems, which are even
more complicated to recognize due to their monolithic composition and which are up to
date poorly described.

The aim of this study was to give a detailed description of facies of the Devonian
Reézekne and Pirnu succession in Baltic States, identify the major facies associations,
describe their temporal and spatial relationship, provide a detailed facies model of the
basin as a whole, and reconstruct the palaeoenvironments in the basin.

Main tasks

The main task of the thesis was to determine the overall trends of the deposition
in the basin, therefore detailed facies analysis of deposits derived from drill-cores from
various parts of distribution area of the Rezekne and Parnu RS has been carried out, in
combination with studies of lateral and vertical variations of facies studies of the Péarnu
Formation (Fm) in the outcrop area (Figure 1). All together fourteen drill-cores
representing the Rézekne and Parnu RS have been described and the data from thirty
additional drill-cores have been used from the previous works on the the Rezekne and
Parmu succession in Baltic States (Sorokin, 1981; Kurshs 1992; Kleesment, 1997;
Stinkulis, 1998). The data from the outcrop area with twenty two measured sections was
combined with drill-core data that provides a 3-dimensional picture of the depositional
environments, which is essential for understanding the changes in basin geometry and
morphology. Such a detailed study, based on sedimentary facies analysis with sequence
stratigraphic implications, provides a significant contribution not only to the interpretation
of the sedimentary environments in the BDB, but also to the discussion on tidal influence
in ancient basins.

In summary the tasks were as follows:

e To describe and interpret sedimentary facies of deposits in outcrops and from drill-
cores (the Rezekne and Parnu RS);

¢ To study and describe in details the composition, facies and architecture of the beds
in outcrops of the Parnu Fm;

¢ Toidentify facies associations from described facies of the Rezekne and Parnu R S;

¢ To reconstruct the sedimentary environements and describe the evolution of the
BDB in the Rézekne and Parnu time, including based on principles of sequence
stratigraphy;

¢ Based on the above, to discuss the role of tidal processe in the BDB, including to
provide with some criteria in recognition of sand-rich tide-dominated estuarine
systems.
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Figure 1. Location of the study area and present distribution of the Parnu Regional Stage
deposits
A — general map; B — map of present day distribution of Parnu Regional Stage deposits. Note, that the
location of drill-core 18 (Liozno) is out of scale, it is located 180 km to SE from drill-core 8§ (Drissa-18T).
Liozno and Drissa-18T drill-cores represent Rézekne and Pérnu succession analogues in Belarus (Golubcov,
Mahnach, 1961; Kurshs, 1975); C — location of the outcrops
1. attéls. Petijumu teritorijas izvietojums un Pérnavas regionala stava misdienu
izplatibas karte

A — pétijumu teritorijas novietojums parskata karté; B - Pérnavas regionala stava misdienu izplatibas karte.
18. urbums (Liozno) ir arpus kartes méroga, tas atrodas 180 km uz DA no 8. urbuma (Drissa-1ST). Liozno
un Drissa-18T urbumos ir sastopami Rézeknes un Pémavas slankopu analogi Baltkrievija (Golubcov,
Mahnach, 1961; Kurshs, 1975); C — atsegumu novietojums pétijumu teritorija
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Novelty of the research

In this study new interpretations on the depositional environments of lower part
of Middle Devonian succession of Baltic States are presented. The deposits of the Parnu
Fm in the outcrop area (SW Estonia) are re-interpreted as a tripartite transgressive tide-
dominated estuarine succession associated with tidal flat complex. The Rézekne and Parnu
succession in the Baltic States records deposition in fluvial channels along the shoreline
that become more tidally influenced basinward, separated by sandy to muddy and
carbonate tidal flats, which fringe the shoreline, as well as tidal bars and sandflats with the
superimposed smaller scale bedforms and elongate tidal ridges, that occur offshore from
the flats.

The study reveals the great impact of tidal processes in the sediment movement
and deposition throughout the basin. It discusses the possible tidal ranges that prevailed in
the basin, which contributes to the understanding of tidal processes in ancient
epicontinental basins. Although the role of palaectides for the ancient epicontinental basins
is very persuasive, it has not really been resolved to this day (Flemming, 2012).

Examples of tide-dominated sand-rich estuaries in the rock record remain very
rare (Tessier, 2012). Some criteria for recognition of sand-rich tide-dominated estuaries in
the rock record, as well as the distinction of sand-rich tide-dominated estuaries with
respect to facies and stratigraphy of sediment infill are proposed and discussed here.

Special attention is given to the description of the fluvial-marine transition in tidal
zone, which is one of the most complicated areas on Earth in terms of sedimentary
environments, as the large number of terrestrial and marine processes interact and
determine the complex nature of the deposits (Dalrymple, Choi, 2004). The nature of the
deposits in this zone, which is transitional between purely fluvial deposition beyond the
tidal limit and almost purely tidal sedimentation at the seaward end, is not known in detail
to date (Dalrymple et al., 2012). A comparison of sedimentary structures found in purely
tidal environment with those found in fluvial-tidal transition zone is given in detail which
is of crucial importance to the sedimentary reconstruction of ancient estuarine
environments.

Study region and stratigraphy

The Rézekne and Parmu RS in the Baltic States consists of variable siliciclastic
deposits with a total thickness from 15 to 70 m, which forms a part of 500 m thick
siliciclastic succession of the Middle Devonian to lowermost Upper Devonian sequence in
the region (Kurshs, 1975; 1992; Kleesment, 1997). In eastern Latvia and Estonia the Parmu
RS is divided into two formations: the Rézekne and Péarnu, based on lithological data,
whereas for the rest of the Baltics only Parnu Formation is distinguished (Kurshs,
Stinkulis, 1998, Figure 1.2). It needs to be noted that the correct stratigraphic position of
the lowermost part of the succession - the Rézekne Fm - is still under discussion, and the
opinions if it belongs to the L. ower or Middle Devonian are still controversial (Paskevicius
1997; Kleesment, Mark-Kurik 1997; Savvaitova 2002; Mark-Kurik, P&ldvere 2012). In
this study it is assumed that both Rezekne and Parnu Fm in Latvia, as well as the Rézekne
and Lemsi Fm of the Rézekne RS in Estonia belong to a lower part of a transgressive cycle
in the Middle Devonian succession and are thus described together.

10
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Figure 2. Stratigraphy of Lower to lowermost part of Upper Devonian in Baltic States
(Luksevics et. al., 2012). The studies succession is marked in red

2. attels. Apakseja idz augseja devona apaksdalas slankopas stratigrafiskais iedalijums

Baltijas valstis (Luksevics et. al., 2012). Petijumu intervals iezimets ar sarkanu krasu
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The exposures of the deposits of the Pamu RS form a small narrow wedge-
shaped area in the NW part of its distribution area (see Figure 1.1.). The deposits crop out
on the banks of the Parmu River near Tori village in SW Estonia. In these outcrops Parnu
Fm is represented by coarse-grained deposits and provides an excellent opportunity for
detailed analysis of facies and their lateral and vertical variations. For the rest of the

territory the deposits are found only in drill-cores.

Approbation of results
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1. Study area and geological background

The BDB developed in the western part of the East European Platform (EEP) on
the Euramerica (Baltica until the Middle of Silurian) plate. From Ediacaran times up tothe
Late Ordovician, the Baltica was a separate plate that drifted from high to moderate
latitudes on the southern hemisphere towards the equator (Cocks, Torsvick, 2005). The
equatorial position of Baltica was reached by Silurian-Devonian times (Cocks, Torsvick,
2005; 2006). Falowing the Ediacaran to Early Cambrian opening of the Tornquist and
lapetus oceans and the break-up of the Rodinia supercontinent, the Baltica began to
converge during Middle and Late Cambrian times with Avalonia as well as the Laurentia-
Greenland plates, to which it was finally sutured during Late Ordovician and Silurian
times, respectively, along the Trans-European Suture Zone and the Arctic-North Atlantic
Caedonides (Nikishin et al., 1996; Torsvik, Rehnstrom, 2003; Roberts, 2003; Cocks,
Torsvick, 2006). The BDB has been “squeezed” in between two collision belts. the
Scandinavian Cal edonides (closure of lapetus Ocean) and the German-Polish Cal edonides
(closure of Tornquist Ocean) (Figure 1.1.).

Honalosan
IR S

Figure 1.1. Palaeogeography of the Early Devonian (Cocks, Torsvik, 2006)
Baltic Devonian Basin (BDB) is situated in between the collision belts related to closure of | apetus and
Tornquist oceans

1.1. attéls. Agra devona paleogeografija (Cocks, Torsvik, 2006)
Baltijas devona baseins (BDB) atradas starp divam kolizijas joslam, kas izveidojas aizveroties lapetusa un
Torkvista okeaniem

Preceding the BDB, in Early and Middle Ordovician, the western part of the EEP,
as far as the Moscow Basin was slowly subsiding and covered by shallow, epicontinental
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sea with extremely low sedimentation rate. The basin was an evenly and weakly tilted
ramp where carbonate and argillaceous sedi ments accumul ated. Pulsatory input of the fine
terrigenous material, probably from the lapetus margin of the Baltica, started in the early
Caradoc. During the middle Caradoc the sedimentary succession was interbedded with
several volcanic ash layers, derived from the northwest - lapetus Ocean (Cocks, Torsvick,
2005).

At the end of the Ordovician, since the late Caradoc and especialy during the
Silurian, the upheaval of the northwestern part of the craton occurred (mid Wenlock),
caused by the closing of the lapetus ocean. At the same time on the southwestern margin
of the craton, the subsidence of the basin floor intensified, influenced by overthrusting and
subduction of the Avalon plate (related to the closure of Tornquist Ocean). As aresult a
relatively narrow, deep, “starved”, basin formed where hemipel agic argillaceous deposits
accumulated (Plink-Bjorklund, Bjorklund, 1999). The sea gradually retreated from the
northwest and central parts of the EEP, and the basin evolved from an epicontinental sea
into a pericontinental gulf. The Late Ordovician and earliest Silurian is the time of the
tectonic inversion in the western part of the EEP, characterised by periods of low influx of
siliciclastic mud alternated with intensive supply of afine clastic material (late Caradoc -
midd e Llandovery). The early - middle Llandovery ended with a regional denudation in
the western Estonia and eastern Lithuania, probably caused by the beginning of the
collision between the Laurentia and Baltica plates. During the late Llandovery - early
Ludlow influx of the fine clastics started to infill the “starved” depression (Plink-
Bjorklund, Bjdrklund, 1999). During the late Llandovery - early Wenlock the sedimentary
succession was interbedded by multiple volcanic ash layers, derived from Scandinavian
Caledonides. During the late Ludlow - Pridoli (up to the Til Me Age) intense influx of
siliciclastic material from the Scandinavian Caledonides filled the basin depression and
diluted carbonate sedimentation (Plink-Bjorklund, Bjorklund, 1999). By the beginning of
the Devonian, only a remnant lagoon was preserved in NW Latvia and south-western
Lithuania. During the Early Devonian, the northern part of the BDB was uplifted and maost
of the basin experienced subaerial erosion (Kurshs, 1992, Kleesment, 1997). The uplift has
been attributed to propagation of stress from the Baltica to Laurentia-Greenland plate
collision (Plink-Bjorklund et al., 2004).

The Early and Middle Devonian sedimentary succession in the BDB is strikingly
different from the described Ordovician to Silurian, as the accumulation of carbonate and
clayey material changed into deposition of sandy to conglomeratic siliciclastics (Kurshs,
1992; Kleesment, 1997; Plink-Bjoérklund, Bjorklund, 1999). A phase of coarse siliciclastic
deposition occurred in the BDB from the Early Devonian until the beginning of the Late
Devonian (Frasnian). Such an appearance of coarse clasticsinabasinfill is noted typically
as the time of tectonically rejuvenated relative source-area uplift. At the end of the Early
Devonian and during the Emsian, the basin started to subside again (Plink-Bjérkiund,
Bj orklund, 1999).

The interpreted maturity development (see Kurshs, 1975) together with the
suggested sediment input from northwest suggest that the Middle to lowermost Upper
Devonian deposits in Estonia and Latvia are the product of a cannibalisation of the
Scandinavian Caledonian foreland basin (Plink-Bjdrklund, Bjorklund, 1999; Figure 1.2.).
In the Early Devonian, Estonia and part of Latvia were an erosion and bypass area, while
contemporaneous siliciclastic deposition occurred in southern portions of the Baltic Basin.
A forebul ge axis migrating with time may have constrained sediment transport southward
along the axis of the foredeep (Plink-Bj6rklund, Bjorklund, 1999). During the Emsian time
extensional collapse and uplift occurred in the Scandinavian Caledonides. The uplift
exposed the foredeep sediments to erasion and caused southeast transport across the
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foreland to Estonia and Latvia (Plink-Bjorklund, Bjorklund, 1999). This redeposition
continued until the Baltic Basin was filled and the siliciclastic depositon replaced by
evaporite deposition during the L ate Devonian.

i e b o > - i
Forebulge Halwe Doevoman

e . R = husin
1\!-.»' uplift decline

Figure 1.2. Scandinavian Caledonides and the Baltic Devonian Basin (BDB)
The dotted area ill ustrates the Baltic Devonian basin, while the homogeneous colour represents the adjacent
to BDB epicontinental seaterritory. Note, that the boundaries of the basins are schematically illustrated
(unpublished data by Plink-Bjérklund, Bjorklund, 2000; data from K urshs (1992) used)
1.2. attels. Skandinavijas Kal edonidu kal ni un Baltijas devona baseins

Punkt etais laukums apzime Baltijas devona baseinu, viendabigas krasas iecirknis —epi kontinentala baseina
teritorijas ddu. Baseinuroberas ir il ustretas shematiski, uz ko norada raustitas Inijas (pec Plinkas-
Bj orklundes un Bjorklunda, 2000, nepublic &ts materials, ka ar1 pec V. KurTa, 1992)

The Rezekne RS deposits are spread in southern Estonia and are covered by the
Parnu RS (Kleesment, Mark-Kurik, 1997). The succession overlies erosively Ordovician
and Silurian deposits of different age. The tota thickness of the stage varies from 0,7 to
51,5 m, and it is thickest in eastern Estonia (Kleesment, Mark-Kurik, 1997). It is
characterized by sandstone mainly and dolomitic marl in the upper part of the section in
SE Estonia. The lower part of the section consists of sandstone, often conglomeratic, with
dolomitic matrix (Kleesment, Mark-Kurik, 1997; Figure 1.3.).

During a transgression at the Rezekne time, the epicontinental see flooded a great
part of the EEP (Kleesment, 1997). The northen part of the basin extended to Estonian
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territory and sandy sediments of nearshore shallow sea formed there, while in SE Estonia
sandy-silty sediments deposited (Kleesment, 1997).

The present-day distribution of the Parnu RS comprises the southern part of
Estonia, Latvia, mid-Lithuania, Northern Belarus in the south and NW Russia to the east
(see Figure 1B). The deposits of the Parnu RS are distributed in wider areas than more
ancient Devonian deposits and spread in the whole territory of Latvia, western, northern
and central Lithuania, southern Estonia, aswell as northern Belarus and further to the east.
The total thickness of these formations increases up to 70 m in the Gulbene deep, but in
other regions it usually does not exceed 20-40 m. The rocks crop out only al ong the Parnu
River within 6 km small areain SW Estonia (see Figure 1C). It unconformably overliesthe
Ordovician and Silurian carbonate rocks, mainly in the eastern part of its distribution area,
or the lower Devonian siliciclastic deposits. Parnu RS forms a lower part of a 500 m thick
dominantly siliciclastic Middle Devonian (Kleesment, Mark-Kurik, 1997; Stinkulis et al.,
2011), probably Middle to lowermost Upper Devonian (Brangulis et al., 1988) succession.
It is overlain by a shallow-marine transgressive succession (Plink-Bjorklund, Bjorklund,
1999; Tanavsuu-Milkeviciene et a., 2009), foll owed by a thick tide-dominated (Tanavsuu-
Milkeviciene, Plink-Bjérklund, 2009) to tide-influenced deltaic system (Pontén, Plink-
Bjorklund, 2007) and transgressive estuarine succession at the top of the succession
(Pontén, Plink-Bjorklund, 2009).

During the Parnu time (Eifelian), deposition of coarse to fine grained siliciclastics
prevailed with minor role of carbonate deposition in the eastern part of the basin. An
eastward expansion of the BDB to the Mascow Basin (Narbutas, 1984; Kurshs, 1992) has
been interpreted to have occurred in the beginning of Eifelian, in Parnu time, for the first
time in the Devonian it penetrated eastwards into the Moscow syneclise. Open sea, like
before, was situated west of the epicontinental basin and was partly separated from it by
the northwest-southeast barrier — northern part of the Belarus-M azurian anteclise (Kurshs,
1975). Strong river influx from north lowered the salinity of water and provided large
amount of sandy clastics, therefore the section in northern part of eastern Baltics is
predominated by sandstones (Kurshs, 1992; Kleesment, 1997). According to Kleesment
(2009), an increased roundness of quartz grain in the belt from Kihnu to Varska marks a
possible position of the ancient coastline. Freshwater influx did not reach regularly the
eastern parts of the basin, therefore carbonate deposits prevail in this part of the basin.
Further to south-east inthe territory of Belarus deposits contain less siliciclastic admixture,
and are represented by the clayey dolostones (Kurshs, 1975). The gypsum lenses and
intercalations often occur in the clayey carbonate deposits. Eastwards from Latviain the
upper part of the sequence, gypsum layers appear and thicken to southeast, but further to
east, in Moscow Basin, even beds of halite occur (Tikhomirov, 1995).

The subdivision of the Parnu succession into formationsis unclear until today and
is based on a combination of palaeontological, mineralogical and lithological data
(Kleesment, 1997; Palkevicius, 1997; Kurshs, Stinkulis, 1998; Sawvaitova, 2002; Mark-
Kurik, PBldvere 2012; Luk Tevicset a., 2012; see Figure 2). The main opinion prevails on
subdivision of two regional stages: Ré&zekne RS (upper part of Emsian) and Pamu RS
corresponding to the lower part of Eifelian (Kleesment, Mark-Kurik, 1997; Pa Tkevicius,
1997). These regiona stages can be distinguished from each other by lithology and cyclic
pattern in eastern part of the south-east Baltics and mineral composition in south-western
Estonia and north-western Latvia (Kurshs, 1992; Kleesment, Mark-Kurik, 1997; Kurshs,
Stinkulis, 1998). In other areas due to predominance of siliciclastics and poor
pal aeontological characteristics these regional stages are nearly impossible to subdivide,
therefore they are mentioned as the Reézekne-Péarnu undivided RS (Kurshs, Stinkulis,
1998).
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Figure 1.3. Generalized sedimentary log of the Middle to lower Upper Devonian
succession in Baltic States with a generalized sedimentary | og of Parnu Formation at the
outcrop area
For the horizontal scale: C — claystone, Si —siltstone, S—sandstone, G —gravel; for the vertical column: pr
— Parnu Regional Stage, nr — Narva Regiona Stage, ar — Arukila Regional Stage, br — Burtnieki Regional
Stage, gj — Gauja Regional Stage, am — Amata Regional Stage (Plink-Bjoérkl und, unpublished data)

1.3. attels. VienkarTots vidus- un aug Tdevona apak Idalas slankopas griezums Baltijas
val stis un vienk arTots Pernavas svitas nogulumu griezums atsegumu teritorij a
Pie horizontala meroga: C —mals, S —aleirdits, S—smilTakmens, G —grants; Pie vertikalas kolonnas: pr —
Pernavas regionalais stavs, nr —Narvasregionalais stavs, ar — Arukilasregionalais stavs, br —Burtnieku
regionalais stavs, gj — Gaujas regionalai s stavs, am — Amatas regionalais stavs (Plinka-Bjorklunde,
nepublicets material s)

The same problems complicate the subdivision of lithostratigraphical units
corresponding to the R ezekne and Parnu RS. The R ezekne Fm corresponds to the R gzekne

RS inthe eastern part of the south-east Baltic States, but the Lemsi Fm is attributed to the
same RS in the south-western Estonia (PaTkevicius 1997; Kleesment, Mark-Kurik 1997).
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The Parnu Fm is attributed to the Parnu RS in al the distribution area of these depaosits
(Palkevicius, 1997) or to the Parnu RS in eastern and norther n part of the south-east
Baltics and to both Reézekne and Parnu RS (in original work defined in the same
stratigraphic volume as the Parnu RS) in central and western parts of the south-east
Baltics, where separation of two formations is problematic (Kurshs 1975; Gail ite et al.,
2000; LukTevi¢set a, 2012).

According to Lyarskaja (1974; 1981), the R ezekne Fm and its analogues by
geological age are not found in the western part of the Baltics. According to this opinion,
the deposits of the Rezekne RS (upper part of the Emsian) are not found in the above-
mentioned area. However, the Lemsi Fm (age-equivalent of the R ezekne Fm) has been
i dentified by mineral ogical datain the Lami drill-core, and two cycles composed by sandy
deposits in lower parts and clayey-carbonate deposits in upper parts resembling the
Rézekne and Parnu fms have been documented in the Talsi-55 and Garzde-1 drill-cores
(Kurshs, 1975). All these drill-cores are located in the north-western Latvia. According to
Kurshs (1992) the age-equivalents of the R €zekne Fm and Lemsi Fm are distributed also
outsi de the above-mentioned eastern and north-western parts of the south-east Baltics, but
due to its composition it's not possible to distinguish two formations. Thus, it was
proposed to use the name Parnu Fm for the siliciclastic beds of both R &zekne and Parnu
RS in the areas where more detailed subdivision is problemati c and for the deposits of only
Parnu RS where it's possible to divide the R &zekne or Lemsi Fm in the Rezekne RS
(Kurshs, 1975; 1992; Gail ite et al., 2000; Savvaitova, 2002; Luk Tevicset al, 2012).

Moreover, the Parnu Fm in Estonia is further subdivided into a lower, coarser-
grained Tori Member and an upper, fine-grained Tamme Member (Kleesment, Mark-
Kurik, 1997). This subdivision is done by lithological data: the Tori Member consists of
light-grey, loose, mainly cross-stratified coarse to medium-grai ned sandstone that becomes
finer upward, while the Tamme Member consists of fine and very-fine grained, mainly
cemented sandstone that contains thin interlayers of siltstone and mudstone, and is
dominantly plane-parallel stratified with sandy dol ostone at the topmost part of the Parnu
success on (Kleesment, Mark-Kurik, 1997).

In this study, the Rezekne and Parnu units are considered together as one single
success on representing the basal part of atransgressive cycle in the Middle Devonian and
thus are studied together. Moreover, the entire succession is subdivided into severa
retrogradational stratigraphic units based on the detailed facies analysis (see Appendixes).
Due to uncertain formation boundaries, described above, the correlation between the core
sections is based on lateral and vertical changes of facies. It must be noted that this may
seem somewhat controversial to the stratigraphic subdivision and can be argued, however,
in numerous places, the formati on boundaries follow changesin depositional environments
and sediment input, and thus are diachronous, instead of representing actual timelines.
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2. Earlier studiesof the Middleto lower Upper Devonian dliciclastic
succession in the Baltic States

The origin of the Devonian sliciclastics in the Baltic States has been re-
interpreted several times. In the very 19-th century an opinion on the aeolian origin of
Devonian siliciclastics prevailed. Later, aluvia cycles have been distinguished in the
siliciclastic succession of the Devonian by Polivko (1977). After that, main points of the
discussion were related to dominance of marine versus continental sedimentary
environment during the Early Devonian - beginning of Late Devonian as awhole, as well
as different episodes of this time. Abundant cross-stratification structures, as well as
fining-upwards cycles composed of sandstones in lower parts and clayey deposits in upper
parts (interpreted as alluvial cycles by Polivko, 1977) have been used as the main
arguments to attribute the siliciclastic deposits to aluvial environments. Several parts of
the Devonian sequence such as the Kemeri, Arukila and Burtnieki formations someti mes
have been interpreted as the lacustrine deposits. However the major works by V. Kurshs
give evidence about dominant role of the marine processes during sedimentation of the
whole Devonian siliciclastic sequence (Kurshs, 1975; 1992). He suggested that the
Devonian siliciclastic deposits in the present area of Baltic States most possibly were
accumulated in a wide and shallow epicontinental sea (Kurshs, 1975, 1992). However, he
did not exclude that alluvia settings dominated along the northern margin of the basin,
which is largely removed due to the post-Devonian erosion processes. According to
Kurshs (1992), the presence of deltaic zone in the northern part of present distribution area
of the Devonian deposits points to the existence of continental settings further to the north.

A great contribution to the study of the Middle to early Late Devonian BDB was
done in the timeframe from 1999 to 2003 by P. Plink-Bjérklund and L. Bjérklund and an
international team of specialists and students within the framework of the project
“Tectonic and sedimentologic history of the Devonian Baltic Basin: Relation to
development of Scandinavian Caledonides and German-Polish Caledonides’. P. Plink-
Bjorklund and L. Bjérklund described first sedimentology and sequence stratigraphy of the
BDB in the northern Baltics, and the interaction of sediment input from the Scandinavian
Caledonides and the Caledonian foredeep (Plink-Bjorklund, Bjérklund, 1999). Later the
studies also focused on sedimentological and sequence stratigraphic correl ation across the
whole BDB, with incorporation of basin analyses, reconstruction of palaeoenvironmentsin
various parts of the Middle-lower Upper Devonian succession in Baltic States. According
to these studies, the origin of deposits of some intervals of the Middle to lower Upper
Devonian has been re-interpreted. Thus, the upper part of the Narva RS has been
interpreted as a progradational, siliciclastic-rich deltaic system (Tanavsuu-Milkeviciene et
a., 2009), Arukila RS is interpreted as tide-dominated delta (Tanavsuu-Milkeviciene,
Plink-Bjdrklund, 2009), Gauja RS as a tide-influenced delta plain and delta front (Pontén,
Mink-Bjorklund, 2007), and more recently the Amata Fm has been interpreted as tide-
dominated estuarine system (Pontén, Plink-Bj¢rklund, 2009).

Few works in relation to the Rezekne and Parnu RS exist focusing mainly on
lithological, mineraogical, palaeontological and stratigraphical issues (Kalamees, 1988;
Kurshs, 1975, 1992; Kleesment, Mark-Kurik, 2007; Kleesment, 2007; Kleesment, 2009).
However no detailed facies analysis exist on these deposits. V. Kurshs describes the
lithology of the Rézekne and Parnu successions in Baltics, divides major “facies zones’
(Kurshs, 1975) and provides an insight into prevailing paaeoenvironments and
pal aeogeographical reconstructions of the basin (Kurshs, 1975; 1992). A. Kleesment
describes the lithology and mineralogy of these deposits in Estonia (Kleesment, M ark-
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Kurik, 1997; Kleesment, 2009) and interprets them as near-shore shallow sea (Kleesment,
1997). In her most recent study, A. Kleesment (Kleesment, 2009) gives data on sand grain
roundness and corrosion, and suggests that a line from Kihnu to Varska marks a position
of the palaeocoastline in Parnutime.

The most detailed recent facies studies have been made by G. Stinkulis (1998) in
the framework of his dissertation project. He studied in details the mixed carbonate-
siliciclastic facies of the Parnu RS (Rezekne and Parnu Fm) in eastern parts of Latvia
based on detailed lithological and mineralogical composition studies of deposits in four
drill-cores. The study allows to precise the main facies assemblages that formed in the
eastern part of the Pamnu basin in Baltics. According to Stinkulis (1998) a special role
during this time in the eastern parts of Panu basin in Batics was played by
synsedimentary positive tectonic structure - Vilaka arch, that created very shall ow settings
and partly hindered strong currents, which carried large amount of siliciclastic materia
across the central part of basin. The description of typical feature of these sediments — the
dolomite ooids and pel aids, is given in detail . Internal fabric of ooids, including concentric
Iami nae of sul phide minerals, suggests that these grains formed under changeable low and
high agitation (Stinkulis, 1998). Mixed-composition clayey carbonate and sandy deposits
exhibit wave ripples and whirl-like structures interpreted to be formed in strong winds and
possibly even storms. The dominant type of sediments - dolomitic marls and sandy
dolomitic marls with inclusions of gypsum, are interpreted to be accumul ated in lagoonal
settings. According to more recent studies, dolocretes that occur in many intervals of the
Devonian succession, suggest to indicate frequent episodes of subaerial exposure during
the Devonian basin devel opment (Stinkulis, Spu eniece, 2011).
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3. Theroleof tidesto the clastic deposition and tidal signaturesin
slicidastic sediments

Origin of tides

A tide is any periodic fluctuation in water level that is generated by the
gravitational attraction of the Moon and Sun. The Moon, because it is closer to the Earth,
exerts a tide-generating force which is twice as large as that of a Sun. Tides represent the
vector sum of two forces: 1) Gravitational attraction of the Moon, which is strongest on the
side of the Earth facing the M oon, and 2) the centripetal force caused by the revolution of
the Earth-M oon system about the common centre of mass. On the side of the Earth facing
the Moon, the gravitationa attraction of the Moon is greater than the oppositely directed
centripetal force, while the reverse is true on the other side of the Earth. The water in the
oceans therefore piles up in two bulges, one underneath the Moon, and the ather on the
opposite side of the Earth (Dalrymple, 1992). Because the Earth rotates, the bul ges travel
around the Earth as two tidal waves causing water levels to rise and fall regularly. Rising
water levels are known as flood tides, whereas the fall is the ebb tide. The most commonly
observed period for one complete tidal cycle is the semidiurnal (twice a day) period of
12.42 hours. Because the rotational axis of the Earth is inclined with respect to the orbital
plane of the Moon most of the time, any given point on the Earth surface passes closer to
the crest of one tidal bulge than the other, thereby adding a diurnal (once a day) component
tothe tidal spectrum (Dalrymple, 1992).

The interaction of the Moon and Sun produces a still longer periodic variation in
tidal range —the difference in water level between successive high-tide and low-tide levels.
When the Sun and Moon lie in a straight line relative to the Earth, their effects add to
produce greater than average tidal ranges — spring tides. When the Sun and Moon are at
right angles, their forces counteract each other and the tidal range is smaller than average —
forming the neap tide. For semidiurnal tides, the spring-neap cycle has a period of 14.77
days, and contains 28 tidal cycles. Diurna tides have a neap-spring period of 13.66 days
that contains 14 tidal cycles (Darymple, 1992; Kvale, 2012)

Many areas experience a net or residual transport of sediment in the direction of
the stronger (dominant) current. The weaker current which flows in the opposite direction
istermed the subordinate current.

Tidal range

Because the tide-generating forces are small, only the open oceans develop
significant tides, and even these typically have a range of less than 1 m. Smaller bodies of
water (including enclosed seas) cannot develop an appreciable tide of their own. The tides
which are observed on continental shelves are due to the forcing action of the oceanic tide.
As the tida wave moves from the open ocean onto a continental shelf, shoaling and
convergence associated with coastal embayments concentrate the energy within the tidal
wave into asmaller cross sectional area, and the tidal range increases (Dalrymple, 1992).

Tidal dominance over other processes is most common in areas where the tidal
rangeis large, because this results in strong tidal currents. Consequently, mast microtidal
(0-2 m tidal range) and mesotidal (2-4 m tidal range) areas are wave (or storm) dominated,
whereas some mesotidal and most macrotidal (>4 m tidal range) areas are tide-dominated
(Johnson, Baldwin, 1996). However, if wave action is limited due to topographic
sheltering, or the tidal current speeds are increasing by a topographic construction, tidal
dominance can even occur in microtidal areas (Dalrymple, 1992).
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Main tidal sedimentary structures

The periodic changes in the current speed and direction which characterize tidal
systems produce several sedimentary structures which are diagnostic of tidal deposition.

Cross bedding contains some type of regularly spaced, internal discontinuities
formed in areas where the maximum speed of the dominant current is capabl e of producing
dunes. If the subordinate current is capable of eroding the lee face of the dunes formed by
the preceding dominant current, reactivation surfaces are produced (Figure 3.1.).

Dhimiminl cairrenl - _._.’ Eoversal cumenl "— —
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Fooed current Ebb cummeml
=, o,
-_':\“ 5 hy
1. shage 4. slaye e
Slack-water period after tidal corrent Slack-wnter period after obb curmend

Figure 3.1. A - reactivation surfaces, B — formation of reactivation surfaces in cross-strata
(Nichols, 1999)
3.1 attels. A —reaktivacijas virsmas, B —reaktivacijas virsmu vei doTanas sips anotas
serijas (Nichols, 1999)

Mud drapes may al so be deposited on the | ee face during one or both d ack-water
periods if suspended sediment concentrations are high enough. Typically the amount of
sand deposited by the subordinate current is small, and hence the mud drapes deposited
after the dominant and subordi nate tides are closely spaced (Figure 3.2).

Figure 3.2. Mud drapes in cross-strata (Nichal s, 1999)
3.2, attéls. Malakartinas uz slipgjiem saniliem (Nichols, 1999)

The depaosits of asingle, dominant tide are called tidal bundles, whether bounded
by reactivation surfaces or mud drapes. Because of the variation in tidal current speed
associated with the neap-spring cycles, sequences of tidal bundles commonly show cyclic
variations in thickness, with thicker bundl es forming during spring tides when currents are
stronger and the dune migrates further (Figure 3.3.).
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Figure 3.3. lllustration of tidal bundles and heap-spring cyclesin cross-strata (Nichal s,
1999)
3.3. attels. Pladmainu kartas un pliadmainu cikli slipslanotas serijas (Nichol s 1999)

Herringbone cross stratification which is marked by opposed (bipolar) dip
directions in adjacent sets of cross-bedding, is widely used as an indication of tida
deposition. However, bipolar cross-bedding is not universally developed in tidal settings,
because the development of either flood or ebb dominance commonly produces a
unidirectional palaeocurrent pattern.

Flaser, wavy and lenticular bedding reflect a unit of ripples formed by the
maximum currents of the dominant tide, followed by deposition of a mud layer during the
ensuing dack-water period (Figure 3.4). If the subordinate current is strong enough, a
second rippled unit with an opposite palaeocurrent direction will be deposited on top of the
first mud drape, followed by another mud drape during the second dlack-water interval.
Such beds, which show cyclic changes in layer thickness due to neap-spring variations, in
tidal current speed are called tidal rhythmites (Kvale, Archer, 1990; Dalrymple et al.,
1991).
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Figure 3.4. Formation of atidal rhythmiteintidal current (Dalrymple, 1992)
3.4. attels. Pladmainu ritmita veidolanas pladmainu straumés (Dal rympl e, 1992)
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4. M aterials and methods

This study is based on the detailed field data analyses of the Pdrnu Fm that is
exposed in a wedge-shaped outcrop area, ca. 6 km long, oriented NE to SW along the
Parmu River, as well as from drill-cores comprising the Rézekne and Parnu sedimentary
succession in the Baltic States (see Figure 1). The outcrops are from 2 to 10 m high and
usually 30-50 m long. The largest outcrop, Nt 1, stretches continuously for more than 350
m. The exposures are long and high enough for studying architectural elements of deposits
and determining their orientation. Twenty two vertical lithostratigraphic logs were
measured at seven outcrops at the scale of 1:25. Major bounding surfaces and stratigraphic
packages were documented on photomosaics in order to reconstruct the internal
architecture of sandbodies. These high resolution photomosaics have been used to map
changes of sedimentary structures, main bedding surfaces, bedding geometry, as well as to
reconstruct palaeocurrent orientation for each cross-section and for the entire outcrop belt,
both laterally and vertically, and to reveal their combinations.

Palaeocurrent measurements (n=481) were primarily derived from cross strata, of
which dip azimuths rose diagrams were compiled. Dip directions of master surfaces, such
as channel scour surfaces, main bedding surfaces, as well as smaller scale bedding surfaces
and reactivation surfaces, ripple cross-lamination, were also measured in order to identify
the local palaeocurrent directions in different parts of the palaeochannels and bars.
Separate rose diagrams were created to reflect both the regional and local variations of the
palaeocurrent directions, as well as the wvariations through the measured sections of
individual depositional units.

The preserved thicknesses of cross-stratified bedsets were recorded in order to
calculate the subaqueous dune heights and subsequently the channel depths within the
palaochannel thalwegs, using equations of Leclair and Bridge (2001) and Dalrymple and
Rhodes (1995), (for details see Chapter 5.1.2).

Water depth for the facies has been calculated from cross-set thicknes according
to Leclare and Bridge (2001):

Mean dune height is approximately 2.9(+-0.7)X mean cross set thickness:

Hs=2.9(+-0.7)X Sm,

Where hmis the mean dune height and smis the mean cross-set thickness.
According to Leclare and Bridge (2001), the dune height fall within the range of:

3<d/hm=<20

Where d is the water depth and d/hm is usually between 6-10:
6<<d’/hm<10

Water depth was also calculated according to Dalrymple and Rhodes (1995),
where dune height (Hd) should be approximately 17% of the water depth:

Hd=0.167h
Trough cross-stratified mudstone conglomerate (facies 2), trough cross-stratified

sandstone (facies 3) and cross-stratified sandstone with mud and mica drapes (facies 4)
were chosen for the calculations, as these facies represent deposition by migration of
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dunes, which scale with flow depth. Large scale cross-stratified sandstone (facies 10), as
well as compound cross-stratified sandstone (facies 11) are interpreted to represent
deposition in bars, which do not scale with flow depth. The same concerns to smaller scale
bedforms, such as ripple laminated sandstone (facies 7) and climbing ripple laminated
sandstone (facies 8). In its turn sigmoidal cross-stratified sandstones (facies 12) are very
scarcely represented in the study area, that no water depth calculations have been
attempted. For calculations of the water depth for facies 2, 3 and 4 the most representative
parts of these facies, taking into account their location, have been selected.

In addition to the outcrop data, drill-core data from different parts of the Rezekne
and Parnu RS distribution area have been collected by lithostratigraphic logging (see
Figure 1B). In total fourteen drill-cores with data of the Rézekne and Pirnu successions
have been described from core storages of the Estonian Academy of Science, the Estonian
Geological Survey, the Department of Geology at the University of Tartu in Estonia, the
Institute of Geology and Geography, Lithuania, and the Latvian Environment, Geology
and Meteorology Centre. Thirty additional drill-core data have been used accordingly from
other authors’ works and data on the Rézekne and Parnu succession in Baltics (Sorokin,
1981; Kurshs, 1975; 1992; Kleesment, 1997; Stinkulis, 1998).

Based on the above data, the sedimentary facies were identified by sedimentary
structures, textures, and composition and were grouped into facies associations based on
the lateral and vertical relations of sedimentary facies.

4.1. The conceptual framework of faciesanalysis: from processes to sequences

The general aim of facies analysis is to recognize a hierarchy of stratigraphic
elements in the sedimentary succession: from sedimentary facies to facies associations and
their sequences, in order to identify the depositional processes and environments
(systems). It is necessary to be able to further reconstruct the depositional systems tracts
and the history of their behaviour, particularly progradational (regressive) and
retrogradational (transgressive) phases reflecting relative base-level changes. Based on
this, correlative time-stratigraphic surfaces, such as sequence boundaries, are recognized
and cross-basinal stratigraphic correlations can be made. Facies analysis is thus the
principal tool of sequence stratigraphy and sedimentary basin analysis (Nemec et al.,
2003).

In the 1970s, the log concept combined with the Walther law (*“ The deposits of the
same facies area and similarly the sum of the deposits of different facies areas were
formed beside each other in space, but in a lithostratigraphic profile we see them lying on
top of each other™) gave rise to the concept of facies analysis and the development of
profile-like environmental facies models (Middleton, 1973). The assemblages and the
vertical stacking pattern of sedimentary facies shown by a log have become the basis for
the analysis of depositional environments, that is, for the reconstruction of the coeval
facies belts of an ancient environment, their depositional processes and their relative shifts
or lateral migration with time. Facies models are generalizations based on a comparative
study of the local facies successions of a particular ancient environment, commonly
supported by studies of analogous modern environments (Walker, 1976; 1992). In
constructing the facies model, geologists try to abstract from the local profiles only those
features or facies association characteristics, that seem to be essential to an understanding
of the nature of the depositional environment and its processes.

A short conceptual framework of facies analysis, used in this study, is outlined
below.
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Lithostratigraphic logging

Lithostratigraphic log is a graphical representation of the stratigraphic succession
of rocks based on their systematic, unit-by-unit and bed-by-bed description from the drill-
core or an outcrop sections (for details see Figure 1.3.). Lithostratigraphic logging is the
basic technique of data acquisition and representation in sedimentary geology, especially
for such main purposes as the palaeoenvironmental analysis, sequence stratigraphy and
basin analysis.

The logging procedure itself is a systematic, unit-by-unit description of the
sedimentary succession or its selected portions. The outcrop section or drill-core is divided
completely into more or less uniform units or beds, which are described successively,
using a standard set of conventional criteria. The log itself is a graphical representation of
descriptive sedimentological information collected through the logging procedure. The
vertical (thickness) scale adopted for the log should be sufficient to show the thinnest unit
that needs to be distinguished, the appropriate scale for the log used in this study is 1:25,
that is a 1 cm thickness in the log thus corresponds to 25 cm thickness in the
lithostratigraphic section for measured sections in outcrops, while for drill-cores scale of
1:125 (1 cm thickness in the log corresponds to 1 m 25 cm thickness in the
lithostratigraphic section).

The logs contain all the descriptive details that may be relevant to the
sedimentological interpretation of the sedimentary succession. This information is coded
with the use of various graphical symbols (explained in the legend), but some additional
brief annotation can be given at the right-hand margin of the log.

Depositional processes and environments are interpreted from the logs.
Therefore, it is critical that the information is collected carefully and systematically in the
logging procedure, and that the facies descriptions are subsequently separated from the
interpretations.

Thedistinction, description and inter pretation of facies

When logging the sedimentary succession is subdivided into units, which differ
macroscopically from the adjacent ones and represent some genetically coherent episodes
of deposition. These units are the “building blocks” of the sedimentary succession (Figure
4.1.). Units of the same type are classified as one facies. A facies is a particular type of
sedimentary deposit, or specific variety of “building block”, and a sedimentary succession
may contain many units of any particular facies (Nemec et al., 2003).

The interpretation of facies normally pertains to the depositional processes, or
physical model of sediment emplacement. Different facies have different origin. Only few
facies are environmentally diagnostic when considered in isolation. A term lithofacies is
also used, however since the greek-derived prefix litho- may imply rocks or lithified
deposits, a term sedimentary facies is usually used, which is clearer and applicable to both
sedimentary rocks and non-consolidated deposits (Nemec et al., 2003).

Sedimentary facies are the basic types of sedimentary deposits, distinguished in
descriptive macroscopical terms as the elementary “building blocks” of a sedimentary
succession (Harms et al., 1975; Reading, 1986, 1996; Walker, 1992; Miall, 2000). The
terms “facies” was introduced into geology by Nicholaus Stenoin 1669, to mean the entire
aspect of a part of the Earth surface during a particular interval of geological time. The
modern geological usage of the term is closer to its meaning when introduced in 1838 by
Gressly, who referred to the bulk of the lithological and palaeontological aspects of a
stratigraphic unit, rather that Earth surface. However, Gressly's paper remained largely
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unknown until reprinted with comments by Wegmann (1963) and the same term had
meanwhile been used with a number of different meanings (Teichert, 1958; Markevich,
1960; Middleton, 1973; Reading, 1986). The preseni-day usage of the term differs
somewhat from Gressly’s and derives rather from the definition given by Moore (1949):
“Sedimentary facies is defined as any areally restricted part of a designated startigraphic
unit which exhibits characters significantly different from those of other parts of the unit”.
According to this definition, facies are restricted in extent both stratigraphically and
geographically, although the same facies may obviously be found repeated many times, at
several levels, within the same stratigraphic unit (e.g., within a particular formation). The
sedimentary facies were given brief descriptive names and informal symbol designations
(see table 5.1.).

STRATIGRAPHIC ELEMENTS

—r T e

SEDIMENTARY FACIES

are the basic fypes of sedmentary daposits, distinguished
mawoscopically as the slementary "building blocks” of &
sedimentary successian.

PROZIM

KEDAL

FACIES ASSOCIATIONS

are ssemblages of spatislly and ganelically relzied facies,
distinguished as the basic “bulding megeblocks™ of the sedimentary
SUnCESSion.

[T

e el

2

P i
- e

arsfai

"“"'th-

SYSTEMS TRACT = a succession of facies associalions recording
particular behaviour of environm ental systems fract; rransgressive,
highstand, regressive or fowstand systems tracts ara recognized.

EEQUENCE = a succeasion of systems (racls redording a compiate
F-T eyde of relative sea-level change, from one maximum fooding

phase {o another; sliemalively, sequences can be distinguished as

T-A eydes, wilh mavimum regression surfacas as bouncaries.

Figure 4.1. The building blocks of the facies, facies associations, systems tracts and
sequences (After Nemec et al., 2003)

4.1. attéls. Faciju, faciju asociaciju, sistému kopu un secibu uzbiive (péc Nemec et al.,
2003)
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Thedistinction of faci es associations

A facies association is an assemblage of spatially related and genetically coherent
facies that overlie conformably one another. Facies associations are the “building
megablocks” of a sedimentary succession, representing different depositional
environments (see Figure 4.1.). Special attention is given to the lateral and wvertical
organization of facies within a particular facies association, by analysing jointly all its
occurrences. This provides clues to the style of sedimentation or depositional processes
operation in a particular ancient environment.

The distinction and analysis of facies associations lead to the identification of
depositional systems (environments) which taken together indicate as to what kind of
systems tract the sedimentary succession represents. System — although originally defined
as a sedimentary rock (facies) assemblage by seismic stratigraphers, the term generally
means a sedimentary environment. Based on knowledge of the environments, they are
organized conceptually into depositional systems tract (facies association tract) by
arranging them from relatively proximal to distal according to the general direction of
seaward sediment transfer and inferred relative water depth. Systemstract — a spatial array,
or “proximal-to-distal” belt of coeval environments through which the general transfer of
sediments occur from land to sea; a three-dimensional environmental linkage of
contemporaneous depositional systems (Nemec et al., 2003). Depending upon the relative
sea-level behaviour, a systems tract may be transgressive or regressive, Or may represent
the sea-level highstand or lowstand.

Sequence stratigraphy

The wvertical stacking of the stratigraphic succession indicates whether the
depositional system tract is prograding (and its shoreline advancing) or retrograding (and
its shoreline retreating) with time. This step of facies analysis brings to the topic of relative
sea-level changes, where sequence stratigraphy concepts are used.

In the 1980s, the concept of a depositional systems tract emerged from seismic
stratigraphy (Payton, 1977) and became the basis of the modern concepts of sequence
stratigraphy (Posamentier et al., 1988; Van Wagoner et al., 1990). In sequence
stratigraphy, the stratigraphic sequence of sedimentary facies associations are used to
reconstruct the relative changes of the sea level (or base level) and the interplay through
time, between the basin’s accommodation space and the sediment accumulation. For this
purpose, the lithostratigraphic profile with detailed facies log is used, which is further
subject to facies analysis.

Sequence is a stratigraphic sequence of facies associations recording the complete
cycle of the relative sea-level (or base-level) rise and fall. Sequence can be conceptually
divided into systems tract and the choice of sequence boundaries may depend upon the
requirements of a particular study (such as, unconformities, correlative conformities or
transgressive surfaces).

Transgressive and regressive shor eline systems

An important key concept of the base-level change is that deltas and strandplains
generally represent regressive shoreline condition, where fluvial, tidal, storm or wave
influence respectively is dominant. On the other hand, estuaries and barrier/lagoon systems
are developed under transgressive conditions at the shoreline (Figure 4.2.). This is how the
base-level change affects the shorelines. This doesn’t imply however that short segments
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of strandplain cannot develop during transgressions, or short lived barrier bars and lagoons
cannot be present during regression of the coastline.
The above hierarchical order in the facies analysis and palaecenvironment

reconstruction is used in this study and a model of transgressive systems by Boyd et al.
(1992) is applied to the studied succession.

d Tidal Power

Transgressive

[ sand T Mud [ Marsh

Figure 4.2. The distribution of major coastal depositional features (After Boyd et al.,
1992).
4.2. attels. Galvenas piekrastes sedimentacijas vides un to izvietojums (péc Boyd et al.,
1992)
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5. Resultsand inter pretation

The results of study and their interpretation are discussed in two chapters. The
Chapter 5.1. focuses on facies and facies associations of deposits of the Pému Fm
documented in outcrop belt. This part of results and interpretation deals with the deposits
studied in most detail, as the wide outcrop belt provides excellent opportunities for facies
analysis and detailed bed architecture studies.

The Chapter 5.2. describes facies associations in whole studied area — the Baltic
States (see Figure 1). Therefore this chapter combines data previously discussed in Chapter
5.1., but is built mainly on the data collected from the drill-cores.

5.1. Facies ar chitecture and depostion in sand-rich estuary and fluvial-
tidal transition zonein the northern part of the Baltic Devonian Basin
during the Parnu time

5.1.1. Sedimentary facies

Thirteen sedimentary facies have been distinguished based on their sedimentary
structures and lithology deposits of the Parmu Fm documented in outcrop belt. See Table
6.1.1.1. for summary on the sedimentary facies (F), containing facies description and
interpretation, distinguished from the whole study area, including the outcrop belt. Below
detailed description and interpretation of facies, found only in outrop belt, is given.

Facies 1: Mudstone and siltstone conglomer ate

Mudstone and siltstone conglomerate is composed of crudely shaped mudstone and
giltstone pebbles of wvariable sizes, up to 30-60 cm in diameter. Matrix of the
conglomerates consists of sandstone similar to the under- and overlaying sandstone beds.
In the lens-shaped, more angular varieties of siltstone pebbles, numerous very well
preserved fragments of plant remains, such as Psilophytites sp. and Hostinella sp. occur
(Kalamees, 1988). These plant remains occur in several sites of the study area (outcrops 1,
4, 2) and are abundant only in F1. In some places fossil fish remains occur (Kleesment,
Mark-Kurik, 1997). F1 has in all places an erosional and irregular base. Bed thickness is
most commonly up to 0.5 m. The conglomerates can be traced laterally for tens of meters.
In most places the lateral pinch-out of the conglomerates is gradational. Thickness of beds
decreases two times over a distance of 3-5 m. Upper contact of the conglomerates is
usually gradational, and F1 normally grades into the trough cross-stratified mudstone
conglomerate (F2). F1 occurs in all the studied outcrops, and is commonly associated with
F2 3andé.

Interpretation:

The mudstone and siltstone conglomerate is interpreted to be deposited as rip-up
clasts on the channel scours and as lags from high energy currents (Collinson, 1996). The
mudstone and siltstone clasts are locally derived.

Facies 2: Trough cross-stratified mudstone conglomer ate

Trough cross-stratified mudstone conglomerate is matrix supported and consists of
rather rounded mudstone clasts and a medium- to coarse-grained sandstone matrix. The
mudstone clasts are of granule and pebble size, in most cases 0.5-2 cm, rarely up to 4 cm
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in diameter. The clasts concentrate mostly on toesets of the cross strata. Fish bones, quartz
pebbles, as well as Psilophytites sp. and Hostinella sp. plant remains typically occur
together with mudstone pebbles. The thickness of cross-sets varies from 4 to 40 cm, in
depositional units 0.43-1.2 m thick that are based by erosion surfaces in most places and
form lenticular units. The lower bed contacts are usually sharp and erosional, the upper
bed contacts are gradational and F2 grades into the trough cross-stratified sandstones of
F3. Palaeocurrent directions derived from cross-strata are very variable, mainly in a range
of 45-165°. Most of the palaeocurrents are towards 135-165° and 45-95° (Figure 5.1.). The
calculated water depth for F2 according to Leclair and Bridge (2001) equations is ca. 1-7
m; and according to Dalrymple and Rhodes (1995) equations ca. 1-4 m.

F2 is widely distributed in all the studied outcrops. It is associated with F 1, 3 and
6, but most commonly underlies F3.

Figure 5.1. Palaeocurrent directions derived from Facies 2 cross-strata (N=32,
outer circle represents 10 %)
5.1. attels. Slipo slanisu krituma azimutu rozes-diagrammas 2. facijai (N=32, areja
loka malas vertibair 10 % )

Interpretation:

Trough cross-stratified mudstone conglomerate is deposited from traction currents
by migration of 3-D dunes in channels in a high energy environment. The presence of
rounded clay clasts indicate that current was strong enough to erode and transport the
clayey material. The angular form of the clay clasts, as well as the occurrence of the F 2 in
association with erosional surfaces and scours, indicate high energy bedload deposition
(Collinson, 1996; Miall, 1996).

Facies 3: Trough cross-stratified sandstone

Trough cross-stratified sandstone is one of the most common facies in the studied
outcrops. It consists of fine- to coarse-grained sandstone, in places with clay clasts on the
toesets of the cross strata. Two variations of this facies exist: variably grained (F3a) and
well-sorted (F3b). In some places overturned and convolute cross-strata occur. These
deformation structures are typical only in parts of the cross-sets, rarely in the whole sets.
Usually the upper parts of the individual cross-sets are deformed. In some cases within the
individual cross strata grain size decreases away from the concave-up scours. Trough
cross-stratified sandstones occur as erosionally based, thick lenticular units with mostly
gradational upper contacts. The thickness of cross-sets is 4-50 cm, the depositional units
are up to 3.3 m thick. Palaeocurrent directions derived from cross strata vary between 75-
255°, with most of paleocurrent measurements between 105° and 165° and also from 225°
to 255° (Figure 5.2). The calculated water depth for F3 according to Leclair and Bridge
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(2001) equations is ca. 0.7-5 m, and according to Dalrymple and Rhodes (1995) equations
isca. 0.9-4 m.

F3 is widely distributed in all the studied outcrops. It is associated mostly with F2,
as well as withF4, 9and 11.

Figure 5.2. Palaeocurrent directions derived from Facies 3. cross-strata. (N=111, outer
circle represents 10 %)
5.2. attels. Slhipo slani%u krituma azimutu rozes-diagrammas 3. facijai (N=111, argja loka
malas vertiba ir 10 %)

Interpretation:

Trough cross-stratified sand beds are deposited from traction currents by migration
of 3-D dunes in fluvial channels. Overturned cross lamina formed as a result of post-
depositional deformation due to drag under overpassing currents (Collinson, 1996). The
fining upwards grain size in individual cross strata suggests waning currents during
deposition of each of the individual strata, thus indicating unsteady current regime,
probably due to occasional tidal influence (Middleton, 1991; Nio, Yang, 1991, Pontén,
Plink-Bjérklund, 2007).

Facies 4. Cross-stratified sandstone with mud and micadrapes

Cross-stratified sandstone with mud and mica drapes is one of the most common F
in the studied outcrops. F4 consists of very fine to fine-grained cross-stratified sandstone
with mud or mica laminae that drape almost every individual cross strata. The mud drapes
are typically single drapes with thickness of several mm. The alternating mud and sand
forms bundles, associated with small erosional surfaces within the cross sets — the
reactivation surfaces. In some places, in the toesets of cross strata, flame structures occur
as small darker lenses. Current ripple lamination and reactivation surfaces are common.
The thickness of cross-sets is 3-35 cm, and the depositional units are in most places 0.3-2
m thick. In places the thickness of individual cross strata changes systematically along the
sets. F4 forms erosionally or sharply based lenticular units. In places it occurs as single,
small unit within F3. Palaeocurrent measurements derived from cross strata show bimodal
directions between 105-165° and 195-255°, with majority of the directions between 195°-
225° (Figure 5.3.). The calculated water depth for F4 according to Leclair and Bridge
(2001) equations is ca. 1.5-9 m, and according to Dalrymple and Rhodes (1995) equations
ca.1.5-7 m.

The cross-stratified sandstone with mud and mica drapes occurs almost in all the
studied outcrops, and is associated with F 7, 8, 11 and 12.
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Figure 5.3. Palaeocurrent directions derived from Facies 4 cross-strata. (N=96, outer circle
represents 10 %o)
5.3, attels. Paleostraumju virzieni 4. facijai. (N=96, argja loka malas vertibair 10 %)

Interpretation:

Cross-stratified sandy beds with mud and mica drapes are deposited from traction
currents by migration of 3-D dunes (Collinson, 1996), where currents were systematically
accelerating and decelerating with slack-water periods. Such cyclic changes of flow
velocity are common in tidal environments (Nio, Yang, 1991). Mud and mica drapes on
the cross strata deposited from suspension during slack water periods (Dalrymple, 1992).
The lack of double mud drapes and abundance of single mud drapes may indicate that
subordinate currents were strong enough to erode the first mud drape (Visser, 1980). The
alternating mud and sand, as well as the systematic changes in the bundle thicknesses
associated with reactivation surfaces, also indicate tidal influence. A systematic change in
bundle thickness along the cross-sets, suggests deposition from alternating neap and spring
tides (Nio, Yang, 1991; Dalrymple, 1992).

Facies 5: Plane-par all el stratified sandstone

Plane-parallel stratified sandstone is composed of very fine to medium-grained
sandstone with parallel stratification. F5 occurs rarely and does not form separate units, it
occurs as interbeds within the other facies. The thickness of sets is variable, 4-37 cm,
depositional units are only 9-65 cm thick. The lower contact of the F5 is commonly sharp,
the upper contact is gradational. The parallel stratification is lined by mud or mainly mica.
Mica is a typical compound of this facies. Mud laminae are usually non-continuous.

Plane-parallel stratified sandstone is distributed very scarcely in the studied
outcrops. It is associated with F 3 and 4, as well as in several places it underlies F7. The
contact with F3 is erosional, with F4 and 7 mainly sharp and in places erosional.

Interpretation:

Plane-parallel stratified sandstone formed from unidirectional currents by
movement of plain beds (Collinson, 1996). The association of these fine- to medium
grained sandy deposits with cross-stratified variously grained, generally more coarse
grained sandstones, and their occurence in channels suggests that F5 deposited in the upper
flow regime (Reineck, Singh, 1980). The close association with F3, as well as the presence
of mud and mica drapes on the parallel laminae suggests the tidal influence in the
deposition of this facies.
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Facie 6: Structur el ess sandstone

Structureless sandstone is composed of very fine to coarse-grained sandstone, with
no visible structures. F6 occurs scarcely, it usually forms interlayers or small-scale
lenticular units. The thickness of sets is 9-23 cm, but depositional units are only 0.2-2 m
thick. Two varieties of F6 have been distinguished according to its occurence in the
different parts of the section: 1) very fine to fine-grained, well-sorted, cemented sandstone
and 2) medium to coarse-grained, poorly-sorted and loose sandstone. The first type occurs
in the very upper part of the section and has a gradational contacts with both over- and
underlying facies. It is associated with F 5, 7 and 13. The latter type of the F usually occurs
in the lower part of the section in sharp-based lenticular beds. The upper contact is usually
sharp, rarely gradational. The material is poorly sorted, flame structures occur in places.

F6 is typically associated with F3 and 9.

Interpretation:

The first variety of Fé is interpreted to be deposited as plane beds in lower flow
regime, and only seems to be ungraded. Due to the homogenous sand grain size the
sedimentary structures are not visible. The second variety of F6 is interpreted to have
formed from rapid deposition (Collinson, 1996), where no traction occured and thus no
structures formed (Miall, 1996), due to very high sedimentation fallout rates. The flame
structures indicate deformation caused by pore water escape and high sediment load
(Reineck, Singh, 1980).

Facies 7: Current ripple cross-laminated sandstone

Current ripple cross-laminated sandstone consists of very fine to fine-grained
sandstone that is cross-laminated, and rich in mud and mica. The thickness of cross-
laminae is several mm, the thickness of depositional units varies from 2 to 70 cm. Cross-
laminae are in most places lined by mud or mica, draping almost every individual laminae.
The contacts with other facies are sharp and gradational, rarely erosional. F7 does not form
separate depositional units, it occurs normally as interlayers and in toesets of cross-
stratified sets. Most often it occurs on toesets of cross-stratified sandstones (F4) with ripple
migration directions opposite to the direction of cross-strata. Measurements derived from
cross laminae show paleocurrent directions towards 195-255°, with the majority of the
measurements between 225-255° (Figure 5.4.).

F7 is most commonly associated with F4 and F5, as well as F6 and F8.

Figure 5.4. Palaeocurrent directions derived from cross-laminae of Facies 7. (N=11, outer
circle represents 10 %)
5.4. attels. Ripsnojuma slipo slam#u krituma azimutu rozes-diagrammas 7. facijai (N=11,
aréja loka malas veértibair 10 %)
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Interpretation:

Current ripple cross-laminated sandstone formed from low energy currents by
migration of ripples (Reineck, Singh, 1980). Current ripples may coexist with 3-D dunes
and occur on the toes of the dune lee-sides which are subjected to lower flow velocities
and flow separation cells. F7 may have formed as back-flow ripple sets deposited on the
bottomsets of the dunes from unidirectional currents, or be deposited from the subordinate
current of assymetrical tidal currents. However, the occurrence of reverse directions of
ripple cross-lamination, as well as mud and mica drapes on the cross laminae, deposited
from suspension during slack water periods, suggest tidal origin (Nio, Yang, 1991;
Dalrymple, 1992).

Facies 8: Climbing ripple laminated sandstone

Climbing ripple laminated sandstone consists of very fine to fine-grained sand
material that is cross-laminated, and mica or mud rich. The thickness of cross-laminae is
from few mm to 1 cm, the thickness of the units varies from 10 to 130 ¢m. Lamination is
in most places lined by mica drapes, and in some places by mud drapes. The lower contact
with other facies is sharp, in places even erosional, the upper contacts are mainly
gradational. F8 forms rather small units and occurs usually on the toesets of cross-stratified
sandstones. However in places, climbing ripple laminated sandstone forms thicker (up to
1-1.5 m) and more extensive (about 10 m) units, where the shape of climbing ripple
lamination changes repetitively upwards. Two varieties of climbing-ripple lamination and
transitional forms between them have been distinguished: 1) The angle of climb of the
ripple laminae changes from vertical to low angle (ripple laminae in-phase and ripple
laminae in-drift of Jopling and Walker, 1968). Where the angle of climb is vertical, the
ripple crests occur directly above each other, rarely with a slight downcurrent shift of
crests. Where the angle of climb is lower, the ripple laminae have low-angle sub-parallel
bounding planes which delineate the beds and climb in downcurrent direction. The
bounding surfaces in F8 dip in the opposite directions. There is vertical transition and
repetition of vertically climbing and downstream migrating climbing ripples lamination.

Palaeocurrent measurements derived from cross laminae show highly wvariable
directions between 75-315°. Two main directions are towards 105-135° and 165-195°
(Figure 5.5.).

F8 is associated with F4, 11 and 6.

Figure 5.5. Palaeocurrent directions derived from cross-laminae of Facies 8. (N=9, outer
circle represent 10 %)
5.5. attels. Ripsnojuma slipo slanisu krituma azimutu rozes-diagrammas 8. facijai (N=9,
argja loka malas vertibair 10 %)
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Interpretation:

Climbing ripple laminated sandstone formed by migration of ripples in a high
suspended sediment load with high sedimentation rate (Reineck, Singh, 1980). Mud and
mica drapes deposited during the slack water regime due to tidal currents (Nio, Yang,
1991). Paleocurrent directions derived from cross-laminae, indicate a reverse or oblique
deposition to the main bedding surfaces, possibly due to reverse tidal currents. Vertical
repetitive transition of two types of climbing ripple-lamination indicates cyclic increase
and decrease of deposition rates due to changes in the ratio between sedimentation rates
and downstream ripple migration rates. The deposition is interpreted to have occurred from
periodically waning tidal currents (L.annier, Tessier, 1998).

Facies 9: Sandstone with defor mation structur es

Sandstone with deformation structures consists of fine-grained sand material with
overturned cross-strata, convoluted and buckled cross-strata, as well as flame structures
The thickness of the overtumed units is 5 to 50 c¢m, similar to the set thickness in F 3 and
4, where the overturned cross strata commonly occur. The deformation affects only the
topmost 10-12 cm of the cross-sets. In contrast, flame structures are closely associated
with F 6 and form thicker, in places more than 1 m thick units. The latter sandstone has
sharp lower contacts, whereas the lower contact of the overturned cross-stratification is
gradational.

F9 occurs very scarcely. It is closely associated with F3, 4, as well as F6 and 12.

Interpretation:

The overturning of the upper parts of the cross sets indicates deformation due to
shear stress caused by overriding traction currents on soft sediments (Owen, 1996). The
flame structures indicate deformation caused by pore water escape and high sediment load
(Reineck, Singh, 1980).

Facies 10: L arge scale cross-str atified sandstone

Large scale cross-stratified sandstone consists of fine to coarse-grained sandstone,
in places with clay and quartz pebbles and fossil fish remains as lags. It is formed by
inclined master bedding surfaces with superimposed low angle cross-strata, dipping down
the master surfaces. It forms thick, lenticular beds. Both upper and lower contacts of F10
are sharp and erosional. Only in a few places the upper contact is gradational.
Superimposed cross-stratified sets are 10-30 cm thick, and the large-scale units are up to 2
m thick. F10 can be traced laterally for more than 30 m. Palaeocurrent directions derived
from cross strata measurements show bimodal distribution and vary between 105° to 165°
and 195° to 255° with majority of the directions between 135-165°. The master bedding
surfaces dip towards 195-225° (Figure 5.6.).

F10 is very common and associated withF2, 3, 7, 11 and 12.
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Figure 5.6. Palaeocurrent directions derived from cross-strata and master bedding surfaces
of Facies 10. (N=56, outer circle represents 10 %)
5.6. attels. Slipo slani$u un slanojuma virsmu krituma azimutu rozes-diagrammas 10.
facijai (N=>56, aréja loka malas vertibair 10 %)

Interpretation:

Large scale cross-stratified sandstone is interpreted to have formed by migration of
3-D dunes (Miall, 1996) on tidally influenced channels or tidal bars (Dalrymple, 1992).
The master surfaces represent bar accretion surfaces and the dunes migrated superimposed
on the barforms. The close association of F10 with other facies, rich in tidal signatures,
indicates deposition from tidal currents.

Facies 11: Compound cross-stratified sandstone

Compound cross-stratified structure is known also as inclined cross-bedding
(Dalrymple, 1984) and has been called double-cross stratification by Kurshs (1975, 1992).
F11 consists of fine to coarse-grained sand, draped in places by non-continuous mud or
mica laminae. The most typical feature of F11 is inclined erosional surfaces superimposed
by cross-sets — reactivation surfaces. Compound cross-stratified sandstone consist of
decimetre-scale cross-sets, separated by inclined reactivation surfaces. The inclined
surfaces and the cross-strata dip in the same direction in general. Foresets of the
reactivation surfaces vary from low to high angle and dip at 9 to 28°. The reactivation
surfaces separate cross-sets into a series of sigmoidal sets, several meters wide in lateral
extent. A variation in the lateral spacing of reactivation surfaces is typical. Mud drapes
rarely extend to the top of the cross-strata, they pinch out on the mid-foreset by the
truncating reactivation surfaces. It is typical for F11 that the grain-size decreases upwards
from the concave-up scours, similar to F3. The compound cross-stratified sandstone form
20 to 220 cm thick lenticular units, and the cross-sets are 5-40 cm thick. The contact with
other facies is in most places sharp, the lower contact is erosional. Palaeocurrent directions
derived from cross strata show unimodal distribution 195-285°, but the inclined
reactivation surfaces are oriented towards 255-285° (Figure 5.7.).

F11 is widely distributed in the studied outcrops, and is usually associated with F3,
4 and 10.

39

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

Figure 5.7. Palaeocurrent directions derived from cross-strata and reactivation surfaces of
Facies 11. (N=58, outer circle represents 10 %%)
5.7. attels. Slipo slanisu krituma azimutu un reaktivacijas virsmu rozes-diagrammas 11.
facijai (N=58, aréja loka malas vertibair 10 %)

Interpretation:

The compound cross-stratified sandstone is interpreted to be formed by migration
of 3-D dunes on tidal or tide-influenced bars or compound dunes (Dalrymple, 1984;
Dalrymple, Choi, 2007). The cross-stratification is formed by the dominant current and the
reactivation surfaces are formed by subordinate current (Visser, 1980; Willis et al., 1999).
Variations in the lateral spacing of reactivation surfaces within the cross sets indicate
significant changes in the rate of bedform migration during successive tidal periods. The
fining-upwards grain size on the individual laminae scale suggests distinctly waning
currents during the deposition of each individual cross strata, thus suggesting tidal
influence (Middleton, 1991; Nio, Yang, 1991, Pontén, Plink-Bjorklund, 2007). The
mud/mica drapes indicate deposition in slack water periods (Dalrymple, 1992). Their
indistinctive character suggests subsequent erosion by subordinate tidal current.

Facies 12: Sgmoidal cr oss-str atified sandstone

Sigmoidal cross-stratified sandstone consists of very fine to fine-grained sandstone,
in places rich in mica and mud. The trough cross-sets have characteristically a sigmoidal
shape. Mud and mica drapes occur on the entire cross-strata, or occur only on the toesets
of the cross-strata, forming a repetitive alternation of mudstones and sandstones.
Reactivation surfaces are common. F12 occur in all places as interbeds within other F and
forms small lenticular units. The cross sets are only of 8-17 cm thick, the bed contacts of
the sigmoidal cross-stratified sandstone are in most places sharp, but in places gradational.
The paleocurrent measurements derived from cross-strata dip azimuths are towards 195-
255° (Figure 5.8.). F12 is closely associated with F4, 11 and less with F3.
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Figure 5.8. Palaeocurrent directions derived from cross-strata of Facies 12. (N=8, outer
circle represents 10 %)

5.8. attels. Slipo slaniu krituma azimutu rozes-diagrammas 12. facijai (N=8, argja loka
malas vertiba ir 10 %)

Interpretation:

The sigmoidal cross-stratified sandstone is interpreted to have formed as migrating
3-D dunes under tidal influence. According to Kreisa and Moiola (1986), sigmoidal
bedding is one of the diagnostic structures for a tidal origin. The sigmoidal tidal bundle
pattern reflects deposition from one dominant tidal current that deposits a set of cross-
strata, enclosed by two relatively gently dipping, sigmoid-shaped reactivation planes
formed by the subordinate current (Kreisa, Moiola, 1986; Shanley et al., 1992). Mud and
mica drapes were deposited during the slack water periods (Visser, 1980; Nio, Yang,
1991).

Facies 23: Plane-par allel laminated and structur el ess dol ostone

Plane-parallel laminated and structureless dolostone is light brownish-grey and
has cryptocrystalline texture. F23 is mainly structureless and platy; only in places it is
plane-parallel laminated. Pyrite concretions occur on bedding surfaces of F23. Plane-
parallel laminated and structureless dolostone forms small, tabular units, only 5-25 cm
thick. F23 has mainly gradational and sharp contacts with the underlying facies and occurs
exceptionally in the topmost part of the studied outrcrops. It overlies F7 and 5.

Interpretation:

The plane-parallel laminated and structureless dolostone is interpreted to have
formed in a low energy environment by deposition of carbonate mud (Reineck, Singh,
1980). During diagenetic processes the calcium carbonate mud or already lithified
limestone was replaced by dolomite (Tucker, Wright, 1990).
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5.1.2 Facies Associations

The sedimentary facies distinguished from deposits of the Parnu Fm documented
in outcrop belt are grouped into four facies associations (FA), according to their lateral and
vertical relationships (Figure 5.9.). The facies associations are distinct, what concerns the
combinations of sedimentary structures, textures, composition, bed geometry, character of
vertical and lateral bed transitions, as well as palaeocurrent directions.

Distribution of facies associations was mapped across the 6 km wide outcrop belt
(see Figures 1 and 5.9.). Correlations within continuous outcrops, 25-350 m wide, are
based on walking out stratigraphic packages and surfaces, as well as on detailed
photomosaics. Correlations between the individual outcrops are based on walking out
stratigraphic packages and boundaries and tracing on topographic maps, taking into
account the regional tectonic dip.

Fluvial deposits (FA 1) occur throughout the entire outcrop belt, except for the
very southern (basinward) part of the area. Stratigraphically they occupy the lower part of
the outcrop belt (see Figure 5.9.). The deposits that mark transition from fluvial to tidal
dominance (FA 2) occur at three different stratigraphic levels, separated by FA 1 and FA
3. The tide-dominated bar deposits (FA 3) occupy the upper part of the succession and are
present across the outcrop belt. They form the bulk volume of the succession in northern
part of the outcrop belt. The tidal flat deposits (FA 4) are restricted to the uppermost part
of the succession and commonly overlay tide-dominated bar deposits of FA 3. The overall
vertical transition is from tide-influenced fluvial to tidal channel deposits at the base (FA
2) to erosionally based fluvial deposits (FA 1), overlain erosionally by fluvial to tidal
channel deposits (FA 2), which are erosionally overlain by tide-dominated deposits (FA
3), and they are erosionally overlain by FA 2 further southward. The entire outcrop belt is
capped by tidal flat deposits (FA 4). This vertical repetition of facies associations indicates
stacking of three separate stratigraphic units (SU) (see Figure 5.9.).

Facies Association 1: Fluvial deposits

Facies Association 1 (FA 1) occurs stratigraphically in the lower part of the Parmu
Fm, and laterally extends throughout the entire outcrop belt across 5 km. FA 1 is
documented in 16 measured sections, and is especially well exposed in outcrops 1, 4 and 7
in the northeastern part of the outcrop belt, as well as in outcrop 2 in southwestern part of
the study area (see Figure 5.9.). FA 1 is erosionally based, up to 3 m thick (Figure 5.10.),
and comprises mainly vertically and laterally stacked, erosionally based, concave-up
lenticular units of texturally and compositionally immature coarse sandstones and
conglomerates (Figure 5.10B and Figure 5.16D and F). The 1-3 m thick lenticular units are
fining upward and have a high width/depth ratio (see Figure 5.10A). In outcrops parallel to
paleocurrent directions, the lenticular units are in most places 4-8 m wide, but in some
places up to 20 m wide, maximum 150 m wide. In outcrops perpendicular to the
palaeocurrent directions the width of individual lenticular units does not exceed 1-6 m.
The tops of these depositional units are in most cases eroded by overlying lenticular units.
As aresult, in most cases only the basal, vertically stacked facies are preserved (see Figure
5.10A). In southern part of the outcrop belt, in outcrop 2, gently inclined lateral accretion
sets are characteristic for FA 1, composed of small-scale trough cross-stratified sandstone
(F3).
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Sandstones of FA 1 are characteristically poorly sorted and consist of fine to
coarse sand and gravel, and have angular grains (Figure 5.10C). The basal erosion surfaces
of the individual lenticular units are commonly overlain by mudstone and siltstone
conglomerates (F1; Figure 5.10E and F) that grade upward into trough cross-stratified
mudstone conglomerates (F2; Figure 5.10B, G, I ), which grade into trough cross-stratified
sandstones (F3, Figure 5.10C) at the top. In some places, structureless sandstones (F6;
Figure 5.10H and I) and deformed sandstones (F9; Figure 5.10D) occur, and in one locality
cross-stratified sandstones with irregular mud drapes (F4) are abundant. Volumetrically,
FA 1 is dominated by cross-stratified sandstone (F3; 48%), cross-stratified conglomerate
(F2; 27%), and structureless sandstone (F6; 19%). Mudstone and siltstone conglomerate
(F1), sandstone with deformation stuctures (F9), and cross-stratified sandstones with
irregular mud drapes (F4) form together the remaining 6%.

Mudstone rip-up clasts are most abundant at the bases of the erosionally-based
depositional units (F1, see Figure 5.10F). Mudstone rip-up clasts also occur on toesets of
cross strata (F2; see Figure 5.10G). Both mudstone and siltstone conglomerates are matrix
supported and composed of crudely rounded mudstone and siltstone clasts of granule and
pebble size (0.5-2 cm, rarely up to 4 cm in diameter). Matrix of the conglomerates consists
of medium- to coarse-grained sandstone, similar to the under- and overlaying sandstone
beds. Mudstone rip-up clasts that occur at the toesets of cross-strata (F2) are thin lenticular
conglomerate units, 0.4-1.2 m thick that drape the basal scours of cross strata. The clasts
are rather rounded. Mudstone conglomerate cross-sets are 4-40 cm thick (see Figure
5.10B). The lower bed contacts are usually sharp and erosional, but the upper bed contacts
are gradational as F2 grades into trough cross-stratified sandstones of F3 (see Figure
5.10G). Mudstone rip-up clasts contain in places numerous fossil plant remains that are
very well preserved, including sporangium (Kalamees, 1988; Figure 5.10E and F, outcrops
1, 2, 4). Due to the small size of plant fragments and the absence of fertile parts, the plants
cannot be identified more exactly than that they belong to Psilophytites sp. and Hostinella
sp. (Kalamees, 1988). These plant remains are abundant only in F1. In places fossil fish
bones occur: in lens-shaped, more angular varieties of siltstone pebbles (see also
Kleesment, Mark-Kurik, 1997).

The structureless sandstone (F6; Figure 5.10H, I and Figure 5.16F) is medium to
coarse-grained, poorly sorted and occurs as sharp-based lenticular beds 0.2-2 m thick.
Sandstone with deformation structures (F9) consists of fine-grained sandstone with
overtumed cross-strata, convoluted and buckled cross-strata and flame structures.
Thickness of the overturned sets is 5 to 50 cm, similar to the undeformed cross set
thickness in F3 and F4, where the overturned cross strata commonly occur. The
deformation affects only the topmost 10-12 cm of the cross-sets. In contrast, flame
structures are closely associated with F6 and form thicker, in places more than 1 m thick
units (see Figure 5.10D). The latter have sharp lower contacts, whereas the lower contact
of the overturned cross-stratification is gradational. In some places, occasional reactivation
surfaces occur in cross strata (F3). Sandstone with mud drapes are very rare, they are
found in outcrop 2, which is situated in the southern part of the outcrop belt.

Palaeocurrent measurements, derived from cross strata of F2, 3 and 4 of FA 1
show large variability between 45-230°, with most measurements between 80-140° and
mean direction towards 130° (see Figure 5.10.). The erosion surfaces at the bases of
depositional units dip towards 148-165°. The direction of cross-strata dip varies within
individual sandstone bodies and is generally about 50°. In outcrop 2, which is situated
southwards, palaeocurrent directions derived from cross strata reflect reversals in adjacent
units, and are towards 60° and 210-230°,
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Figure 5.10. A representative measured section (outcrop 1) illustrating the sedimentology

of fluvial deposits of Facies Associations 1

Numbers by the graphic log refer to facies (see table 5.1). Palaecocurrent directions derived from the cross-
strata are shown in the rose diagram. For key, see Fig. 5.11. A - Photomosaic with measured section from the
fluvial channel deposits represented by stacking channel pattemn with concave-up scours. All channels are
erosively based with fining-upward trend (outcrop 1), B - Trough cross-stratified mudstone and silistone
conglomerate (Facies 2); C - Trough cross-stratified sandstone with quartz grains and mudstone pebbles
{Facies 3);, D - Sandstone with deformation structures (Facies 9); E - Fossil plant remains; F - Mudstone and
siltstone conglomerate with fossil plant remains (Facies 1); G - A distinctive erosional surface associated
with fluvial deposits; H - Erosional surfaces separating fluvial deposits of Facies Association 1 from tide-
influenced fluvial and tidal channel deposits of Facies Association 2 above; I - A concave-up erosional
surface and structureless sandstone of Facies 6. [Scale information: pen sharpener in B and C measures 3 cm;
compass in D, E and F measures 7 cm; ruler in G measures 20 cm)

5.10. attéls. Faciju asociacijas 1. — fluvialo nogulumu - reprezentativs griezums (1.
atsegums)

Cipari pie griezuma norada uz faciju numuriem (skat. 5.1. tabulu). Paleostraumju virzieni péc slipo slanisu
krituma azimutu mérjumiem ir noraditi rozes-diagramma (apziméjumus skat. 5.11. attéla. A - Fotomozaika
ar nogulumu griezumiem, kas ataino komplicétu slankopas uzbuvi, kuru veido vairaki fluviali kanali ar uz
augsu verstam pamatném. Visi kanali sagul ar izskalojuma virsmam, un nogulumu graudu izméri tajos
samazinas griezuma uz augfu (1. atsegums); B - Slipslanots mala un aleirolita konglomerats (2. Facija); C -
Slhipslanots smilfakmens ar kvarca graudiem un mala oliem (3. Facija);, D - Smilfakmens ar deformacijas
tekstiram (9. Facija), E - Augu fosilas atliekas; F - Malaun aleirolita konglomerats ar augu fosilam atliekam
(1. Facija), G - Izteikta erozijas virsma, kas ir raksturiga $ai faciju asociacijai; H - Erozijas virsma, kas atdala
1. faciju asociacijas fluvialos nogulumus no 2. faciju asociacijas pladmainu ietekmétiem nogulumiem; I-Uz
augsu veérsta erozijas virsma un smilfakmens ar viendabigu tekstaru (6. Facija). [Informacija mérogam:
zimulu asinamais B un C attélos — 3 cm gar$; kompass D, E un F attélos — 7 em gar; metramérs G attéla —

20 cm garg]
. - Legend
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Figure 5.11. Key for the Figures 5.10. and 5.12-5.16
5.11. attéls. Legenda attéliem 5.10. un 5.12-5.16

Interpetation:

The sharp, concave-up erosional bases, the fining upwards trends and abundance
of cross-stratified sandstone with mudstone rip-up clasts (facies 1-3) indicate deposition in
channels (Rahmani, 1988). Palaeo-water depth was calculated from cross-strata thickness
of F2 (Table 5.2), and indicates channel flow depth of ca. 1-7 m according to Leclair and
Bridge (2001) and ca. 14 m according to Dalrymple and Rhodes (1995). This is in
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agreement with the preserved thicknesses of individual channel bodies of 1-3 m, as the
channel bodies have erosional boundaries and are thus erosional remnants.

The lateral and vertical amalgamation of individual erosionally-based lenticular
units indicates frequent lateral migration or avulsion of channels and repeated episodes of
incision and infill (Yang, Nio, 1989). The variable size of the lenticular depositional units,
separated by erosion surfaces indicates various channel sizes. The amalgamated channel
fills with coarse grain size, the dominance of trough-cross strata, and presence of lateral
accretion sets only in one outcrop, suggests deposition in laterally mobile channels (Willis
et al., 1999; Bridge et al., 2000). The deviation between the measurements of the channel
scour directions and superimposed cross-strata, which is about 50°, indicates migration in
relatively low sinuosity channels. The latter is further confirmed by the coarse grain size,
mudstone rip-up clasts, and dominant cross stratification that indicate high-energy bedload
deposition (Yang, Nio, 1989; Collinson, 1996; Miall, 1996).

Table 5.2
Calculated water depth for Facies 2, after Leclair and Bridge (2001) and Dalrymple and
Rhodes (1995)

5.2. tabula
Udens dziluma aprekini facijai 2, péc Lekléras un BridZza (2001), ka ari Dalrimple un
Rodesa (1995)
Cross-set Duneheight (m), using Water depth (m), using Water depth (m)
thickness(m) | equation Hs&=2.9(+-0.7)X Sm | equation: 3=d/hm=20 by using equation:

by Leclair and Bridge (2001) | Leclair and Bridge (2001) | Hd=0.167h by Dalrymple
and Rhodes (1995}

h{min} h{max) d{min) d(max) d{min}) d(max)
0.07-0.22 0.20 0.64 0.61-4,06 1.9-12.8 1.22 3.82
0.124 {mean) 0.36 4.13 2.15
0.09 (mode) 0.26 2.99 1.55

The mudstone and siltstone conglomerates (F1) were deposited as locally derived
rip-up clast lags from high energy traction currents (Collinson, 1996). Trough cross-
stratified sandstone (F3), and cross stratified sandstone with mudstone clats (F2) indicate
migration in 3-D dunes (Els, Mayer, 1998). Occurrence of structureless sandstones (F6)
suggests occasional hight deposition rates (Collinson, 1996), where no traction occurred
due to very high sedimentation fallout rates (Miall, 1996). High deposition rates and
consequent deformation by pore water escape is also seen by flame structures (Reineck,
Singh, 1980). The overturning of the upper parts of the cross sets occurs as deformation
due to shear stress caused by overriding traction currents on water-filled sediments (Owen,
1996).

Rare reactivation surfaces in the cross-stratified sandstones indicate that migration
of bedforms was occasionally interrupted, and the bedforms were partially eroded due to
changes in their migration direction or due to current reversals (Mowbray, Visser, 1984;
Yang, Nio, 1989). In case of current reversals, the cross-stratification is formed by the
dominant current and the reactivation surfaces are formed by the subordinate current
(Visser, 1980; Willis et al., 1999). Irregular mud drapes, found only in one place (outcrop
2), further confirm rare tidal influence and mud deposition during slack water periods
(Visser, 1980; Nio, Yang, 1991). Mud drapes may also form in fluvial environments
during stagnant periods (Mowbray, Visser, 1984; Nichols, 1999). However the evidence of
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reversals in palaeocurrent directions in adjacent units derived from cross strata of the
outcrop 2 also confirms occasional tidal influence to deposition of FA 1.

High degree of textural immaturity suggests relatively short transport, and lack of
reworking by basinal processes. Presence of plant fragments shows a terrestrial sediment
source. The coarse-grained texture and immature composition, presence of plant fragments,
dominance of lenticular amalgamated small channels, and the net southeasterly
palaeocurrent distribution indicate collectively deposition in fluvial channels (see also
Collinson, 1996; Miall, 1992; 1994). The channels were up to 7 m deep and filled
dominantly by migrating dunes, with larger-scale bedforms present in the southward
(basinward) end. The tidal influence was strongest in the south (basinwards), as
reactivation surfaces, occasional mud drapes and the reversals of palaceocurrent directions
indicate in outcrop 2. It indicates that the fluvial flows in general were much stronger than
the opposite currents. In summary, FA 1 is interpreted to be deposited in a bedload-
dominated fluvial system that was occasionally influenced by tides during extreme spring
cycles, as the landward tidal limit migrated occasionally upstream.

Facies Association 2: Tide-influenced fluvial and tidal channel deposits

Facies Association 2 (FA 2), 1-4 m thick, occurs at multiple stratigraphic levels
across the whole 5 km wide outcrop belt and is documented in all sections. In SU 1 (the
lower one), FA 2 occurs in outcrops 1, 2, 6 and 7, and is erosively overlain by FA 1, 2 and
3 of SU 2. Thickness of FA 2 increases from 1 to 3 m towards southwest. In SU 2, FA 2,
1-3 m thick, occurs throughout the entire outcrop belt, except for outcrop 6. Here FA 2
erosively overlies FA 1 and is erosively overlain by FA 3. In SU 3 FA 2, 3 m thick, occurs
only in the southwestern end of the outcrop belt in outcrop 2, where it erosively overlies
FA 3 of SU 2 (see Figure 5.9.).

FA 2 is dominated by trough cross-stratified sandstone (F3; up to 50 %; Figure
5.12F), cross-stratified sandstone with mud and mica drapes (F4; 18%), compound cross-
stratified sandstone (F11; 14 %; Figure 5.12B and C), large scale cross-stratified sandstone
(F10; 11 %; Figure 5.12H and Figure 5.13E, F, G). Less common facies are current ripple-
laminated sandstone (F7; 3 %; Figure 5.12E), sigmoidal cross-stratified sandstone (F12; 2
%; Figure 5.12G), plane-parallel laminated sandstone (F5; 1 %) and trough cross-stratified
mudstone conglomerate (F2; 1%). FA 2 consists of relatively poorly sorted, fine- to
coarse-grained sandstone, in places with thin mudstone rip-up clast layers on the cross—
strata. In the cross-section very often this immature sandstone alternates with a few
decimeter thick units of mature fine-grained sandstone with rounded grains.

The deposits of FA 2 occur as erosionally-based, slightly concave-up 1-2 m thick
units, or as large-scale inclined (11-17°) accretion sets, 10-50 m long and 1-3 m thick. The
large-scale bedding surfaces in the accretion sets are superimposed by 10-30 cm thick
cross-sets (Figure 5.12A and Figure 5.13A). The accretion sets have erosive lower and
upper boundaries, and can be in places traced for more than 40 m along the outcrops.
Trough cross-stratified sandstone (F3; see Figure 5.12F) that is one of the most common
facies in FA 2 occurs as up to 3 m thick erosively based, lenticular units with mostly
gradational upper contacts. The thickness of cross-sets is 4-50 cm.
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Figure 5.12. A representative measured section (outcrop 2) illustrating the sedimentology
of tide-influenced fluvial to tidal channel deposits of Facies Associations 2 from
Statigraphic unit I
Numbers by the graphic log refer to facies (see Table 5.1.). Palacocurrent directions derived from the cross-

strata are shown in the rose diagram. For key, see Figure 5.11. A - Photomosaic with measured section
showing tide-influenced fluvial to tidal channel deposits of Facies Associations 2, Stratigraphic unit I,
repesented by simple channel thalweg fills and bars with compound cross-stratification {outcrop 1); B -
Compound cross-stratified sandstone with reactivation surfaces (Facies 11); C - Enlarged fragment from
photo B, illustrating reactivation surfaces (Facies 11), D - Fluvial deposits of Facies Association 1
representing channels fill, cut into tide-influenced fluvial to tidal channel deposits of Facies Associations 2;
E - Trough cross-stratified sandstone with current ripple lamination, stressed by mud drapes (Facies 4 and 7);
F - Fine to coarse-grained trough cross-stratified sandstone (Facies 3), G - Sigmoidal cross-stratification
stressed by mud drapes (Facies 12); H - Large scale cross-stratified sandstone (Facies 10; outcrop 1). The
rose diagram shows the orientation of the channel scour dip directions. Dip direction of the concave-up
erosional scours at the base of two depositional units differ by 140°. The arrows correspond to dip directions
of concave-up erosional scours and the cross-strata. The dip direction of cross-strata in these units mainly
coincides with the dip directions of the master bedding surfaces within ca 41°. Both the master bedding
surfaces, as well as cross-strata dip at rather high angles of 26-32°. It indicates bar migration, which
coincides with channel floor direction, suggesting downstream-accretion. [Scale information: pencil in C
measures 15 cm; part of aruler in E measures 10 cm; hammer in F measures 30 cm]

5.12. attels. Faciju asocidcijas 2. — plidmainu ietekmeto fluvialo un pladmainu nogulumu -

reprezentativs griezums no 1. slankopas (1. atsegums)

Cipari pie griezuma norada uz faciju numuriem (skat. 5.1. tabulu). Slipo slanifu krituma azimutu mérfjumi ir
noraditi rozes-diagramma. Citus apziméjumus skat. 5.11. attéla. A - Fotomozaika ar 2. faciju asociacijas 1.
slankopas nogulumu griezumiem, kuri sastav no vienkarfiem aizpildijuma kanaliem un sérém, kam
raksturigs saliktais slipslanojums (1. atsegums); B - Smilfakmens ar salikto slipslanojumu un reaktivacijas
virsmam (11. facija); C - Palielinajums no B. attéla, ar izceltam reaktivacijas virsmam (11. facija) D - 1.
Faciju asociacijas fluvialie nogulumi, kas sastav no kanalu aizpildijumiem un kuri ar izteiktu diskordanci
parsedz 2. Faciju asociacijas plidmainu ietekmeétos fluvialos un pladmainu nogulumus; E - Slipslanots
smilfakmens ar straumju ripsnojumu uz slipajiem slanifiem, kurus pasvitro mala kartinas (4. un 7. facijas), F
- Smalk- lidz rupjgraidains slipslanots smilsakmens (3. facija), G - S-veida slipslanojums, ko pasvitro mala
kartinas (12. facija), H - Smil$akmens ar lielam slipslanotam sérijam (10. facija, 1. atsegums). Rozes
diagramma norada uz slankopas pamatnu (kanali) krituma azimutiem. T4, slankopas pamatném krituma
azimuti atikiras par 140° Bultas norada uz slankopas pamatnu, ka ari slipslan ojuma kritumu aizmutiem.
Slipslanojumakrituma azimuti galvenokart sakrit ar slankopu pamatnu krituma azimutiem un to atikiriba ir
41° robezas. Gan galveno slipslanojuma virsmu, gan slipo slani$u krituma lenki ir salidzinogi lieli - 26-32°.
Mertjumi norada uz to, ka séru angfana ir notikusi vienada virziena ar pasa kanala migraciju. [Informacija
meérogam: zimulis C attéla — 15 cm gard; metraméra dalaE attela— 10 cm; amurs F attela — 30 cm gars|

In some places overturned and convolute cross-strata occur. These deformation
structures affect only parts of cross-sets, rarely the whole sets. In most cases the upper
parts of the individual cross-sets are deformed. The 1-3 m, most commonly 2-3 m thick
accretion sets with superimposed low angle cross-strata, dipping down the master surfaces,
form large scale and compound cross stratification of F10 and F11 (see Figure 5.12D and
Figure 5.13E, F, G). The compound cross-stratified sandstones (F11) form 20 to 220 cm
thick lenticular units, in which cross-sets are 5-40 cm thick. F11 consists of fine to coarse-
grained sandstone draped occasionally by non-continuous mud or mica laminae.
Boundaries with other facies are in most places sharp, and the lower boundaries are
erosional. In compound cross strata of F11, the decimetre-scale superimposed cross sets
are bounded by more gently inclined reactivation surfaces (Figures 5.12B and C).
Reactivation surfaces with variable inclination (from gentle to steep) are very common in
FA 2 (see Figure 5.13A). Foresets of the reactivation surfaces vary from low to high angle
and dip at 9 to 28°. They are also associated with sigmoidal cross strata (F12) in very fine
to fine-grained sandstone, in places rich in mica and mud drapes. A variation in the lateral
spacing of reactivation surfaces is typical (see Figure 5.12G). Mud and mica drapes rarely
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extend to the top of the cross strata, they are truncated by reactivation surfaces in mid-
foreset. Mud and mica drapes occur along the entire cross-strata, or only on the toesets
(Figure 5.16E), forming an alternation of mica/mudstones and sandstones (see Figure
5.13A and Figure 5.16H). In general, mica drapes prevail to mud drapes in FA 2 in
comparison to FA 3, where mud drapes are dominant. In most places the reactivation
surfaces separate cross-sets into a series of sigmoidal sets, several meters wide (see Figure
5.12@G). In coarser grained varieties of FA 2 cross sets show grain size decrease upward in
each individual cross strata (from gravelly and coarse sand to fine or very fine sand and
gilt). These cross strata are bounded by more gently inclined reactivation surfaces (Figures
5.13B, C, D). Although rare, current ripple lamination is superimposed on cross-strata
(F7, Figure 5.12E). Palaeocurrent directions derived from cross strata of the compound
cross-stratified sandstone of F11 show unimodal distribution 195-285°, and the large-scale
inclined accretion surfaces are oriented towards 255-285°. In most cases the inclined
surfaces and the cross-strata dip in a similar direction. In outcrop 4, palaeocurrent
directions derived from cross strata of F10 show bimodal distribution and vary between
101°-219° while the master bedding surfaces dip towards 200-240° (Figure 5.13G).
Overall, the palaeocurrent directions in FA 2 group into two sectors, towards 120-160° and
200-240° and the difference in dip directions between the major channels scours and
associated cross strata varies in each SU (see Figure 5.12H and Figure 5.13G).

In SU 1, FA 2 deposits change gradually from coarse-grained and mixed coarse to
fine-grained sandstones in the northeast to fine-grained sandstones towards southwest (see
Figure 5.12A). They occur as large-scale inclined accretion sets, 10-50 m long and up to 3
m thick, as well as concave-up 1-2 m thick units (Figure 5.12.). FA 2 of SU 1 consists
mainly of F11, as well as F10 and F3. Reactivation surfaces, as well as gradual grain size
decrease upward at cross-strata level is common in it, mud drapes, although quite
indistinct, are also abundant. Tracing inclined accretion sets across the outcrop walls
shows that they dip uniformly towards 79° and 221°, essentially parallel to the dip of
superimposed cross strata oriented towards 101-111° and 222-228°. In the southern part of
the outcrop belt (outcrop 6; Figure 5.16C) the cross-strata dip is directed to 33-349°.
Overall palaeocurrent directions derived from cross-strata in the SU 1 show polymodal
distribution and vary between 60-250°. Most of the palaeocurrents are towards 220-240°
and 60-90°, and the mean direction is towards 143°.

In SU 2, the accretion sets are dominantly slightly inclined. There is no significant
trend in grain size across the outcrop belt, as FA 2 here is composed of mixed coarse- to
fine-grained sandstone, where sets of coarser grained and poorly sorted sandstone with
fossil fish fragments alternate with finer-grained and well-sorted sandstone. Reactivation
surfaces, irregular and indistinct mud drapes and especially cross strata with gradual grain
size decrease upward are more common compared to SU 1. Erosionally based, lenticular
units here are up to 2 m thick, and the width of the channels is commonly up to 8 m,
reaching maximum of 48 m. In contrast to the underlying deposits of FA 1, the FA 2
consists of vertically stacked accretion sets, rather than stacked simple erosionally-based
cross-stratified lenticular units (see Figures 5.13A and G). Palaeocuirent measurements
derived from the large-scale accretion surfaces, as well as superimposed cross-sets show
variable directions at an individual scale. Such individual variations, in contrast to the
underlying facies, indicate the shift in dune-scale cross-strata dip relative to that of the
inclined master bedding surfaces. Palaeocurrent directions derived from cross-strata in SU
2 group into two directions 120-160° and 210-240° with the mean direction towards 187°
(see Figure 5.13). Most of accretion sets dip towards 207-273° while the dip of
superimposed cross strata is towards 109-215°. The accretion set and superimposed cross-
set dip directions wvary in individual sandstone bodies, but usually exceed 50°.
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Figure 5.13. A representative measured section (outcrop 4) illustrating the sedimentology
of tide-influenced fluvial to tidal channel deposits of Facies Associations 2 from
Stratigraphic unit IT
Numbers by the graphic log refer to facies (see Table 5.1). Palacocurrent directions derived from the cross-

strata are shown in the rose diagram. For key, see Figure 5.11. A: Photomosaic with measured sections
showing tide-influenced fluvial to tidal channel deposits of Facies Associations 2, Stratigraphic unit IT
repesented by gently inclined master bedding surfaces with superimposed cross-sets, containing reactivation
surfaces, mud and mica drapes and tidal bundles (outcrop 4), B, C, D - Compound cross-stratified sandstone
with altemation of thicker and thinner sets - tidal bundles, in which grain size systematically decreases from
concave-up scours on individual strata: from coarse-grained and even gravely sand to mud, the latter is
stressed by moss. The rose diagram illustrates palaeocurrent directions derived from cross-strata (outcrop 1).
E,F, G - Photomosaics, illustrating Facies Association 2 represented by slightly inclined (11-17°) master
bedding surfaces with superimposed cross-sets of large scale cross-stratified sandstone (Facies 10) and
overall view of SW part of the outcrop 4 (E) with closer view of the inclined bedding surfaces (F). The
deviation between palaeocurrent directions derived from master bedding surfaces and cross-strata is
illustrated by the arrows at individual scale (see Fig. 5.11), as well as by the rose-diagram for all
measurements taken. [Scale information: height of the bag in C measures 20 cm; eraser in D measures 2 cm;
hammer in F measures 30 cm]

5.13. attels. Faciju asocidcijas 2. — plidmainu ietekmeto fluvialo un plidmainu nogulumu -
reprezentativs griezums no 2. slankopas (4. atsegums)
Cipari pie griezuma norada uz faciju numuriem (skat. 5.1. tabulu). Slipo slani%u krituma azimutu mérfjumi ir
noraditi rozes-diagramma. Citus apziméjumus skat. 5.11. attéla. A - Fotomozaika ar 2. Faciju asociacijas 2.
slankopas nogulumu griezumiem (4. atsegums). 81 slankopa sastav no smilsakmens ar 1&zeni kritodam
noslanojuma virsmam, un kuram raksturigs slipslanojums, taja sastop reaktivacijas virsmas, malaun vizlu
kartinas, ka ari plidmainu kartas; B, C, D - Smilfakmens ar salikto slipslanojumu, kura redzamas biezakas
un planakas slisplanotas kartas — pladmainu kartas — uz kuram graudu izméri sistematiski samazinas virziena
uz augu: no rupjgraudaina un pat granfaina smilfakmens lidz aleiritiskam malam, kuru labi pasvitro sinas
atsegumu siena. Rozes diagramma noradauz slipo slanigu krituma azimutiem (1. atsegums); E, F, G -
Fotomozaika ar 2. Faciju asociacijas atsegumu uzbavi un nogulumu griezumu, kas sastav no smilfakmens ar
liela izméra slipslanojumu un 1ézeni kritogam (11-17) noslanojuma virsmam (10. facija) ar kopéju 4.
atseguma DR gala attélu (E) un noslanojumu virsmam tuvplana (F). Bultas (skat. 5.11. att.) norada uz
noslanojuma virsmu un slipslanojuma krituma azimutiem individualos slanos, ka ari rozes diagramma ar
kopéjiem mérijjumiem. [Informacija mérogam: somas augstums C attela — 20 cm; dzédgumija D attela — 2
cm; amurs F attéla — 30 cm]

In SU 3, FA2 occurs as laterally and vertically stacked erosionally based
lenticular units present only in outcrop 2 (see Figures 5.15A and C). FA 2 here is
composed of coarse-grained sandstone that grades into mixed sandstone, where coarser-
grained and poorly-sorted sandstone with fossil fish fragments are present together with
finer-grained and well-sorted sandstone with mud and mica drapes. Reactivation surfaces,
as well as irregular and indistinct mud drapes are frequent in these deposits. Palaeocurrent
measurements in SU 3 show polymodal distribution towards 105 and 235°, while the dip
of the large-scale accretion surfaces is towards 280°.

Interpetation:

The erosionally based concave-up units with large scale accretion sets, cross-
stratified sandstones with alternating coarse-grained poorly-sorted and fine-grained well-
sorted sandstones with mud and mica drapes, abundant reactivation surfaces, compound
cross-strata, sigmoidal cross-strata and decreasing grain size at individual cross strata scale
indicate deposition by fluvial as well as tidal currents. The poorly-sorted coarse sandstones
are similar to those in FA 1, although somewhat finer. The well-sorted sandstones indicate
reworking by basinal processes.

The common large-scale accretion sets and compund cross strata indicate
migration of bars or large compound dunes (see Dalrymple, Choi, 2007). Such accretion
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sets are also called inclined cross-bedding (Dalrymple, 1984) or double-cross stratification
(Kurshs, 1975; 1992). The master surfaces represent bar accretion surfaces and the dunes
migrated superimposed on the barforms. Individual accretion surfaces reflect past positions
of the barforms, and internal variations within the beds reflect discharge variations of the
channel system (Miall, 1992). The compound cross-stratified sandstone is interpreted to be
formed by migration of 3-D dunes on tidal or tide-influenced bars or compound dunes
(Dalrymple, 1984; Dalrymple, Choi, 2007). Most large-scale accretion sets indicate
downcurrent migration, although some are lateral accretion sets (where difference between
accretion set dip and superimposed cross strata is 60-90°). The dominant trough cross-
stratified sandstone (F 3) indicated main deposition from traction currents by migration of
3-D dunes (Els, Mayer, 1998). The associated overturned cross lamina formed as a result
of post-depositional deformation due to drag under overpassing currents (Collinson, 1996).
Systematic grain size decrease upwards from the cross-strata scours on individual cross
strata is interpreted as tidal bundles and reflects deceleration of river currents due to tides
(Pontén, Plink-Bjorklund, 2007). The sigmoidal cross-stratified sandstone is interpreted to
have formed as migrating 3-D dunes modified by tidal current reversals, and is one of the
diagnostic structures for tidal origin (Kreisa, Moiola, 1986). The sigmoidal tidal bundle
pattern reflects deposition from one dominant tidal current that deposits a set of cross-
strata, enclosed by two relatively gently dipping, sigmoid-shaped reactivation planes
formed by the subordinate current (Kreisa, Moiola, 1986; Shanley et al., 1992), and thus
indicate bidirectional flows (Nio, Yang, 1991). Variations in the lateral spacing of
reactivation surfaces within the cross sets indicate significant changes in the rate of
bedform migration during successive tidal periods. Similarily, the variable inclination of
the reactivation surfaces indicates the amount of erosion by the subordinate current from
neap to spring tides (Dalrymple, Rhodes, 1995). Reactivation surfaces are absent or only
weakly developed at neap tides, but become prominent, low-angle surfaces at spring tides.
The mud/mica drapes indicate deposition during slack water periods (Dalrymple, 1992).
The relatively scarce superimposed ripple cross-lamination and weakly abundant and
indistinct mud drapes suggest subsequent erosion, weakly developed slack-water periods
and/or low suspended sediment concentrations, which is typical for the fluvial-tidal
transition zones (Dalrymple, Choi, 2007). However the broken-up mud drapes on cross-
strata indicate that occasionally mud drapes were produced and preserved.

The significant shift in dune-scale cross-set dip relative to that of the inclined
master bedding surfaces in different SUs, indicates that dunes migrated over the bar
surfaces at the same direction in Unit 1, at a slightly oblique direction in Unit 3 or in cases
at significantly oblique direction to the bar migration in Units 2 and 3. This suggests that
deposition occurred mainly by downstream accretion in mid-stream bars and less by lateral
accretion in point bars (Miall, 1994; Willis et al., 1999). The occurrence of both mid-
stream and point-bars, as well as the degree of dispersion of the palaeocurrent pattern
reflect somewhat the sinuosity of the channels (Miall, 1994). It indicates that deposition in
FA 2 occurred in channels with higher sinuosity than those of FA 1. Only in SU 1 the
dimensions of the sandstone bodies and their internal bedding architecture, as well as
palaeocurrent measurements suggest mainly downstream accreting units (Miall, 1994).
This indicates lower sinuosity pattern of the channels, similar to the fluvial channel
deposits of FA 1.

Calculated palaeo-water depths (Table 5.3.) using cross-set thicknesses of F3 in
FA 2 are ca. 0.7-5 m (Leclair, Bridge, 2001}, and ca. 0.9-4 m (Dalrymple, Rhodes, 1995).
These calculations are in agreement with the measured accretion set and individual
channel unit thicknesses of upto 3 m.
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Table 5.3
Calculated water depth for Facies 3, after Leclair and Bridge (2001) and Dalrymple and
Rhodes (1995)

5.3. tabula
Udens dziluma aprekini facijai 3, péc Lekléras un BridZza (2001), ka ari Dalrimple un
Rodesa (1995)
Cross-set Duneheight (m) Water depth (m) Water depth (m)
thickness (m) Hs=2.9(+-0.7)X Sm 3=dhm=20 Hd=0.16%h
{Leclair, Bridge, 2001) {Leclair, Bridge, 2001) {Dalrymple, Rhodes, 1995)
h {min} h {max) d {min) d (max) d {min) d {(max)
0.05-0.21 0.14 0.61 0.4-8,7 1.83-12.2 0.87 3.65
0.085 (mean) 0.25 2.8 147
0.07 {mode) 0.2 2.3 1.2

The overall bimodal palaeocurrent distribution indicates a net southeast and
southwest sediment transport. The major bedforms in SUs 1 and 2 also migrated towards
southeast to southwest, whereas in Unit 3 they migrated towards northwest. The direction
of dune migration in SU 1 was towards northeast in outcrops 1, 2, 4 and 6, and indicates
deposition in tidal currents.

In summary, the erosionally based cross-stratified units of FA 2, in which tidal
signatures are abundant but variably present, grain size and sorting varies and, with mainly
bar migration both landward and basinward, indicate deposition in tide-influenced fluvial
to tidal channels and bars. The frequent alternation of coarser-grained and more poorly-
sorted sandstones with fine-grained, well-sorted sandstones with well-rounded grains, as
well as reverse palaeocurrent directions in adjacent outcrops indicate deposition from two
different sediment sources — tidal (basinal) and fluvial. The presence of both fluvial and
basinal flows is reflected by a difference in structure and texture or lithology: the fluvial
sediment being coarser, poorly sorted, than the sediment deposited by the tidal currents.
The latter together with the basinward (southward) increase in tidal activity in SU 2
indicate deposition in the transition zone from fluvial- to tidal-dominance (see Dalrymple,
Choi, 2007). Such environments occur e.g. along the transition from tide-influenced fluvial
to tidal channel in central estuarine zone of a tide-dominated estuary (see Dalrymple et al.,
1992). Alternatively, a similar transition may occur in a deltaic distributary channel
(Dalrymple, Choi, 2007).

Facies Association 3: Tidal bar deposits

Facies Association 3 (FA 3), 1-5 m thick, occurs across the whole 5 km wide
outcrop belt (see Figure 5.9.). FA 3 occurs in SU 2 and forms the upper part of the outcrop
in northeast and the middle part in southwest. It is documented in 20 measured sections.
FA 3 is based by significant erosion surfaces, in places lined by large mudstone clasts, and
erosively overlies FA 1 and FA 2 of the SU 2 (Figures 5.14A and B). FA 3 is erosively
overlain by FA 2 and FA 4 of the SU 3 in southwest. FA 3 thickens from 1 to 4.5 m
towards northeast.

FA 3 mainly consists of trough cross-stratified sandstone with mud/mica drapes
(F4; 35 %,; Figures 6.1.2.6.B, D and G), compound cross-stratified sandstone (F11; 2 3%;
Fig.8), trough cross-stratified sandstone (F3; 16 %; Figure 5.14C), as well as current
ripple-laminated sandstone (F7; 9 %; Figure 5.14F and Figure 5.16D) and climbing ripple-
laminated sandstone (F8; 8 %; Figure 5.14E). In rare places small units of structureless
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sandstone (F6; 3%), plane parallel-stratified sandstone (F5; 2%), and sandstone with
deformation structures (F9; 2 %; Figure 5.14G) occur. Trough cross-stratified
conglomerate (F2) and sigmoidal cross-stratified sandstone (F12; Figure 5.14H) form
together the remaining 2 %. FA 3 is mainly composed of mature, well-sorted fine-grained
sandstone with rounded grains.

The basal erosion surface (Figure 5.141) is lined by mudstone clasts up to 15 cm
in diameter (Figures 5.14B and C) in northern part of the outcrop belt, where FA3
erosively overlies fluvial channel deposits of FA 1. In other places FA 3 erosively oveitlies
mainly tide-influenced fluvial to tidal channel deposits of FA 2. In such places, the lower
part of FA 3 consists of fine-grained sandstone with current ripples (F7), in some places
lined by a thin siltstone layer (Figures 5.15B and E). In the south, the base of FA 3 is
marked by a thin mudstone clast layer, coarse quartz grains and fossil fish conglomerate.

FA 3 is composed of 2-5 m thick and up to 350 m long sandbodies with low angle
accretion sets that form master bedding surfaces, and are superimposed by smaller scale
bedforms (Figure 5.14A). The best preserved sandbodies occur in the northernmost part of
the outcrop belt (outcrop 1). Outcrop 1 provides a 3-dimensional view of these sandbodies
across several hundreds of meters. The distribution of mud varies within these sandbodies
of outcrop 1, as the upper parts of accretional sets are sandier, whereas more mud and mica
drapes occur in the lower parts or toes of these sandbodies, thus reflecting a cleaning-
upwards pattern (see Figure 5.15A). In F4, which is most typical facies of this FA, 2-10
mm thick mud or mica laminae systematically drape individual cross strata (see Figure
5.14H), and are especially significant and thick towards the toesets of cross strata, in
places forming continuous, thick layers (Figure 5.14D). There are however intervals,
where mud drapes are not present. The individual thickness of cross-strata changes
systematically laterally along the cross sets from 1 to 10 cm. Muddy, thinner intervals
composed of closely-spaced or even amalgamated mud drapes, typically pass into thicker
and sandier strata within the cross-sets (Figure 5.16G). These deposits are associated with
reactivation surfaces (see Figure 5.14G).

The mud drapes are typically single ones with thickness of several mm. In rare
cases double mud drapes occur. In places the thickness of cross-sets varies laterally and is
associated with erosion surfaces at the toesets (see Figure 5.14D). Thickness of cross sets
of F4 is 3-35 cm, and the depositional units are in most places 0.3-2.5 m thick.

Current ripple-lamination (F7; see Figure 5.14F and Figure 5.15E) is common in
FA 3. It commonly superimposes cross strata and shows opposite dip directions compared
to the cross-strata dip directions (see Figure 5.14F). Climbing ripple laminated sandstone
(F8), which is also very typical for FA 3, consists of very fine to fine-grained sandstone
that is mica- or mud-rich. The thickness of cross-laminae of climbing ripple-laminated
sandstone is from a few mm to 1 cm thick, the thickness of the units varies from 10 to 130
cm. Cross lamina are in most places lined by mica drapes, and in some places by mud
drapes (see Figure 5.14E). In places, climbing ripple-laminated sandstone forms thicker
(up to 1-1.5 m) and more extensive (about 10 m) units, where the angle of climb changes
repetitively upwards from vertical to low angle. The bounding surfaces in F8 dip in the
opposite directions to the ripple lamina.

60

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com

1sndde] oureyeu ‘1eys ‘s[eue 1§ eSed Ixeueog ¢ amSI 4 5 sy SIW TS T SA TS T O

. ; : L R —{
T _ "5 - === e
- e — 24
(|

I
4

$90JEINS

UCILEAILOES. L4
- t.u =

= e —7Z

Ty — =
| swogewwopp —
JUBLIPas 1os =

=
) 84

: ; - A S —¢
A/f SISE[ PNLU YA, L 4

¥ 29lEINS [2UCISCIB Jg
- = =
L4
sadelp eo1ll pue pnwu Ylm v 94
aUCISDUES pauriB-aul , . SB0ELINS UOKEAOES B /

18p PRUE I h.m.ﬂ r.w_uﬁ. | — A

—

evd[_ v eE \.@ _ w

S ‘ AN ©1 paloadip 'saselns
SWIOIpa] 28U 4O S|BAIBIURUSLINIUAOP UBIPPNAY Buippeq Jsisew pauloul ARUBIS Uim + v

SULIOWBY BU} 4O S|BAIRIUI vy
IUBLINSUMCD “I2IppNniA|

PDF created with bdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

Figure 5.14. A representative measured section (outcrop 1) illustrating the sedimentology

of'tidal bar deposits of Facies Associations 3
Numbers by the graphic log refer to facies (see table 5.1.). Palacocurrent directions derived from the cross-
strata are shown in the rose diagram. For key, see Figure 5.11. A - Photomosaic with measured sections
showing tidal bar deposits, illustrating master bedding surfaces of Facies Associations 3 {(in green) that
overly erosively channelized units of Facies Association 1 {(in purple). The channel scours of Facies
Association 1 are oriented towards SSE, whereas master bedding surfaces of Facies Association 3 to NW.
Note, that the upcurrent parts of the larges-scale microform are sandier, whereas more mud and mica drapes
appear in the downcurrent parts of this bar (outcrop 1); B - A boundary between Facies Association 1 and
Facies Association 3 stressed by a distinct erosional surface with clay clasts up to 15 em in diameter at the
tidal bars basal surfaces; C - Variably-grained trough cross-stratified sandstones (Facies 3} of Facies
Associaion 1 overlain erosively by fine-grained deposits (Facies 4) of Facies Association 3, rich in
reactivation surfaces, mud and mica drapes and tidal bundles; D - Trough cross-stratified sandstones (Facies
4} with abundant mud and mica drapes; E - Climbing ripple-laminated sandstone (Facies 8);, F) Current
ripple-laminated sandstone (Facies 7); G - Fine-grained cross-stratified sandstone (Facies 4) with soft
sediment deformations and reactivation surfaces; H - Sigmoidal cross-stratified sandstone with distinet mud
and mica drapes (Facies 12); T - The southemmost end of the outcrop 1: amajor erosional surface between
Facies Association 3 and Facies Association 1 marks a bottom of a large macroform. This erosional surface
is traced at a distance of more than 350 m along the outcrop. [Scale information: compass in B measures 7
cm; part of the pen in F measures 5 cm; ruler in G measures 20 cm]

5.14. attels. Faciju asociacijas 3. — pludmainu séru nogulumu - reprezentativs griezums (1.
atsegums)
Cipari pie griezuma norada uz faciju numuriem (skat. 5.1. tabulu). Slipo slanifu krituma azimutu mérfjumi ir
noraditi rozes-diagramma. Citus apziméjumus skat. 5.11. attéla. A - Fotomozaika ar 3. faciju asociacijas
nogulumu griezumiem, kuras slankopa sastav no smilfakmens ar 1€zeni kritofam noslanojuma virsmam (zala
krasa), kas ar erozijas virsmu parsedz 1. faciju asociacijas fluvialo kanalu nogulumus (sarkana krasa; 1.
atsegums). 1. faciju asociacijas fluvialo kanalu pamatnes ir orientétas uz DDA, bet 3. faciju asociacijas
noslanojuma virsmas uz ZR. Jaatzime, ka slankopas augéeja dala ir smilfainaka, bet vairak malaun vizlu
kartinas koncentréjas zemakas slankopas dalas (1. aisegums); B - RobeZa starp 1. faciju asociaciju un 3.
faciiju asociaciju, kuru pasvitro izteikta erozijas virsmaun lidz 15 cm diametra lieli mala oli; C - 1. faciju
asociacijas daZadgrandainais smilfakmens (3. facija), kuru ar erozijas virsmu parsedz 3. faciju asociacijas
smalkgraudainais smilfakmens (4. facija), kura sastop daudz reaktivacijas virsmu, malaun vizlu kartinu un
plidmainu kartas; D - Slipslanots smil§akmens ar mala un vizlu kartinam (4. facija); E - Smil$akmens ar
kapjofaripsnojuma tekstiru (8. facija), F - Smilfakmens ar straumju ripsnojuma tekstaru (7. facija); G -
Smalkgaudains slipslanots smilfakmens ar deformaciju tekstaram un reaktivacijas virsmam (4. facija), H -
Smil$akmens ar 8-veida slipslanojumu un izteiktdm malaun vizlu kartinam (12. facija); I - 1. atseguma pats
dienvidu gals: izteikta erozijas virsma, kas atdala 1. faciju asociaciiju no 3. faciju asociacijas un iezime lielas
makroformas pamatni, kuru var izsekot 350 m garuma visa atseguma josla. [Informacija mérogam: kompass
B attéla — 7 em; zimula dala F attéla — 5 em; metramérs G attéla — 20 cm; amurs F attéla — 30 cm gars]

The overall trend of palaeocurrent directions for this FA derived from cross-strata
and current ripple lamination is in range of 140-310°, with the mean direction to 210° and
most of currents in range of 200 to 290° (Figure 5.14.). The dip directions of large-scale
accretion sets or master bedding surfaces differ from paleocurrent directions derived from
superimposed cross-strata and cross-lamina by 5°to 180°. In outcrop 1, the palaeocurrent
directions derived from master bedding surfaces are to 303° and the dip of superimposed
bedforms is directed towards 195-225°. The general orientation of the large-scale accretion
sets varies across the outcrop belt. In outcrop 2, the the accretion sets are oriented towards
183°, 42°and 65°; in outcrops 4 and 7 towards 135° and 145°, in outcrop 6 towards 170°,
and in outcrop 1 and 5 towards 303° and 349°.

Interpetation:
The common and systematic occurrence of mud and mica drapes, frequent

reactivation surfaces, occurrence of tidal bundles in form of sand and mud couplets in
cross-strata and cross-laminae, as well as the repeated changes in the angle of climb in
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sandstone with climbing ripple-laminated structure indicate deposition by tidal currents.
The erosive base, the large-scale accretion sets, landward and basinward oriented dip
directions of master bedding surfaces between adjacent outcrops, as well as the large size
of the accretion sets and the large angle between the master bedding surfaces and the
superimposed bedforms suggests deposition in large tidal sand bars in a subtidal
environment (see Dalrymple et al., 1992). The mature nature of the sandstone, compared to
FAs 1 and 2, indicates a sediment source different from FA1 or considerable reworking of
sediments. The tidal bars are thus interpreted to be accumulated from marine, rather than
fluvial derived sediment. The superimposed trough cross-strata indicate that 3-D dunes
migrated across the tidal bar master surfaces.

The dip of the master bedding surfaces (accretion sets) indicates major bedform
migration towards north that is landward in outcrops 1 and 5, and towards south that is
basinward in outcrops 2, 4, 6 and 7. Such reversals of bedform directions in adjacent
outcrops reflect the role of both flood and ebb currents in sediment transport and formation
of these major bedforms. The northerly and southerly migrating bars may also indicate that
flood and ebb currents used slightly different paths, as is commonly the case in tidal
environments (Dalrymple, 1992). The overall palaeocurrent distribution of FA3 derived
from cross-strata and ripple cross-lamination indicates southeast and southwest small-scale
bedform migration. The variation of palaeocurrent directions between the master bedding
surfaces and the superimposed bedforms within individual sandbodies indicates both
downstream and lateral accretion of the tidal bars. The persistent southward dip of the
superimposed smaller scale bedforms (3-D dunes and ripples) indicates that they were
mainly formed by ebb-dominated flows. Landward oriented cross-strata and ripples with
mud drapes, as well as abundant reactivation surfaces, record the action of flood tides.

The dimension of the preserved accretion sets indicate that the bars were at least
3-9 m high and more than 300 m wide. As tidal bars tend to accrete to sea level in their
highest parts, they indicate a water depth of up to 9 m. Calculated water depth from cross
strata of palaeochannels of facies 4 (Table 5.4.) indicates similar water depths, ca. 1.5-9 m
(Leclair, Bridge, 2001) and ca. 1.5-7 m (Dalrymple, Rhodes, 1995).

Table 5.4
Calculated water depth for Facies 4, after Leclair and Bridge (2001) and Dalrymple and
Rhodes (1995)

5.4.tabula
Udens dziluma aprekini facijai 3, péc Lekléras un BridZza (2001), ka ari Dalrimple un
Rodesa (1995)
Cross-set Duneheight (m) Water depth (m) Water depth (m)
thickness (m) Hs=2.9(+-0.7)X Sm 3=dhm=20 Hd=0,167h
{Leclair, Bridge, 2001) {Leclair, Bridge, 2001) {Dalrymple, Rhodes, 1995)
h{min}) h{max) d{min} d{max) d{min}) d{max)
0.08-0.39 0.23 1.13 0.7-4.64 3.39-22.6 1.39 6.77
0.16 {mean) 0.46 5.34 2.78
0.15 (mode) 0.43 4.9 2.57

Couplets of alternating sand and mud are interpreted as tidal bundles formed
during one single tidal cycle, with muds deposited during the slack water periods (Nio,
Yang, 1991). A systematic changes in bundle thickness along the cross-sets, as well as
changes in angle of climb in climbing ripple successions indicate neap-to-spring cyclicity
(see Nio, Yang, 1991; Dalrymple, 1992; Dalrymple, Rhodes, 1995).
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Figure 5.15. A representative measured section (outcrop 2) illustrating the sedimentology
of tide-influenced fluvial to tidal channel deposits of Facies Associations 2 from
Stratigraphic unit IT1
Numbers by the graphic log refer to facies (see Table 5.1.). Palacocurrent directions derived from the cross-

strata are shown in the rose diagram. For key, see Figure 5.11. A - Photomosaic with measured sections
showing the fluvial deposits of Facies Association 1, tide-influenced fluvial to tidal channel deposits of
Facies Associations 2, tidal bar deposits of Facies Association 3 and tidal flat deposits of Facies Association
4 {outcrop 2); B - Structureless sandstone (Facies 6) on the upper part of the outcrop representing tidal flat
deposits of Facies Association 4; C - A surface earmarking boundary of fluvial to tidal channel deposits of
Facies Associations 2 ofthe Stratigraphic unit ITl; D - Structureless dolostone (Facies 13) with pirite
concretion from the top of the outcrop; E - Fine to very fine-grained sandstone with current ripple-lamination
earmarking the boundary of Facies Association 3, very common for the studied outcrops; F - Current ripple-
laminated sandstone (Facies 7) and structureless sandstone (Facies 6) representing tidal flat deposits of
Facies Association 4. [Scale information: height of the bag in C measures 50 cm; compass in D and F
measures 7 cm]

5.15. attels. Faciju asociacijas 2. — plidmainu ietekmeto fluvialo un plidmainu nogulumu -

reprezentativs griezums no 3. slankopas (2. atsegums)

Cipari pie griezuma norada uz faciju numuriem (skat. 5.1. tabulu). Slipo slanifu krituma azimutu mérfjumi ir
noraditi rozes-diagramma. Citus apziméjumus skat. 5.11. attéla. A - Fotomozaika ar nogulumu griezumiem,
kurus veido 1. Faciju asociacijas fluvialie nogulumi, 2. Faciju asociacijas plidmainu ietekm étie fluvialie un
plidmainu nogulumi, 3. Faciju asociacijas plidmainu séru nogulumi un 4. Faciju asociacijas pladmainu
lidzenumu nogulumi (2. atsegums);, B - Smil$akmens ar viendabigu tekstiru (6. facija) atseguma augsdala,
kas veido plidmainu lidzenumu faciju asociaciju; C - Erozijas virsma, no kuras uz auggu sastop 3. slankopas
plidmainu ietekmétos fluvialos un pladmainu nogulumus; D - Dolomits ar viendabigu tekstiru (13. facija) ar
pirita konkrécijam, no atsegumu augédalas; E - Smalk- un loti smalkgraudains smilakmens ar straumju
ripsnojuma tekstiru 3. faciju asociacijas pamatné, kas ir plasi izplatits atsegumu teritorija; F - Smilfakmens
ar straumju ripsnojumu (7. facija) un smil$akmens ar viendabigu tekstiru (6. facija), no kuriem sastav 4.
faciju asociacijas plidmainu lidzenumu nogulumi. [Informacija mérogam: somas augstums C attéla — 50 cm;
kompass D un F attélos — 7 cm]

The presence of mainly single mud drapes, as well as the lower inclinations of
associated reactivation surfaces in comparison to underlying and overlying FA 2, indicate
that subordinate currents were stronger and possibly eroded the second mud drape as well
as significantly modified the bedforms (Visser, 1980; Dalrymple, Rhodes, 1995). The lack
of the mud drapes in some places and their preservation only in toesets of cross-strata, as
association with erosion surfaces at the toesets is also interpreted to be due to erosion by
increased current activity e.g. during spring tides (Rahmani, 1988). Climbing ripple
laminated sandstone formed by migration of ripples in conditions of high suspended
sediment load, causing high sedimentation rates (Reineck, Singh, 1980). The repetitive
vertical changes of the angle of climb indicate cyclic changes in the ratio between
sedimentation rates and downstream ripple migration rates, caused by periodically waning
and accelerating tidal currents (see Lannier, Tessier, 1998). Tidal bars are interpreted to be
formed in the outer-estuarine zone of tide-dominated estuaries, where sediment is derived
by tidal currents (Dalrymple et al., 1992; Dalrymple, Choi, 2007). The landward, seaward
as well as lateral migration of the tidal bars and lack of thick muddy deposits, as well as
the lack of inclined heterolithic strata are considered characteristic for the outer estuarine
zone (Dalrymple, Choi, 2007). The fine-grained texture of sandstone, the presence of mud
drapes and relatively high proportion of mud in succession of FA 3 in comparison to other
parts of the section, suggests that the deposition took place in the inner (proximal) reaches
of the outer estuary. Tidal bars also occur in the delta front of the tide-dominated and
influenced deltas (Willis et al., 1999; Willis, 2005; Dalrymple, Choi, 2007; Pontén, Plink-

65

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

Bjorklund 2007; Tanavsuu-Milkieviciene, Plink-Bjorklund, 2009). However, the delta-
front tidal bars consist of river-derived rather than marine-derived material, and display
systematic basinward migration (Dalrymple, Choi, 2007).

Facies Association 4: M ar ginal tidal flat deposits

Facies Association 4, documented in 12 measured sections, is up to 1 m thick and
occurs at the top of the outcrops, almost across the whole outcrop belt (see Figure 5.9.). In
places it is rather poorly exposed and eroded. FA 4 belongs to the SU 3 in the
southwestern part of the outcrop belt, where it overlies FA 2 of SU 2 (Outcrop 2, see Fig.
5.9). Further northeast FA 4 belongs to the SU 2 and overlies FA 3 of the SU 2 with a
gradational contact.

FA 4 consists of structureless sandstone (F6; 48 %; Figure 6.1.2.7.B) current
ripple-laminated sandstone (F7; 28 %; Figure 5.15F), and plane-parallel laminated and
structureless dolostone (F23; 22 %; Figure 5.15D). Climbing ripple laminated sandstone
(Facies 8), plane-parallel laminated sandstone (F5), and cross-stratified sandstone with
mud/mica drapes (Facies 4) form the remaining 2 % (see Figure 5.15). Sandstone is very
fine- to fine-grained, well-sorted, and has rounded grains.

FA 4 occurs as a fining- and thinning-upward succession, usually few dm thick
with upward increasing interbedding of mudstone and structureless sandstone. The
structureless sandstone (F6) is very fine- to fine-grained, well-sorted and cemented, 9-25
cm thick. The current ripple laminated sandstone (F7) consists of very fine- to fine-grained
sand material, which is mud- and mica-rich. The thickness of cross-lamina is several mm,
the thickness of depositional units varies from 2 to 70 cm. The individual cross-laminae
are in most places lined by mud or mica drapes. The contacts with other facies are sharp
and gradational, rarely erosive (see Figure 5.15B).

F7 does not form separate depositional units, it occurs normally as interlayers and
in toesets of cross-stratified sandstones (F4) with ripple migration directions opposite to
the direction of cross-sets. Cross-stratification of F4 and cross-lamination of F7 is lined by
mud, but mainly by mica drapes. Mud laminae are commonly non-continuous. The very
topmost parts of FA 4 display gradual vertical transition from fine sandstone to very fine
sandstone with dolomitic cement, which progressively amalgamates and grades upward
into dolostone (see Figure 5.15D). Plane-parallel laminated and structureless dolostone
(F23) has cryptocrystalline texture. It is mainly structureless and platy, only in places it is
plane-parallel laminated. Pyrite concretions occur on bedding surfaces of F23. Plane-
parallel laminated and structureless dolostone forms small, tabular units, 5-25 cm thick.
F23 has mainly gradational and sharp contacts with the underlying facies. The dolomitic
beds occur exceptionally on the topmost part of the studied outcrops and are in many
places eroded.

FA 4 is closely related to FA 3 in SU 2 and to FA 2 in SU 3. Both facies
associations form an overall upward-fining succession, where cross-bedded sands with
tidal bundles and mud drapes grade into interbedded sands and muds, capped by dolomitic
deposits (see Figure 5.15E).
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Figure 5.16
A - Photomosaic with measured sections showing fluvial deposits of Facies Association 1, tide-influenced
fluvial to tidal channel deposits of Facies Associations 2 (Stratigraphic units I and IT), tidal bar deposits of
Facies Association 3 and tidal flat deposits of Facies Association 4 {outcrop 7); B - Photomosaic with a
measured section from the tide-influenced fluvial to tidal channel deposits of Facies Associations 2
{Startigraphic unit IT} and tidal bar deposits of Facies Association 3 (outcrop 5); C - Photomosaic with a
measured section from the tide-influenced fluvial to tidal channel deposits of Facies Associations 2
{Stratigraphic unit I} and tidal bar deposits of Facies Association 3 {outcrop 6);, D - Enlarged fragment from
Figure B, illustrating the boundary between coarse-grained sandstones of Facies Association 1 and of fine-
grained ripple-laminated sandstones of Facies Association 3; E - Trough cross-stratified sandstone with mud
drapes on toesets of cross-strata (Facies 4%, F - Enlarged fragment from Figure A, illustrating the boundary
between unsorted fluvial sandstone of Facies Association 1 and finer-grained sandstone of tide-influenced
fluvial to tidal channel deposits of Facies Association 2; G - Cross-stratified sandstone with mud and mica
drapes. Current ripple-lamination occurs on toesets of cross-sirata; H - Photomosaic of tide-influenced fluvial
to tidal channel deposits of Facies Associations 2 and tidal bar deposits of Facies Association 3, illustrating
several signatures of tidal influence to the deposition: tidal bundles, neap-spring cycles, mud and mica drapes
and reactivation surfaces [Scale information: pen sharpener in D measures 3 cm; pencil in E measures 12 cm;
knife in F measures 30 cm]. For key, see Figure 5.11

5.16. attels
A - Fotomozaika ar nogulumu griezumiem, kuru veido 1. faciju asociacijas fluvialie nogulumi, 2. faciju
asociacijas plidmainu ietekmeétie fluvialie un plidmainu nogulumi (1. un 2. slankopas), 3. faciju asociacijas
plidmainu séru nogulumi un 4. Faciju asociacijas plidmainu lidzenumu nogulumi (7. atsegums); B -
Fotomozaika ar nogulumu griezumiem, kuru veido 2. faciju asociacijas plidmainu ietekmétie fluvialie un
plidmainu nogulumi (2. slankopa) un 3. faciju asociacijas pladmainu séru nogulumi (5. atsegums), C -
Fotomozaika ar nogulumu griezumiem, kuru veido 2. faciju asociacijas plidmainu ietekmétie fluvialie un
plidmainu nogulumi (1. slankopa) un 3. faciju asociacijas pladmainu séru nogulumi (6. atsegums); D -
Palielinajums no B attéla, kas norada uz robeZu starp 1. faciju asociacijas rupjgraudaniem smilfakmeniem ar
3. faciju asociacijas smalkgraudainiem smilfakmeniem ar ripsnojuma tekstiiru; E - Slipslanots smilfakmens
ar mala kartinam uz slipo slaniu apaksas (4. facija);, F - Palielinajums no A aitéla, kas norada uz robezu
starp 1. faciju asociacijas vaji skirotiem fluvialiem smil$akmeniem un 2. faciju asociacijas pladmainu
ietekmeétiem fluvialiem un plidmainu smalkgrandainakiem smil$akmeniem; G - Slipslanots smilfakmens ar
malaun vizlu kartinam. Straumju ripsnojuma pazimes redzamas uz slipo slani$u pamatném; H -
Fotomozaika ar nogulumu griezumiem, kuru veido 2. faciju asociacijas plidmainu ietekmétie fluvialie un
plidmainu nogulumi (2. slankopa) un 3. faciju asociacijas plidmainu séru nogulumi, kuros redzamas
vairakas pliidmainu pazimes: pliidmainu kartas, plidmainu cikli, mala un vizlu kartinas un reaktivacijas
virsmas [Informacija mérogam: zimulu asinamais D attéla - 3 cm gar$; zimulis E attéla - 12 cm gar§; nazis F
attéla - 30 cm gar§]. Apziméjumus skat. 5.11. atiéla

Interpretation:

The fine sand grain size, the ripple-cross lamination and the mudstone interbeds in
plane-parallel laminated sandstones, together with the common mud and mica drapes
indicate deposition in lower energy tidal cumrents, compared to the other facies
associations. Plane-parallel laminated sandstone can be fromed by unidirectional
(Collinson, 1996), bidirectional or even oscillatory currents by movement of plain beds.
The close association with F7, as well as the presence of mud and mica drapes on the
parallel laminae suggest tidal origin of this facies. The sandstone of F6 may only appear
structureless due to the similar-size (small) sand grains, as it locally displays faint
lamination. Because of its fine-grained texture it is interpreted to be deposited as plane
beds in lower flow regime. Current ripples that occur on the toes of the dune lee-sides can
form as back-flow ripple sets deposited on the toesets of the dunes from unidirectional
currents, or may be deposited from the subordinate current of assymetrical tidal currents.

The plane-parallel laminated and structureless dolostone is interpreted to have
formed in a low energy environment by carbonate precipitation (Reineck, Singh, 1980).
The precipitation of carbonate deposits if compared with siliciclastics usually takes place
in normal to high-salinity conditions. The replacement of carbonate mud or consolidated
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limestones with dolomite (dolomitization) usually takes place in arid climate settings, in
lagoonal, tidal flat or sabkha environment, as well as in restricted to open epicontinental
sea basins (Purser et al., 1994).

The fine-grained composition of the deposits and abundance of dolostones, the
close association with the uppermost part of the tidal-fluvial transition (FA2) and inner
part of outer-estuarine deposits (FA3), as well as the overall occurrence at the top of the
succession, suggest deposition on marginal tidal flats (Dalrymple, Rhodes, 1995).

5.1.3 Depositional model and estuary evolution

Vertical and lateral facies transitions derived from the outcrop data, the comparison
with the adjacent deposits of Pdrnu Fm, derived from the drill-core data, as well as the
overall stacking pattern of the succession indicate that the Pamu Fm in the study area is
formed in tide-dominated estuary in a shallow, epicontinental sea. The estuarine
succession consists of three erosionally based vertically stacked packages (see Figure 5.9.
and Figure 5.17.). The lower part of the studied section shows progradational character, as
the tide-influenced fluvial and tidal channel deposits (FA2 of SU1) at the bottom pass to
fluvial deposits (FA1 of SU2). Upwards they pass retrogradationally to tide-influenced
fluvial and tidal channel deposits (FA2 of SU 2) and further to tidal bars (FA3 of SU2).
This part of succession is overlain by aggradational tidal-flat deposits (FA4 of SU2),
which in turn are overlain by tide-influenced fluvial and tidal channel deposits (FA2 of
SU3) at the very southern end of the outcrop belt. In such manner the studied succession of
the Parnu Fm indicates a few steps in change in balance between sedimentation and
relative sea-level rise.

The lowermost of the three vertically stacked tide-dominated estuarine units (SU 1,
see Figure 6.1.2.1. and Figure 6.1.3.1.) is an erosional remnant and reaches thickness of
only few m, whereas the overlying unit (SU 2} is 6-7 m thick and represents estuary fill,
while the topmost unit in southern part of the outcrop belt (SU 3) is also an erosional
remnant, up to 3.5 m thick and is spatially limited.

Estuary in this study is defined according to Dalrymple et al. (1992), as “a seaward
portion of the drowned incised valley system, which receives sediments from baoth fluvial
and marine sources and which contains facies influenced by tide, wave and fluvial
processes’ . According to Dalrymple et al. (1992), tide-dominated estuaries are divided
into three main zones on the basis of energy distribution: 1) inner zone characterized by a
single relatively straight to meandering channel, becoming straight again towards the
opening of the estuary; 2) middle zone, developed by a braided system and dominated by
multiple channels and shoals; 3) outer zone with tidal sand bars. The inner part of the
fluvial-tidal transition zone is river dominated with a net seaward transport of sediments,
which inner end coincides with the “tidal limit”. The main volume of estuarine deposits,
such as tide-influenced fluvial and tidal channel deposits (FA2; SU1, 2 and 3), and tidal
bars (FA3, SU2), was accumulated in tidal-fluvial transition zone and inner reaches of the
outer estuary (see Figure 5.17.). The muddy and mixed tidal flat deposits (FA4) occur at
the top of the FA2 and FA3 of SU2 and SU3. Fluvial deposits (FA1) are found at the
bottom of the SU2 and form the base of the retrogaradtional succession of SU2.
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During estuary evolution, the depositional architecture and estuary morphology
changed throughout SU 1 to SU 3 (Figure 5.18.). The occurrence of tide-influenced fluvial
and tidal channel deposits (FA2) at the bottom of the Parnu succession (SU1) in the study
area indicates deposition in central part of an estuary, in fluvial-tidal transition zone. The
lack of fluvial deposits at the base of SU 1, the small thickness of the unit, and the erosive
character of the overlying upper members of SU2 suggest fluvial erosion (see Figure
5.12.). The landward orientation of smaller bedforms in number of outcrops suggests
deposition in the outer straight reach of the central estuary which is tidally dominated due
to strong flood-tidal currents (Dalrymple et al., 1992). The channel contained alternate,
bank-attached bars and some mid-channel bars. The bars were oriented both landwards and
basinwards, which indicates that flood and ebb-dominant channels coexisted. As the water
and transported sediment follow a circuitous route in and out of the estuary, it leads to
spatially varied systems, where some parts of the estuary are flood-dominated and other
parts ebb-dominated (Ashley, 1990; see Figure 5.17.). Moreover, main flows of flood and
ebb tides in the estuaries and deltaic distributaries are steered toward different directions
because of the Coriolis effect, resulting in different current strength and depositional
patterns along the two different banks (Daidu, 2012). In addition, the morphological
irregularities that exist because of the presence of channel meanders and elongate tidal
bars, which are slightly oblique to the flow, create localized areas of ebb- and flood-
directed residual movement of sediment (Dalrymple et al., 2012).

The meandering part of the “straight-meandering-straight” zone of the central
estuary marking the lowest energy portion of the system and being in position of net
bedload convergence, where grain sizes in the channel become finer towards this area from
both directions according to Dalrymple and Choi (2007), is missing in SU1 (see Figure
5.18). The location of the turbidity maximum is not stable, as it depends on the magnitude
of river discharge and the tidal phase (Van den Berg et al., 2007). At low river discharge
the maximum mud concentration and deposition of mud does not take place in the area of
flood and ebb channels, but is related to the upstream meandering reach. Another
explanation could be that the lack of the bedload convergence zone of an estuary, where
the turbidity maximum zone occurs, can be explained by the erosion by stronger tidal
currents removing evidence of fine-grained deposits, and re-depositing large mud clasts,
which are observed on the boundary with underlying deposits of SU2. The
hypersyncronous (tidal range and tidal currents increase landward) character of tidal
currents is responsible for sediment removal from the central estuary zone. This is similar
to distributary mouth bar area of tide-dominated and tide-influenced deltas of BDB, where
sediment fines seaward from the distributary channels (Plink-Bjorklund, 2012).

The complete axial facies succession of SU 2 reflects the tripartite depositional
realm: from fluvial at the base through mixed fluvial-tidal to tidal at the top, indicating a
transgression during its formation. Erosively based SU 2 cuts into deposits of SU 1 and is
composed of fluvial deposits (FA 1) at the base of the unit. It suggests fluvial erosion
followed by significant sediment input, which is explained by the major erosional surface,
channel scours at the base and coarse grain-size and immature material of the channel fill
deposits at the base of this unit. The compositional nature and channelized pattern of the
lower part of the succession supports interpretation that fluvially-dominated deposits of
inner estuary form the base of SU 2 in the study area (see Figure 5.10.). Lateral migration
of channels and increased fluvial discharge caused frequent erosion of the marginal tidal
flats, as the floor of these channels consist of a patchy lag of mud pebbles derived from
erosion of the banks.
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Figure 5.18. Parnu FM in the outcrop area is interpreted to be deposited in fluvial channels
of inner estuary, fluvial-estuarine transition zone ofthe central estuary, tidal bars of outer

estuary and marginal tidal flats
A - estuary model redrawn from Dalrymple, Choi (2007); B — a whole representative measured section of the
deposits in the outcrop belt (for keys, see Figure 5.11.)

5.18. Attels. Pernavas svita atsegumu teritorija tiek interpretéta ka estuara ieksgjas dalas
fluvialu kanalu, estuara centralas dalas fluvialo-pliidmainu apstaklu parejas zonas, ka ari
estudra aréjas dalas pludmainu séru un piegulofo plidmainu lidzenumu veidojums
A - estuaramodelis parziméts no Dalrimple, Choi (2007); B — nogulumu slankopas kopgriezums no
atsegumu teritorijas (apziméjumus skat. 5.11. att.}

The overall southerly orientation of palaeocurrent directions with abundant
current reversals at the bed scale in southern end of the study area is interpreted as fluvial
and hence seaward-directed currents are stronger than landward-directed flows
(Dalrymple, Choi, 2007). The fluvial processes governed channel dynamics and only
during some episodes the flood current penetrated in the seaward part of this zone. These
currents were however weak and of short duration and unable to scour channels.

Overlying compositionally immature, coarse to fine-grained sandstones
alternating with relatively mature cross-stratified sandstones (FA 2) suggest that they are
deposited in fluvial-tidal transition zone (Dalrymple et al., 1992; Richards, 1994; see
Figure 5.13.). In the most downstream part of the fluvialtidal zone the presence of
sedimentary intervals of coarser sand may be an important diagnostic feature for this zone
(Van den Berg et al., 2007). The alternation of fluvial and tide dominated deposits in the
section typical for FA 2, suggests the fluctuation in time of fluvial and tidal influence
related to river discharge or tides, and is typical for fluvial-tidal transition zone (Van den
Berg et al., 2007).

Since more bedforms appear to be deposited as lateral accretion units, in
comparison to FA 2 deposits of the SU1, the succession is interpreted to be formed in more
sinuous channels close to the outer straight reach of the “straight-meandering-straight”
zone of the central estuary (Dalrymple et al., 1992; Billeaud et al., 2007; Burningham,
2008). This is reconfirmed by the stronger presence of tidal activity to deposition in more
southerly situated outcrops of the study area, since the tidal modulations here are more
significant. The channels show a repetitive pattern of channel bends and tidal bars (Figure
5.19). The flood and ebb channels are separated by tidal bars consisting of or a complex
series of bars separated from each other by one or more by oblique channels, called
swatchways (Robinson 1960). The lack of tidal flat deposits that would have flanked the
main channels, indicate erosion by the currents.

The gradual increase of tidal activity upwards is characteristic for SU 2, reflecting
deposition in strongly tide-dominated channels and bars (FA3) of outer estuary flanked by
tidal flats (F A4). In the outer part of tide-dominated estuaries, the ebb- and flood-dominant
channels form a mutually evasive system of channels that are separated by elongate tidal
bars (Dalrymple et al.,, 2012; see Figure 5.14.). These large bars, therefore, form a linear or
very gently curved "bar chain” (Dalrymple et al., 1990), that are separated by swatchways,
that dissect the bar chain and connect the ebb and flood channels (Dalrymple et al., 2012).
Ebb-dominated channels form the bulk of the succession. Flood-dominated channels are
invariably discontinuous, terminating headward into sand bars. They are separated from
the main ebb channel by tidal bars that attaches to other bar (Dalrymple et al., 2012; see
Figure 5.19.). The tidal flat deposits covering the tidal bars indicate aggradation and
gradual infill of estuary.
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Figure 5.19. Block diagram with hypothetical reconstruction of major morphological
elements and associated bedforms, illustrated in different time maps reflecting various

stages in the estuary evolution
On the right hand side time slices illustrate the major bedform (bars) and smaller scale bedform {dunes)
orientation reconstructed from palaeocurrent data and bedform architectural elements in all outcrop belt

5.19. attéls. Bloka diagramma ar galveno morfologisko elementu un formu hipotétisku
rekonstrukciju, kas attélota dazadas “laika plaksnes”, un norada uz estuara attistibu
vairakas fazes

Labaja puse ir noraditas atseviskas , laika plaksnes”, kas ilustré lielo un mazo paleoformu orientaciju baseina,

kas ir rekonstruétas pec slanu virsmu un slipslanojumu krituma azimutu datiem un slankopas uzbives
ipatnibam visa atsegumu josla

According to Dalrymple et al. (2012), the width of the mudflats that flank the
channels of estuary become broader in a seaward direction, which probably explains the
presence of the tidal flat deposits associated with FA 3 and lacking in association with FA
2in SU 2, where it is eroded and present as mud clasts.

The occurrence of which exactly part of outer estuary (distal to proximal) deposits
of FA 3 of Parmu succession belong to, can be debatable, as according to Dalrymple et al.,
1992, the outer estuary zone is charaterized by coarse-grained elongate sand ridges, where
mud drapes are not abundant because of erosion by subsequent currents. The FA 3 of SU 2
is interpreted to be formed in the proximal reaches of the outer estuary, where large bars
are abundant, but elongate sand ridges are absent. According to Dalrymple et al. (2012)
this area that lies landward of the elongate sand ridges, consists of fine to very fine sand
and occupies the zone of strongest tidal currents. Mud drapes are most common in
relatively sheltered areas, and especially in the troughs of the tidal bars (Dalrymple et al.,
2012), which is typical for FA 3, since this is the muddiest part of all section. Dune cross-
bedding is also most common in the transition to the elongate tidal ridges, because this is
the area where grains are coarse enough to support dunes (Dalrymple et al., 2012).

The sediment in tide-dominated estuaries is typically coarsest at its mouth and
head, and finest in the vicinity of the bedload convergence (Dalrymple et al., 1990). Thus,
sediment in the outer estuary, and in the flood-dominant areas in particular, tends to be
composed of medium to coarse, or even very coarse, sand, whereas the middle and inner
estuary are characterized by fine and very fine sand. If dunes are present on the channel
floor, the muds are preferentially preserved in their troughs generating muddy bottomset
and toeset deposits, characteristic for FA 3. The sands in these channel deposits will fine
upward, whereas the amount of mud and mud-layer thickness will decrease upward,
producing an upward-cleaning, but upward-fining succession (Dalrymple, 2010), similar to
those in outcrop 1, FA 3. At any one location, the cross bedding is likely to have a
unidirectional paleocurrent direction because of the local dominance of the flood or ebb
current (Dalrymple et al., 1990) also characteristic for this part of the section.

Thus, in summary, according to the definition of Dalrymple et al. (1992), the
succession of SU2 in the study area formed in fluvial and slightly tidally influenced fluvial
environment of inner estuary with gradual increase of the simuosity of channels
basinwards, towards central estuarine transitional zone with tidal channel and bars of high
sinuosity, and to rather straight channels and bars of outer estuary, reflecting the seaward
increasing dominance oftidal processes (Figure 5.20.). The upward-fining from the base of
SU 2 to its top and the development of the estuarine succession indicate gradual relative
sea-level rise rate through the estuary evolution. The erosively based SU 3 in the southern
part of the study area composed of tide-influenced fluvial and tidal channel deposits (FA
2) indicates a new stage of incision and infill (see Figure 5.15.).

75

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

9L

d3IATY

TYNGTLEY

<

1sndde] ourexeu 1e)S ‘S[PNE 07°S
afed1xou 228 "g7'¢ 2mB1]

LD TSy SW S CSIAT 8 T D

<
A3LYNIWCGHI-H3IATH

wrorordore Ilv

aLHETYY

}}}}}

M IHFANYIN A DTVE LS, o

EL AL

AdVNLS3

§ ATFANI-OIHTIN

7

31N IWCHI-INTHI

— WZﬂzHEOn_ 20074) ._ﬁOH._.umEEE

}}}}}}}

(€ W) sleq pue SOUUEYD PJEUTUIOP-2P1) (ATENSS I "¢

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com

Figure 5.20. Bedform reconstruction from Stratigraphic unit 2, Tori outcrop (Nt 1)
A - A three-dimensional depositional model representing the development of the estuarine bedforms in
Stratigraphic unit 2 from outcrop 1, based on cross-strata and major bedform palaeocurrent directions, as
well as on facies architecture. The thinner arrows mark directions of fluvial flows, while thicker arrows mark
the directions of tidal currents; B - Estuary model, which illustrates the position of various stages of the Tori
estuary (after Dalrymple, Choi, 2007), C - A representative measured section from Tori outcrop

5.20. attels. 2. slankopas paleoformu rekonstrukcija Tori (Nt 1.) atseguma
A - 3-D modelis, kas ilustré estuara paleoformu attistibu péc slanu virsmu krituma azimutu mérijumiem un
slankopas uzvbives ipatnibam. Tievakas bultas norada uz fluvialam plismam, bet biezakas uz plidmainu
plismam; B - Tori estuara attistibas stadiju modelis (péc Dalrymple, Choi, 2007); C - Tori atseguma
nogulumu griezums

The overall fining-upward pattern of the succession is interpreted to be a result of
vertical channel aggradation and lateral channel migration by point bars (Miall, 1992).
Major bedding surfaces with flood oriented strata dips are observed only locally in
southern end of the outcrop belt. However most facies dip basinwards, suggesting ebb-
dominated currents. These cross-sets presumably formed on similar scale bedforms that
migrated across broad shallow-water shoals where the dominant current was locally flood
directed and free to cross the shoal morphology. As a result the ebb channels dictated the
large morphological changes (see Figure 5.19.).

Overall the Parnu Fm in the study area is interpreted to represent an estuary filling
an incised valley (Emery, Myers, 1996; Boyd et al., 2006; Dalrymple, 2006). Poorly
sorted fluvial channel deposits with significant erosional surfaces and channel-fill
architecture in the lowermost part of the succession derived from adjacent drill core data,
suggests that deposits have been formed due to a wvalley cut into underlying Silurian
carbonate rocks.

The retrogradational, fining upwards stacking pattern of each SU indicates that
the rate of sediment input was less than the rate at which depositional (accommodation)
space generated by sea-level rise. Such a stacking pattern is particularly common during
transgression (Reading, Collinson, 1996), resulting in flooding of this valley (Allen,
Posamentier, 1993). A successive change from tidal bedforms into tidal flat, capped by
overlying shallow marine deposits of Narva Fm (T dnavsuu-Milkeviciene, Plink-Bj&rklund,
2009), records continued deepening of the basin. The river valley was incised during sea-
level falling stage and lowstand, and was transformed into an estuary during rising stage of
relative sea level (Reisnos, 1992), that underwent 3 stages of incision and infill (see SU 1,
SU 2, SU 3). According to V. Kuris (Kurshs, 1992) and Kleesment (1997) the beginning
of Parmu time throughout the BDB is marked with a major transgression. The lowstand
deposits of SU 1 and the relatively thin lowstand fluvial deposits of SU 2 must have been
largely eroded, as the valley acted as a bypass zone. The lowermost boundary of these
beds, cut into underlying Silurian carbonate rocks, is interpreted to mark the sequence
boundary of the succession that can be traced farther basinwards and marked by a
gignificant uncomformity (see Figure 5.17.). This is possibly why no fluvial facies are
preserved at the base of SU 1 and the valley fill begins with tide-influenced fluvial-tidal
channel and bar deposits, because fluvial incision has been modified by the initial stages of
marine transgression (Reinson, 1992). The overlying tidal bars and tidal flat of the Parnu
succession formed in response to relative sea level rise and belong to a fining upward unit
of transgressive system tracts, developed during the major period of a relative sea level rise
(Dalrymple et al., 1994). It formed due to the progradation and lateral migration of tidal
channels and tidal flat deposits across the estuarine system.
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5.14. Tidal signaturesin coar se-grained sedimentsand tidal influence tothe
deposition

Tide-influenced environments produce special types of cross-strata that leave tidal
signatures (Nio, Yang, 1991; Dalrymple, 1992). Although a lot has been learned in recent
years about the stratigraphy of the deposits of tide-dominated estuaries, much less is
known about the detailed nature of the facies within them (Dalrymple et al., 2012).

General criteria for recognizing tidal signals in recent and ancient strata are
relatively well known (De Raaf, Boersma 1971; Nio, Yang 1991; Dalrymple, 1992; 2010;
Fenies et al., 1999; Dalrymple, Choi, 2007), and have also been well used for the BDB
(Pontén, Plink-Bjérklund, 2007; Tanavsuu-Milkeviciene, Plink-Bjorklund, 2009).

The aim of this chapter is to acquaint with various tidal signatures documented in
the Parnu Fm in outcrop area, such as tidal bundles and neap-spring cycles, mud drapes,
reactivation surfaces together with associated sigmoidal cross-stratification, current
reversal indicators, thythmic current velocity changes and rhythmic sediment fallout rate
changes at cross-straia and cross-laminae scale. These tidal signatures are important in
reconstructing the ancient environmental settings of deposition and to distinguish in which
environment they occur: fluvial-tidal transition zone and proximal reaches of outer estuary
zone.

The hydraulic and morphological characteristics makes the transitional zone
different from the “pure” fluvial and estuarine environment and make as such it
distinguishable on the basis of sedimentary structures and textures as a separate
environment. Not much information exists on this zone (Dalrymple, Choi, 2007; Van den
Berg et al., 2007). In this dissertation it is aimed to pinpoint common characteristics that
allow recognition of the fluvial-tidal transition signatures from signatures in outer estuary
zone (Table 5.5).

Many structures of the fluvial-tidal zone and proximal reaches of outer estuary
suggest conditions of rapid deposition. This may reflect the high mobility of channels in
both environments. The diagnostic features of the fluvial-tidal transition zone and inner
outer estuary, as manifested in the studied outcrops, are described and illustrated in detail
here. They primarily refer to large-scale dune cross bedding and decimetre-scale
successions. However none of the distinctive structures mentioned hereby of the fluvial-
tidal zone and inner reaches of outer estuary can be considered as exclusively diagnostic
for the recognition of these zones. Therefore, the criteria listed here should be used as a
complex of diagnostic features and have a comparative value.

Tidal bundles and neap-spring cyclicity

Tidal bundle is defined by Boersma (1969) as the deposit of a single, dominant tide,
which is bounded by mud drape or erosional surfaces produced during the slack-water
periods or subordinate current. Tidal bundle consists of the material that is deposited on lee
side of the bedform during the dominant current stage. The horizontal extent of each
bundle shows the net migration during a single tide. The succession of systematic changes
in bundle thickness commonly reflects deposition over a series of neap-spring tides (Nio,
Yang, 1991; Dalrymple, Rhodes, 1995). During spring tides, which are characterised by
higher tidal ranges and current velocities, thicker tidal bundles are deposited, whereas neap
periods result in thinner tidal bundles.

Tidal bundles are one of the most typical tidal signatures in the study area. Tidal
bundles are observed in FA 2 and 3 that occur in SU 1, 2 and 3. They are especially
prominent in FA 3 of SU 2, which represents outer estuary. There in many places muddy,
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neap-tide intervals composed of closely-spaced or very ofien amalgamated mud drapes
typically pass laterally within cross-sets into thicker and sandier, spring-tide bundles
(Figures 5.21A and B). Apart from the variations in bundle thicknesses, variations in shape
and thicknesses of cross-stratified units are also observed for FA 3. The thick bottomsets
are related to the thinner bundles, indicating that well developed bottomsets have been
formed during neap tides. The variations in current speed, causing erosion during spring
tides and infilling during neap tides, produced also changes in dune height, which are
reflected in the depth of erosion (Figure 5.21B). Larger dunes were formed during the
stronger currents of spring tides and smaller dunes - during the neap tide (Nio, Yang,
1991).

For FA 2, which represents tidal-fluvial transition zone, tidal bundles are
highlighted usually by reactivation surfaces, and less by mud drapes, which are rarer and
indistinct. Besides the lateral sequence of tidal bundles in FA 2 is not arranged in such a
consistent way representing clear pattern of neap-spring cycles of mud-draped tidal
bundles as for FA 3. This coincides with the observations of Van den Berg et al. (2007),
for the tidal bundles of'the tidal-fluvial transition zone deposits.

Attempts to count the tidal bundles based on time-series analysis in the study area
were unsuccessful. The mumber of neap-spring tidal bundles in ideal pattern are 7-14, but it
is rarely seen in ancient rock record (Nio, Yang, 1991), including the study area, mainly
due to the amalgamation and omission of the bundles, which makes impossible to make
calculations (Figure 5.21C). The amalgamation of the bundles is caused by the interruption
in sedimentation or ceased bedform migration during neap-tides, which are characterized
by very low current velocities below the threshold of sediment movement, thus current
velocity is too low for sand movement (Tessier, Gigot, 1989; Stupples, 2002).
Amalgamation can be caused also by spring tides, when several sand layers are deposited
without intervening muds, which are removed by the stronger spring tidal currents
(Stupples, 2002). Similarly, at neap tides low energy conditions prevail and deposition of
sand might not occur for several tides, allowing the amalgamation of mud layers (Stupples,
2002). Omissions of bundles can be caused by possible reworking by storm event or wave
processes (Yang, Nio, 1985; Kvale et al., 1995), which is unlikely for the study area. Most
probably, it is caused by stronger spring tidal current.

Summarizing, the inconsistent way of arrangement of tidal bundles in deposits of
FA 2 reflects deposition under tidal influence in fluvial-tidal transition zone, with strong,
but irregular tidal flow presence. In the channels and bars of the proximal part of outer
estuary (FA 3) tidal bundles are more abundant and better organized. They are distinct,
with clear pattern of neap-spring cyclicity, thus reflecting stronger and constant tidal
influence to the deposition.

Mud and mica drapes

Mud drapes form on the lee side of the bedforms during slack water periods, a
time of water-stand-still (Nio, Yang, 1991). Such slack-water mud drapes may form in
different depositional environemts, in particular in rivers, which have only seasonal flow,
but they are most common in tidal settings, where abundant, regular mud drapes together
with tidal bundles are good indicators of tidally dominated environments (Nio, Yang,
1991).

Mud and mica drapes are very common tidal signature in the study area and are
present in FAL, FA 2 (SU 1, 2, 3), and FA 3. In fluvial deposits of FA 1 few mud drapes
occur only in southern part of the study area. For FA 2 in all stratigraphic units mud drapes
are thin and relatively indistinct, they appear to be also more silty and mica rich.
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Figure 5.21. Ilustrations, showing variety of tidal signatures in the deposits of Parnu

Formation in the outcrop area
A —Tidal bundles, neap-spring tidal cycles and mud/mica drapes in deposits of Facies Association 2,
Stratigraphical Unit 2, outcrop 4; B — Fine-grained cross-stratified sandstone with thick mud drapes in the
middle part of the outcrop wall, representing Facies Association 3, Stratigraphical Unit 2 from outcrop 1.
Note erosional scours at the bottom of the package with thick mud layers; C — Tidal bundles in cross-
stratified sandstone, representing cyclic grain size decrease from concave-up scours in the lower part of the
photo, amalgamated mud and mica drapes in the upper part of the photo, Facies Association 2,
Stratigraphical Unit 2, outcrop 4; D — prominent and low angle reactivation surfaces and thick mud drapes in
the deposits of Facies Association 3, Stratigraphical Unit 2, outcrop 1; E — in comparison to D, relatively
steep reactivation surfaces in coarser-grained sediments of Facies Association 2, Stratigraphical Unit 2,
outcrop 4; F — enlarged photo of E; G — fine-grained cross-stratified sandstone with superimposed reversely-
directed current-ripple lamination, stressed by mud drapes; H — an illustration of grain size gradual change
within cross-strata in variably-grained sandstones of Facies Association 2, Stratigraphical Unit 1, outcrop 7

5.21. attels. Pludmainu pazimes Pernavas svitas nogulumos atsegumu teritorija
A —Pladmainu kartas, plidmainu cikli un malafvizlu karinas 2. faciju asociacijas nogulumos, 2. slankopa, 4.
atsegums; B — Smalkgraudainas, slipslanots smilfakmens ar biezam mala kartam atseguma vidusdala, 3.
faciju asociacija, 2. slankopa, 1. atsegums. Slankopas lejasdala erozivs iegrauzums pildits ar biezakam mala
kartam; C — Plidmainu kartas slipslanotaja smil$akmeni, kas redzamas cikliskas graudu izméru izmainas
slipslanotas kartas attela apakidala; sapludugas kopa malafvizlu kartas attela auggdala, faciju asociacija, 2.
slankopa, 4. atsegums; D — izteiktas un lézeni kritosas reaktivacijas virsmas, ka ari biezas mala kartas 3.
faciju asociacijasnogulumos, 2. slankopa, 1. atsegums; E — salidzinajuma ar D attélu, relativi stavi kritosas
reaktivacijas virsmas rupjgraudainakos 2. faciju asociacijas nogulumos, 2. slankopa, 4. atsegums; F —
palieinats fragments no E attéla; G — smalkgrandains slipslanots smilfakmens ar pretéja virziena veérstu
straumju ripsnojumu, ko pasvitro mala kartinas; H — graudu izméru ritmiskas izmainas slipslanotas kartas
daZaderaundainaja 2. faciju asociacijas smilfakmend, 1. slankopa, 7. atsegums

On the contrary, regular and distinct mud drapes are most abundant in bedforms
of FA 3, indicating increased suspended sediment load and better-developed slack-water
periods (see Figure 5.21B).

In deposits of FA 2, in contrast to FA 3, mica drapes are more characteristic.
According to Van den Berg et al. (2007), mud drapes in the fluvial-tidal zone seem to be of
a more silty nature as compared with estuarine slack water deposits. The mica drapes are
similar to mud drapes and organic material drapes already described (Visser, 1980; Nio,
Yang, 1991; Fenies et al., 1999). Nevertheless, mica and mud drapes are less abundant
than in FA 3, more indistinct and amalgamated, thus reflecting that the waning currents
were largely absent. Also, the low-tide slack-water drape is restricted to the bottomset of
cross-sets and drapes the emergence run-off current ripples, generated in very shallow
water by run-off currents that flowed along the dune troughs just before or during the
emergence of the bar at low tide (Fenies, 1999). The absence of regular mica and mud
drapes may be because currents were generally more continuous during deposition of this
facies or that stronger currents removed evidence of depositional pauses (Fenies, 1999;
Willis et al., 1999).

For the deposits of FA3 mud drapes are typical, which are often more than 1 mm
thick, reflecting high-suspended mud concentrations generated by regular water-stand-still.
The differences in thicknesses of mud drapes reflect their deposition in neap and spring
tidal cycles. Thicker and amalgamated mud drapes, deposited during neap-tide, are well
preserved and occur in the bottomsets of cross-strata (see Figures 5.21B and D), forming
thick packages. This indicates that the thick bottomset intervals correspond to neap-tide
conditions, when dune height decreases and the dune trough is partly filled in (Van den
Berg, 1982; Rahmani, 1988). During the spring tide, when current activity increased, the
slack-water mud drapes were eroded at the dune crest by the tidal current and were
preserved mainly bottomsets (Dalrymple, Rhodes, 1995). According to Van den Berg et al.
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(2007), such thick bottomsets in tidal deposits can be distinguished from their counterparts
in fluvial-tidal transitional zone by a much better organization. Mud drapes are also
common in cross-laminated sandstones draping regularly each cross-laminae. At the larger
bedform scale, in FA 3, where slightly inclined master bedding surface are present with
superimposed cross-strata, mud drapes are concentrated in the lower parts of these
bedforms and decrease upward thus reflecting a cleaning-upward pattern (see Figure
5.14.). This probably reflects that mud was washed away from the upper parts of the bars
in stronger flood currents. In general, single mud drapes are typical for the entire
succession, whereas double mud drapes are nearly absent, which together with occurrence
of abundant reactivation surfaces indicate possible erosion of first mud drape by relatively
strong subordinate currents (Dalrymple, Rhodes, 1995; Willis, 1999).

The presence of the mud couplets and tidal bundles is diagnostic feature of subtidal
sedimentation (Rahmani, 1988). Few mud drapes in fluvial deposits of FA1 at the very
basinward part of the outcrop belt indicate occasional tidal influence. Indistinct and
irregular mud drapes of tidal-fluvial transition zone (FA 2) reflect deposition most
probably due to relatively low suspended sediment concentration and too high water
mobility (Dalrymple, Choi, 2007) in fluvial-tidal transition zone. This is in contrast to Van
den Berg et al. (2007), who describes thick bottomsets of mud in cross-strata in deposits
formed in fluvial-tidal transition zone. According to Fenier et al. (1999), who provides
indications from intertidal deposits of Gironde estuary, in intertidal sediments during neap
tides, mud drape couplets are not visible because the bundle of the subordinate current is
too thin. Mica drapes typical for FA 2, imply stronger fluvial currents, or weaker
subordinate tidal current than mud drapes (Pontén, Plink-Bjérklund, 2007), therefore they
are common for tidal-fluvial transition zone of the estuary. Most abundant, regular and
thick mud drapes of FA 3 suggest deposition in tidal currents in proximal parts of outer

estuary.

Reactivation surfaces

Reactivation surfaces are minor erosional surfaces within the cross-stratified beds
and are widely documented in the deposits of the P4drnu Fm in the study area. Reactivation
surfaces can form in different depositional environements (Nichols, 1999). In fluvial
depositional environment they indicate interruption in migration of the bedforms during
low river stage, exposing the bedform and causing the erosion, with the following rise in
fluvial stage allowing the bedform to resume migration and build over (Collinson, 1996).
However the wide presence of reactivation surfaces together with mud and/or mica drapes,
tidal bundles and current reversals, indicate formation due to tidal currents.

Reactivation surfaces, interpreted to be formed due to the interruption of bedform
migration, are very typical tidal signatures for the deposits of the study area. They occur in
FA 1, 2, 3 throughout the entire section, except for the topmost part formed by tidal flat
deposits (FA 4).

In the fluvial deposits of FA 1, where reactivation surfaces are irregular, it is
suggested that the bedform migration was occasionally interrupted due to episodes of
either stonger fluvial currents or by tidal currents (Collinson, 1996; de Mowbray, Visser,
1984). In the dominant part of the succession (FA 2 of SU 1, 2, 3 and FA 3 of SU 2) the
abundant occurence of reactivation surfaces together with the evidence of mud drapes,
tidal bundling and sigmoidal cross-stratification (FA 3; Figure 5.21D) is interpreted to be
formed due to the erosion caused by subordinate tidal currents (de Mowbray, Visser, 1984;
Nio, Yang, 1991; Shanely et al., 1992).
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The character and shape of reactivation surfaces in the study area varies in
different parts of the section. The bedforms, eroded by subordinate currents, illustrate
different angles in removed crests of the subaqueous dunes. For cross-stratified beds of FA
2 relatively steep inclination in dip of reactivation surfaces records short term changes in
tidal bedload transport (Dalrymple, Rhodes, 1995) and weaker subordinate current (see
Figures 5.21E and F). Whereas for cross-strata of FA 3 the reactivation surfaces are low-
angled (see Figures 5.21B and D), illustrating increase in strength of the subordinate
current. Thus, erosional reactivation surfaces for the deposits of FA 3 become prominent,
low-angle surfaces at spring tides. Moreover, the slope of the reactivation surfaces may
change laterally because of the changes in tidal velocities in spring and neap tides (Fenies
et al., 1999). Variations in the spacing of reactivation surfaces and the thickness of the
bundles reflect changes in bedload transport over neap-spring tidal cycles (Richards,
1994), and the reactivation surfaces in deposits of FA 3 are closely spaced, reflecting
stronger tidal currents (Nio, Yang, 1991; Dalrymple, Rhodes 1995).

Reactivation surfaces are quite prominent in many ancient stratigraphic sequences
and are represented in subtidal and tide-influenced environments (Nio, Yang, 1991). In the
study area occasional reactivation surfaces occur in the fluvial channel bedforms (FA 1) of
the Pérnu time estuary. Increased number of reactivation surfaces is most common in the
central (FA 2) and outer parts (FA 3) of the Parnu time estuary, indicating gradual increase
in subordinate currents and stronger tidal influence in comparison to inner estuary.

Tidal current reversas

Typical palaeocurrent reversals such as herringbone cross-stratification is not an
abundant feature in the studied succession. According to Nio and Yang (1991), tidally
dominated system is ususally characterised by an asymetrical tidal pattern. Whereas, bi-
directional or herringbone cross-stratification is usually formed within a symmetrical tidal
pattern, which is very uncommon. One of the tidal currents is usually stronger than the
other, moreover, the ebb and flood currents may follow different paths. The bidirectional
cross-stratification requires thus ebb and flood currents to occur at different times in a
place where the rate of sedimentation is high enough to preserve the cross-stratification
(Nichols, 1999). According to Van den Berg et al. (2007), herringbone cross-stratification
is one of'the diagnostic features of tidal-fluvial transition zone.

Current reversals at different scales are typical for the deposits of the study area,
such as 1) bipolar direction in large scale bedform migration in the section, 2)
bipolar/bimodal directions of bedforms (mainly at dune and bar level) from adjacent sites/
outcrops and 3) opposite directions of ripple-cross lamination and the cross-strata.

One of the indicator of tidal current reversals is bipolar direction of barform
migration. For example, in the largest outcrop of the study area the overall palaeocurrent
distribution has a bidirectional pattern. Here 207 measurements were derived from master
bedding surfaces, cross-beds and current ripple lamination. Such an overall bidirectional
palaeocurrent pattern was obtained due to the large number of measurements taken, as well
as due to the 3-dimensional character of the outcrop that unlike other outcrops of the study
area, reflects almost equal distribution of FA 1, FA 2 and FA 3 in the section.

For the deposits of FA 2, especially in SU2, more ebb-dominated bedforms are
typical, and herringbone cross-stratification is absent. Unlike in the outer estuary, the flood
and ebb flow in the tidal-fluvial transitional zone is forced into one and the same channel,
in which the flood current is relatively weak (Van den Berg et al., 2007; see Figure 5.19.).
This results in the production of bedsets displaying the dominant ebb-direction. On the
contrary, for FA 3 bipolar palaeocurrent orientation of bars in adjacent sites is common,
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which is interpreted to be deposited in mutually evasive channels of outer estuary. Here the
pattern results in deposits entirely composed of either ebb or flood dominated major
bedforms (see Figure 5.19.). This is in accordance with Van den Berg et al. (2007), with
the exeption that herringbone cross-stratification is absent in the deposits of Parmu
succession.

One of the most significant evidences of current reveals in the study area are in
general oppositely, i.e. landward directed current ripple-lamination, typical for FA 3, and
rarely for FA 2. They occur as small scale bedforms, climbing up along the entire lee faces
of dunes, thus excluding the formation by the flow-separation vortex, where the ripples are
restricted to the lower parts of the cross-strata. Therefore such ripple-lamination is
interpreted to be generated by relatively weak flood currents (Figure 5.21G). Such
oppositely-directed ripple-lamination is most common for mud rich facies of the FA 3. In
contrast, in the deposits of FA 2, ripple-lamination is also typical, however, the ripples
superimposed on cross-strata appear to be oriented in various directions, and occur mainly
at the bottomsets of cross-beds. This is probably caused by the deterioration of the flow
vortex in the dune’s trough by a temporal weakening or reversal of the flow during rising
tide (Van den Berg et al., 2007).

Grain Size decr ease on cr oss-str ata scale

One of the evidences for the tidal current activity in the deposits of Parnu
succession is the regular decrease of the grain size from the concave-up scours within
individual cross-strata in the cross sets. These features are more distinct and abundant in
FA 2 of SU 2, but are also common in FA 2 of SU 1. The grain-size changes from coarse
to gravelly sand gradually into medium- and fine-grained sand passing to very fine-grained
sand and in places to silt. The regular variations of grain-size within cross-strata reflect the
regular variations in tidal current speed. Such a regular alternation of grain size is
interpreted to be caused by tidal velocity variations, suggesting a regular and orderly
fluctuation in energy conditions common to tidal processes (Dalrymple, Choi, 2007).
Dalrymple and Choi (2007) suggest that streamwise alternations in fining and coarsening
of cross-strata reflect tide-induced variations in flow strength. Coarse to medium sand was
deposited during the higher flow velocities, while the finer sand and silt during lower flow
velocities (Middleton, 1991; Nio, Yang, 1991; Pontén, Plink-Bjérklund, 2007). These
features, observed in FA 2 in association with reactivation surfaces (see Figures 5.21C and
H) form similar to tidal bundles structures and are absent in deposits of FA 3. The
difference in such tidal bundling with FA 3, is that in FA 3 mud drapes are usually present
and underline each bundle sequence, while in FA 2 they are less common and each bundle
is identified by gradual and systematic decrease of the grain size at individual cross-strata.

The abundance of the regular upward-decrease of the grain size from the concave-
up scours within individual cross-strata in the cross sets is prominent in SU 2, and it
reflects deposition in somewhat more tide-dominated environment in comparsion to the
same FA 2 of the SU 1. This in addition to the interpretation based on architectural
elements and palaeocurrent directions of FA 2 of both these stratigraphic units, supports
suggestion that the FA 2 of SU 2 represents more distal reaches of the tidal-fluvial
transition zone of the estuary in comparsion to SU 1. The question arises, what type of
sedimentary signatures indicating tidal influence might be expected in deposits generated
in the upstream part of the fluvial-tidal zone where the tide is reduced to temporal
discontinuities because of the strength of the river flow? According to Davis (2012) not all
tidally-influenced environments produce tidalites and one of the most common
environments where this situation prevails is the fluvial-tidal transition zone in estuaries.
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From the few tidal signatures present in fluvial depoists of FA 1, such as reactivation
surfaces and few and indistinct mud drapes, followed by irregular foresetting (Van den
Berg et al., 2007) in deposits of FA 2, are the first signs in fluvial deposits that announce
tides causing modulation of fluvial currents in the most upstream part of the fluvial-tidal
zone.

Rhythmical variations of the shape of climbing ripple lamination

Climbing ripple-lamination is formed in a high suspended sediment load, where
deposition from suspension exceeds the rate of traction deposition. The development of
climbing-ripple lamination from ripples requires that abundant sediment is continuously
available in a current so that the ripples are built upward in an overlapping series rather
than merely migrating in a downcurrent direction (Reineck, Singh, 1980).

Climbing ripple-laminated facies are typical for deposits of FA 3 in the middle
and upper part of the succession. The ripples occur as superimposed bedforms on cross-
stratified units, representing larger bedforms, such as dunes and bars. In outcrop 7 such
facies are observed in slighly inclined tidal bar deposits (Figure 5.22A) of FA 3. They
form a series of climbing ripples on the main bedding surfaces and are about 1.3 m thick
and 5 m long. The height of the climbing ripples is from 0.5 to 1.5 cm. Depending on the
character of the shape of laminae, in the outcrop 7 of the study area the vertical progressive
transition of ripples from in-drift type to in-phase type occurs according to Jopling and
Walker (1968) (Figure 5.22B and C).

For ripple lamination in-phase, each ripple crest is situated directly abowve the
other, in places with slight shift of crests in one direction. On the contrary, ripple laminae
in-drift have nearly paralel bounding planes which dip in the upstream direction. The
planes represent the surface of nondeposition or even slight erosion of the stoss side of
ripples (see Figure 5.22C).

Such a progressive transition from ripple laminae in-drift to ripple laminae in-
phase indicates a slight, but regular, progressive decrease in current velocity with an
increase in depth (a progressively waning stream). Increasing angles of climb indicate that
the ratio of the vertical aggradation rate to the downstream ripple migration rate increased
(Ashley et al., 1982), thus increases the ratio of deposition between suspended material
and traction bedload (Jopling, Walker, 1968). It must be noted, that climbing ripple
lamination is typically present in various depositional environments such as fluvial and
those with tidal influence (Reineck, Singh 1980; Davis, 2012). According to Davis (2012),
unless a cyclic reversal of the directional orientation of the cross-strata occurs, there is no
reason to interpret climbing ripple-lamination as tidalites. In this study it is argued, that
regular variations in the pattern of shape of climbing ripple-lamination together with
occurrence of mud and mica drapes on laminae, indicating rhythmically waning current
flows and slack water periods, reflect the strong influence of tidal processes to the
deposition and is considered as a tidal signature.

Similar structures of climbing ripple-lamination from tide-influenced deposits
have been described by Lanier et al. (1993) in ancient sediments, Lanier and Tessier
(1998), both in ancient and modern tidal environments, as well as by Yokokawa et al.
(1995) in tidalites of the middle Pleistocene age in Japan, and in recent and Tertiary
deposits of the Rhine and Meuse Rivers in the Netherlands described by Van den Berg et
al. (2007). For the study area, these signatures are typical in fine-grained deposits of FA 3,
interpreted to be deposited in proximal reaches of the outer estuarine zone.
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Figure 5.22. Mlustrations, showing vertical progressive transition of the shape of climbing

ripple lamination, observed within tidal bar deposits of Facies Association 3
Such a transition from ripple laminae in-drift to ripple laminae in-phase indicates rythmical, progressive
decrease in current velocity, interpreted to be formed due to tidal current activity {outcrop 7)

5.22. attels. Progresivas izmainas kapjo#a ripsnojuma morfologija vertikala virziena, kas
noverojamas 3. faciju asociacijas pludmainu séru nogulumos

Sadas izmainas ripsnojuma forma griezuma norada uz ritmisku un progresivu straumes atruma
samazina$anos, ko nosaka plidmainu straumju darbiba (7. atsegums)
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5.2. Depositional environment in the tidally-controlled transgressive
succession: Baltic Devonian Basin during the Rézekne and Parnu times

This chapter focuses on facies associations (FA) of the Rezekne and Parnu RS in
all the study area, which is the part of the Baltic Devonian Basin corresponding to the
present area of the Baltic States (see Figure 1). The facies association descriptions and
interpretations include also the facies and their associations studied in detail in the outcrop
belt (see Chapter 5.1.).

5.2.1. Facies associations and sedimentary environments

Nine FAs have been identified for the whole study area, from drill-cores and
outcrops, and have been defined by the assemblage of characteristic facies (see Table 5.1
for details). Sedimentary facies have been classified into three groups by carbonate
content: dolomite (with more than 66 % of carbonate); dolomitic marl (with 33 % to 66 %
of carbonate); siliciclastic rocks (claystone, calcareous or dolomitic clay, siltstone,
sandstone with <33 % of calcite or dolomite). Defined FAs are organized into two
genetically related groups: 1) carbonate-rich F As, where carbonate deposits dominate; and
2) siliciclastic-rich FAs, which consist mainly of siliciclastic material. Carbonate-rich FAs
are further subdivided into: 1.1) intertidal to supratidal carbonate mudflats, 1.2) intertidal
to supratidal carbonate shoals, 1.3) palaeosols. Siliciclastic-rich FAs are subdivided into
the following FAs: 2.1) fluvial and tidally-influenced fluvial deposits of inner estuary, 2.2)
central estuary deposits, 2.3) tidal channels and bars, 2.4) tidal ridges of outer estuary, 2.5)
intertidal to subtidal channels and flats, 2.6) intertidal to supratidal mudflat. The
description of FAs is based on the core and outcrop data; core logs from the literature are
used additionally in order to clarify mainly the transitional areas and boundaries between
FAs.

Carbonate-rich Facles associations

FA 1.1: Intertidal to supratidal carbonate mudflats

Facies Association 1.1 consists of dolomitic marl (F20), heterogenous dolomitic
marl with silt and very fine sand lamination (F21), dolomitic marl with sandstone grains
(F22) and structureless plane-parallel laminated, and wavy laminated dolostone (F23). FA
1.1 occurs mainly in the eastern part of the study area and is up to 20 m thick, reaching 40
m in Liozno drill-core. Thinner units of FA 1.1, up to 2 m thick, occur also in the northern,
central and western parts of the study area (Figure 5.23.).

Dolomitic marl (F20) is one of the main facies in this association. The thickness
of beds is changing from some tenth of cm to 4 m, maximum 20 m. Sometimes dolomitic
marls are distributed as thinner interbeds in other facies. It is dominated in the lower part
of the Rézekne Fm in drill-cores Skaune-103, Vigki-25 and Ludza-15. It occurs in
Aliiksne-99 drill-core, where it forms about 5 m thick unit at the top of the Rézekne Fm
and about 4 m thick unit in the middle part of Parnu Fm. It occurs at the top of Rezekne
Fm in Butkjaliai-250 drill-core forming about 5 m thick beds. In Drissa-1ST drill-core the
thickness of dolomitic marls becomes considerable, and this facies forms the bulk of Parnu
Fm, which is about 15-20 m thick. In Mehikoorma-421 drill-core it occurs as bioturbated
beds at the top of Rézekne Fm and is intercalated with F21 and F24. In Tsiistre-327 it
appears at the top of Rézekne Fm and is about 3 m thick. Below it is associated with wave-
laminated dolostone (F23) and nodular facies (F24) of the same thickness. About 13 m
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thick beds of heterogenous dolomitic marl with silt and very fine sand lamination (F21),
occur in Rezekne Fm in Varska-6 drill-core, forming the bulk of the succession.

Dolomitic marls have greenish-grey colour and usually homogenous structure. In
some places tepees structures occur as small folds with amplitude not more than 1 cm, that
sometimes are steep or even overturned (Stinkulis, 1998). Tepees as defined by Adams and
Frenzel (1950) are structures having an inverted V-shaped profile similar to the American
Indians tents. However, this form of tepee is only occasionally present and it normally
appears as irregular and low ridges (Pratt, 2002). Desiccation cracks are also typical
features for F20 and occur throughout the section in FA 1.1. Desiccation cracks may show
a variety of sizes depending on exposure time, layer thickness, and the presence or absence
of microbial mats (Shinn, 1986). According to Stinkulis (1998) two types of desiccation
cracks can be distinguished in deposits of the eastern part of the study area: 1) Very well
marked cracks filled with silty sand and coarser sand grains. They are typically up to 1,5
cm wide and at least 5 cm deep. The cracks are V-shaped and typically display a very
slight bending near the base. The abundance of these cracks is associated with the presence
of the clastic material. This type of cracks is the most typical for the F21 and is distributed
in the major part of the dolomitic marl sequence. 2) Cracks filled with dark greenish-grey
clay — similar by its composition to the dolomitic marl, but there is more silty sand grains,
as well as mica, and less carbonates. The width of these cracks is less than few mm and the
depth is up to few mm. In Skaune-103 drill-core in the depth of 399-400 m the cracks in
dolomitic marl are filled with sandy and silty material. It is covered by 2 m thick sandstone
bed, which consists of identical material as these cracks are filled with. Moreover, this
sandstone contains dolomitic marl pebbles from the lower bed. Gypsum lenses sometimes
occur in F20 (Stinkulis, 1998), the thickness of which is from mm up to 3 cm, orange and
brown colour.

Dolomitic marl with irregularly distributed coarse and medium sized quartz and
feldspar grains (F22) are typical mainly for deposits of the eastern part of the study area. It
is associated with homogenous dolomitic marl and forms 11 m of Skaune-103 drill-core. It
also comprises almost 10 m of Reézekne Fm in the Ludza-15 drill-core. In Akniste-5 drill-
core it reaches 7 m in thickness and forms the top of Rézekne Fm. In Liozno drill-core it
thythmically alternates with F20 and F19 and forms the bulk of Pdrnu Fm, reaching its
maximum - 40 m. The quartz and feldspar grains are very well rounded (Stinkulis, 1998)
and concentrate in basal parts of dolomitic marls. They are also often associated with
desiccation cracks, where the amount of siliciclastic grains increases up to 10-30%
(Stinkulis, 1998). Rarely carbonate ooids and peloids occur mixed with siliciclastic
material. Irregularly wave-ripple laminated dolomitic marls are present as lenses in those
intervals, where sandy material is increasing. Silty sand consists of quartz, feldspar as well
as micritic dolomite peloids (Stinkulis, 1998). Wave-laminated dolomitic marl with
admixture of clastic material contains wave ripples, where the height of waves is 2.4-2.5
mm and the length is 16.5-18.3 mm.

Dolomitic marl with silty and sandy interlaminae (F21) is also common for this
FA, however its distribution is irregular. It occurs in Vilani-11 drill-core as 2.5 m thick
beds, as well as forms about 10 m thick units at the top of Rezekne Fm. However, mostly
it is present as small lenses, with wavy laminae stressed by silty material. In places the
amount of silty and sandy material gradually decreases upwards, and few such rhythmic
variations are observed.
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Figure 5.23. Representative photographs and a measured section of the carbonate-rich
facies associations: Facies Association 1.1 —intertidal to supratidal carbonate mudflats and
Facies Association 1.2. — intertidal to supratidal carbonate shoals

A - Sandy dolomite with birdseye structure (marked with an arrow) - a diagnostic feature to tidal flat
environments {Talsi-263 drill- core at 201 m depth); B - Dolomite with pseudomorphs of halite crystals
{marked with arrows) in the carbonate mudflat deposits (Dobele-4 drill-core at 598 m depth); C - Dolomite
with silty irregular interlaminae (Talsi-263 drill-core at 197-198 m depth); D - Thin-section micro-photo of
the sandstone with quartz and feldspar grains (light-colored), dolomite ooids and peloids (dark-colored).
Both siliciclastic grains, as well as ooids and peloids are well sorted. Skaune-103 drill core, 380.2 m,
Reézekne Formation (Stinkulis, 1998); E - Thin-section micro-photo of the ooid, Liozno drill-core {(Belarus),
around 383 m, Middle Devonian Lower Morsowo beds (analogue of the Parnu Formation) (Photo by V.
Kurshs; Stinkulis, 1998); F - Dolomitic mar] with thin silty sandstone laminae (below), overlain by variably-
grained sandstone with dolomite ooids and peloids (above). Darker color is stressed by dolomite ooids and
peloids, rich in sulphides. Distinct boundary between two facies indicates erosion of the dolomitic marl,
Ludza-15 drill-core, 425.0 m, Parnu Formation {Stinkulis, 1998). The color of the rocks in the logs is close to
the original. Near the vertical scale of the log: dm— dolomitic marl, dl — dolostone, keys for the horizontal
scale of the log see in Figure 5.11. [Scale information: pen sharpener in B measures 2 cm]

5.23. attels. Karbonatisko nogulumu faciju asociacijas - Faciju asociacija 1.1. - Vidgjais-
augsgjais plidmainu lidzenums ar karbonatu sedimentaciju, Faciju asociacija 1.2. -
Videjais-augsejais plidmainu seklis ar karbonatu sedimentaciju - ar reprezentabliem
atteliem un nogulumu griezumu

A - Smil#ains dolomits ar ,,putna acs™ tekstiru {atziméta ar bultu), kas norada uz plidmainu lidzenumu
sedimentacijas vidi {Talsi-263 urbums 201 m dziluma); B - Dolomits ar halita kristalu pseidomorfozem
{atzimétas ar bultu) karbonatiskajos angfeja pladmainu lidzenumu nogulumos {Dobele-4 urbum 598 m
dziluma); C - Dolomits ar neregularam aleiritiskam starpkartam (Talsi-263 urbums 197-198 m dziluma); D -
DaZadgraudains smil$akmens ar kvarca un lauk$pata graudiem {gaifie), dolomita oolitiem un pseidooolitiem
(tumgie). Gan drupu grandi, gan ooliti un pseidoooliti ir labi skiroti, Skaune-103 urbums, 380.2 m, Rézeknes
svita (Stikulis, 1998); E - Oolita planslipéjuma mikrofotografija, Liozno urbums (Baltkrievija), aptuveni 383
m, vidusdevona Apak$morsovas slani (Pémavas svitas analogs péc geologiska vecuma) (V. Kursa foto,
Stinkulis, 1998); F - Dolomitmergelis ar aleiritiska smil$akmens starpkartam (apak$a), kuru parsedz
dazadgraudains smil$akmens ar dolomita oolitiem un pseidoolitiem (aug#a). Tum$peléko krasu pieskir
dolomita ooliti un pseidooliti ar bagatigu sulfidu piejaukumu. Krasais kontakts starp abam facijam liecina par
dolomitmergela izskaloganu daZadgrandainas smilts uzkraganas laika, Ludza-15 urbums, 425,0 m dzilums,
Pémavas svita (Stinkulis, 1998). IeZu krasa griezuma tuva originalajai. Pie griezuma vertikalas skalas dm—
dolomitmergelis, dl — dolomits, apzimé&jumus griezuma horizontalaja skala skat. 5.11. attéla. [Informacija
meérogam: zimulu asinamais B attela — 2 cm]

The thickness of these laminae is less than few mm up to some cm, reaching
maximum 60 cm. In places grey and greenish laminae alternate and reach up to 1,5 cm in
thickness.

Structureless, plane-parallel laminated and wavy structured dolostone (F23) is
also characteristic to the FA 1.1 of the Parnu RS (Figure 5.23C). It is more widely
distributed in the eastern part of the study area, but occurs also in other drill-cores towards
the west, usually in the most upper part of Pdrnu Fm, under the brecciated beds of Narva
Fm, in such drill-cores as Dobele-4 and Veérgale-45. It appears also at the very top of Parnu
Fm in Pape-95 drill-core and is about 1 m thick. Towards north, F23 occurs in outcrop area
at the very top of the succession. In Garzde-1 drill-core the thickness of F23 reaches 3.5 m,
in Valga-10 drill-core this facies is intercalated with dolomitic marl with silty and sandy
interlaminae (F22) and associated with nodular facies (F24) at the top of Rezekne Fm. F23
appears also as 2 m thick layer between fine-grained sandstone beds at the very base of
Reézekne Fm in Viarska-6 drill-core. In Altksne-99 it occurs at the upper part of Reézekne
Fm in thickness of 2 m thick layers. Only in Ludza-15 drill-core (Eastern Latvia)
dolostones occur twice: comprising 2.5 m at the top of Rézekne Fm and above the contact
between Rezekne and Pdrnu Formations.
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This facies is mainly homogenous, and rare lamination is stressed by dark brown
clayey, mica and gypsum admixture. Lamination of different scale can be distinguished:
0.1-3 cm thick light and 0.1-0.5 cm thick dark lamina alternation or very thin (0.1-0.2 mm)
laminae. In places wave-lamination is present. Birdseyes (fenestral fabric), which are
millimetre-size irregular voids, occur rarely in F24 (Figure 5.23A). Desiccation cracks are
typical for the dolostone in Veérgale-45 drill-core, while halite pseudomorphs occur in
dolostones of Dobele-4 drill-core (Figure 5.23B). Very often brownish gypsum occurs in
F23, most often as interlaminae. In F20 and 23 it occurs as lenses, small veins, in
sandsones as cement. Gypsum flakes are oriented parallel to lamination with thickness less
than 1 mm, length up to 1 cm (Stinkulis, 1998). Sometimes gypsum lenses have halite
crystal shapes, thus possibly representing halite pseudomorphs. According to Stinkulis
(1998), gypsum occurs also as thin vertical fine veins with lengh up to 2-3 cm and width
less than 1 mm.

Interpretation:

The homogenous texture of dolomitic marls and dolostones indicate deposition
from suspension in a low energy carbonate-rich setting in intertidal to supratidal
environment (Dalrymple, 1992). During diagenetic processes calcium carbonate deposits
were replaced by microcrystalline dolomite (e.g. Hardie, 1987; Lasemi et al., 1989; Lasemi
etal, 2012).

In episodes of energy increase carbonate mud was partly eroded and siliciclastic
material, as well as carbonate ooids and peloids accumulated. Such activation of water
flows could have been caused by wave action and/or tidal currents. The irregular
distribution of grains and irregular, wavy character of lamination in F21, 22 and 23
indicate that clastic material and carbonate ooid and peloid input was made by wave
action. Laminated dolostone with very thinly laminated or occasional wave-ripple-
laminated structure also confirms wave influence in the sedimentation and suggests
deposition close to fair weather wave base (Reineck, Singh, 1980).

Lamination of variable thickness indicates different scale periodicity of the
sedimentation process, caused by tidal processes. Thickness variation of the laminae
reflects daily variation of tidal range: neap-spring cycles (Middleton, 1991; Nio, Yang
1991). The ripple lamination in two different directions also indicates the role of tidal
processes to deposition in ebb and flood currents.

Desiccation cracks, tepee structures and association of the beds of this FA with
brecciated beds of FA 1.3, are indicators of periodical subaerial environment. Periodic
exposure of the deposits results in desiccation and the formation of tepees and mud cracks.
It is typical for tidal flats, particularly in the upper intertidal and supratidal settings
(Tucker, Wright, 1990; Lasemi et al., 2012).

Tepee structures are common to peritidal deposits and form as a result of
desiccation, cementation and crystal growth, thermal expansion, and contraction of
partially lithified sediment in arid tidal flats (Kendall, Warren, 1987; Lasemi et al., 2012).
V-shaped form in cross-section of the desiccation cracks, and unbended upwards laminae
indicate that the cracks formed in subaerial environment. Wave action or tidal currents
transporting the coarse clastic material, washed on already lithified dolomitic marl and
deposited only in the cracks (Stinkulis, 1998).

Birdseyes are also diagnostic feature to tidal flat environments, commonly form
as a result of air or gas bubble formation, desiccation shrinkage, wrinkles in the laminated
bacterial deposits or development of trapped air bubbles in the pore spaces during flood
tide and subsequent rapid cementation (Shinn, 1983, 1986; L.asemi et al., 2012).
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Thin lamination and alternation of coarser and finer material are typical for tidal
flats (Reineck, Singh, 1980). Only some cm or tenth of cm thick wave lamination itself is
an indicator of shallow settings, above the wave base. This facies contains desiccation
cracks, irregular to planar birdseyes, tepee structures, gypsum layers, halite pseudomorphs,
which are typical features in arid upper intertidal to supratidal mudflats (Elrick, 1995;
Lehrmann et al. 2001; Lasemi et al., 2012).

FA 1.2: Intertidal to supratidal carbonate shoals

This Facies Association is characterized by variably-grained sandstone with
dolomite ooids and peloids (F19), as well as dolomitic marl with irregularly distributed
coarse and medium sized quartz and feldspar grains (F22), dolomitic marl with silty and
sandy interlaminae (F20), trough-cross stratified sandstones (F3), wavy laminated
dolostone (F23) and sandstone with siltstone laminae (F14). FA 1.2 is found in the eastern
part of the study area. The thickness of this FA varies from 2 to 5 m and reaches its
maximum of 35 m occurring in several repetitive cycles in Liozno drill-core (see Figure
5.23.).

The most representative facies of this FA is the variably-grained sandstone with
dolomite ooids and peloids (F19; Figure 5.23F). Variably-grained sandstone with dolomite
ooids and peloids with the presence of greenish-grey dolomitic marl matrix also exist. F19
comprises 4.5 m at the top of Pdrmu Fm in Vilani-11 drill-cores and 2 m at the base of
Parmu Fm in Ludza-15. To the north the facies is almost 5 m thick and occurs at the top of
Parnu Fm in Tsiistre-327 and Mehikoorma-421 drill-cores. The thickness of the beds
reaches up to 3.7 m in Vigki-25 drill-core, comprising most of the Parmu Fm succession. In
Drissa-1ST drill-core it occurs as 3-5m thick beds at the top of Parnu Fm. It comprises 0.5-
1 m thick layers at the top of Rézekne Fm, as well as in Parnu Fm in Skaune-103 drill-
core. In Liozno drill-core it repetitively alternates with F20 and F19 and forms the bulk of
Pérnu Fm.

The deposits of this FA rarely occurs as interlayers in other deposits. The colour
of deposits is grey and light-grey, composed of quartz and feldspar as well as ooids and
peloids (Figure 5.23D). The bimodal clastic and carbonate material distribution by the size
is characteristic: two fractions dominate, the amount of which varies in different layers
(Sinkulis, 1998). The bimodal distribution of grain size determines plane-parallel
lamination of deposits with laminae thickness of 0.1-0.5 cm. In places flaser bedding is
typical, in Vigki-25 drill-core it comprises almost all 3.7 m thick layer. The bedding is
stressed by clayey and silty laminae with thickness less than 1 mm up to 0.2-1 cm. In one
beds (Skaune-103 drill-core, depth 381.6-382.6) cross-stratified 1 m thick sandstone beds
occur. Cross-stratification is stressed by alternating of finer and coarser sand grains. Both
of these fractions are better sorted than in sandstones with flaser bedding (Stinkulis, 1998).
The thickness of coarser laminae is 1-5 mm, finer are 2-8 mm thick, but the sets reach up
to 15 cm.

Dolomite ooids and peloids are very typical component of the FA 1.1 and are
found in drill-cores in the eastern part of the study area only, besides the amount of the
grains increases to east and south-east (Figure 5.23E). Thus, in Liozno drill-core almost
entire beds consist of F20, with the exception of the very lower part of the section (Kurshs,
1975; Sorokin, 1981). The amount of ooids and peloids varies in F19 from 10 to 70%.
They are quite regularly distributed in the sandstone beds. Two quite distinct fractions can
be distinguished in the size of ooids, similar to bimodal distribution of siliciclastic material
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fractions. According to Stinkulis (1998) the maximal size of carbonate ooids is 0.6-0.8
mm, which is smaller than the size of bigger quartz and feldspar grains.

The transition between variably-grained sandstone with dolomite ooids and
peloids (F19) and dolomitic marls (F20) is usually gradual. In the section coarser grains
gradually disappear, and the amount of finer grains is decreasing, while the amount of
dolomitic marl is increasing. In places the contact is very sharp. The structure of dolomitic
marls depends on the amount of clastic grains: more sand occurs, more the structure of
dolomitic marls is disintegrated (Stinkulis, 1998). In places at the base of beds of F19
pebbles of dolomitic marls occur.

Interpretation:

The variably-grained sandstone with dolomite ooids and peloids (F19) formed as
a result of sedimentation of three different by the origin components: quartz and feldspar
grains, carbonate ooids and peloids, as well as in places clayey carbonate material. In
relatively longer periods of time dolomitic marl deposited from suspension in a low energy
carbonate-rich environment, while sand particles and carbonate ooids and peloids were
washed during the episodes of high energy environment. As indicated by wavy lamination,
the mixing of these components was possibly caused by the wave action, eroding the
primary structures of the dolomitic marls and depositing sandy components. However, the
role of wave action was not predominant in formation of FA 1.2. The presence of flaser
bedding reflects deposition in tidal currents, which is re-confirmed by the bimodal
distribution of grain size. Sandstone form by traction currents and mudstone drapes form
during slack-water on tidal flats (Dalrymple, 1992). The cross-stratified sandstones
indicate deposition by traction currents in 3-D dunes. The alternation of finer and coarser
sand grains in it reflects deposition in periodically waning tidal currents in tidal gullies
(Dalrymple, 1992).

Ooids commonly are interpreted to represent direct physiochemical precipitation
from seawater (Newell et al., 1960; Bathurst, 1975; Deelman, 1978; Duguid et al., 2010),
whose formation is favored by: a) water supersaturated with respect to calcium carbonate;
b) a source of nuclei; ¢) a means of agitation (Davies et al., 1978; Sumner, Grotzinger,
1993; Reeder, Rankey, 2008; Rankey, Reeder, 2009). Unlike siliciclastic tidal sands,
which must be reworked from earlier deposits or transported to the depositional system
from elsewhere, these sedimentary particles can be (and many are) produced in situ, with
relatively little net transport (Rankey, Reeder, 2012). As reflected by the concentric
structure of the ooids, and its association with variably-grained sandstones, it is suggested
that the grains formed in periodically waning and waxing currents (Tucker, Wright 1990;
Davies et al., 1978; Stinkulis, 1998). Such periodically changing flows were controlled by
tidal processes. This is very nicely illustrated in Liozno drill-core, where ooid-rich beds
(F19) rthythmically grade few times with the dolomitic marl deposits (F20).

According to Stinkulis (1998) the increase of content of the dolomite ooids and
peloids to the east and south-east of the study area, as well as their thin concentric and
radial structure suggest that in this part of the basin, the sedimentary environment was
favourable for the growth of these concentric carbonate grains. The ooids are interpreted to
be deposited in tidal shoals, similar to many recent tidal carbonate sand shoals of the
Bahamas, which are dominated by ooids (Rankey, Reeder, 2012). There ooids are most
abundant in agitated waters less than 2 m deep (Newell et al., 1960) and the best-sorted
and most ooid-rich sediments occur on the crests of parabolic barforms (Rankey, Reeder,
2012).

Flaser bedded, wavy laminated, as well as cross-bedded sandstones together with
dolostone laminae and association of this facies with dolomitic marls indicate the
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formation of FA 1.2 in tidal shoals on intertidal to supratidal mudflats (I.ehrmann et al.,
2001). The dominance of the sandy material and the presence of coarser sandy grains, as
well as dolomite ooids, in comparison to more fine-grained sediments of FA 1.2., suggests
deposition in high energy environment, such as in tidal gullies and tidal shoals on intertidal
to supratidal mudflats (Brooks et al., 2003; Rankey et al., 2006).

FA 1.3: Palaeosols

Facies Association 1.3 consists of mainly nodular and karstified facies (F24),
represented by carbonate nodules, concretions and networks of calcite veins filled with
sandstone and mud clasts interbedded with crinkled, thinly laminated carbonate and
giliciclastic mudstones with concave-up structures and desiccation cracks. Usually at the
top of Pamu Fm the FA 1.3 is associated with bioturbated facies (F25) and the brecciated
beds of Narva Fm (Figure 5.24.).

FA 1.3 occurs in all parts of the study area and forms from few dm to 3 m thick
beds. The FA 1.3 occurs as 1 m thick beds in the middle part of Parnu Fm in Birini drill-
core, as 2 mthick beds in the middle part of Jelgava-2 drill-core. It occurs twice in Dobele-
4 drill-core in the middle part of the section, as well as on the top of Pdrnu Fm associated
with bioturbated facies (F25) and wave-laminated sandstone (F13). In Taurkalne-1 drill-
core the bioturbated facies occur three times as 0.3-1 m thick beds in Parnu Fm. Similarly,
it occurs in 3 intervals in Svedasai-252 drill-core with the thickest beds of 1.5 m at the top
of Pamu Fm. It occurs also at the top of Pamu Fm in Talsi-263 drill-core, intercalated
repetitively with laminated mudstone (F16) and forming together about 2 m thick beds.
F25 appears also possibly at the base of Parnu Fm in Garzde-1 drill-core. Bioturbated
facies are found also at the very top of Pdrnu Fm as a thin layer in Palanga-319, Tartu-453,
Valga-10 and Kaagvere drill-cores. It occurs also at the base of Rézekne Fm as 1 m thick
beds, as well as in three more beds above as thin layers in Mehikoorma-21 drill-core. It
occurs as 2-2.5 m thick layers in the middle pait, as well as a thin layer in the upper of
Parma Fm in Vérska-6 drill-core. In Tsiistre-327 drill-core it appears as 0.5-1.3 m thick
layers in the middle and upper part of Reézekne Fm. In Aliksne-99 and Madona-93 drill-
core it possibly forms few m thick beds in the middle part of Rezekne Fm. It forms almost
3 m thick beds at the top of Rézekne Fm in Valga-10 drill-core.

The typical structure of the facies of FA 1.3 is fenestral, mud-cracked beds with
common disrupted lamination and nodules (see Figure 5.24.). Irregular gypsum layers are
present in some of the beds as thin crinkly and discontinuous laminae. Tepee structures
and desiccation cracks are usually associated with F24, occurring in dolomitic marls from
mm up to some cm big. These facies are interlayered with numerous erosive-based, cross-
stratified sandstone facies (F3) of various thicknesses, and very often with laminated
gsiltstone (F17), heterogenous sandstone and siltstone laminated beds (F15) and siltstone
with sand laminae (F16).
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Figure 5.24. Representative photographs and a measured section of the Facies Association
1.3 - palaeosols - silicified crust and karstified beds, crinkle-laminated beds with common

features of erosion and subaerial exposure
A - Taurkalne-1 drill-core at 414 m depth; B - Birini drill-core at 387-393 m depth; C - Taurkalne-1 drill-
core at 416 m depth; D - Dobele~4 drill-core 595-601 m; E - Jelgava-2 drill-core at 497 m depth. The color of
the rocks in the logs is close to the original. Near the vertical scale of the log: dm— dolomitic marl, dl —
dolostone, keys for the horizontal scale of the log see in Figure 5.11. [Scale information: pencil in C
measures 15 cm, pen sharpenerin D - 2 cm]

5.24. attels. Faciju asociacija 1.3. - Paleoaugs#nu nogulumi - ar reprezentabliem attéliem un
nogulumu griezumu. Nogulumus veido silificeta garozina un karstificeti slani, slani ar
krokotu tekstiiru, erozijas virmam un atsegfanas subaerala virsma pazimém
A - Taurkalne-1 urbums 414 m dzilima; B - Birini utbums 387-393 m dziluma, C - Taurkalne-1 urbums 416

m dzilum&;, D - Dobele-4 urbums 595-601 m dzilum& E - Jelgava-2 urbums 497 m dziluma. IeZu krasa
griezuma tuva originalajai. Pie griezuma vertikalas skalas dm— dolomitmergelis, dl — dolomits, apziméjumus
griezuma horizontalaja skala skat. 5.11. attéla. [Informacija mérogam: zimulis C attéla — 15 em, zimulu
asinamais D attela — 2 cm]

Interpretation:

The nodular and brecciated intervals together with carbonate concretions indicate
that FA 1.3 formed during periods of subaerial exposure and nondeposition (Ruskin,
Jordan, 2007). The close association of some beds with brecciaed units of Narva Fm,
which is interpreted as solution-collapse breccias formed through evaporite dissolution
processes (Tanavsuu-Milkeviciene et al., 2009) supports this interpretation. Tepee
structures and desiccation cracks could have formed as a result of brecciation of lithified
sediment, regardless of their depositional setting (Pratt, 2002). Cemented sandstones with
carbonate concretions, nodules, presence of gypsum aggregates and networks of calcite
veins are interpreted to be formed in semiarid or arid conditions with low precipitation
level (Mack, 1992) as calcretes (Collinson, 1996) in supratidal environment (Warren,
Kendall, 1985; Demicco, Hardie, 1994; Pratt, 2002). Modern and ancient arid supratidal
deposits generally comprise dolomitic marl which may be interbedded with gypsum and
collapse breccias (Lasemi et al., 2012). Butler (1970) suggested that the evaporites and the
deformation were the result of evaporation of waters brought to the sabkha during extreme
flooding events. Formation of the deposits in arid climate is also supported by the
palaeogeographical position of the BDB during the Devonian time (Cocks, Torsvik 2006).

Siliciclastic-rich Facies associations

FA 2.1: fluvial and tidallv-influenced fluvial deposits of inner estuary

This FA is very common for the outcrop area and is in details described in
Chapter 5.1.2. Facies Association 2.1 consists of variably-grained trough cross-stratified
sandstone (F3a), trough cross-stratified mudstone conglomerate (F2), mudstone and
giltstone conglomerate (F1), structureless sandstone (F6), plane-parallel stratified
sandstone (F5) and occasionally cross-stratified sandstone with mud and mica drapes (F4).
It occurs also in most of the described drill-cores (Figure 5.25.). The thickness of FA 2.1
is up to 2-5 m, maximum 10 m. It is distributed in all the territory of the study area. FA 2.1
occurs as 7 m thick beds at the base of Parnu Fm in Tahkuranna drill-core. In two
intervals, comprising 0.5-1 m thick beds, it appears in Birini drill-core.
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Figure 5.25. Representative photographs and a measured section of the Facies association
2.1 - fluvial and tidally-influenced fluvial deposits of inner estuary

It contains mudstone conglomerate, coarse-grained and variably-grained, unsorted sandstone with fossil fish
and plant remains. A - Talsi-263 drill-core at 211 m depth; B - Talsi-263 drill- core at 201 m depth; C -
Talsi-263 drill-core at 204 m depth; D - Talsi-263 drill-core at 199 m depth; E - Talsi-263 drill-core at 210 m
depth. The color of the rocks in the logs is close to the original. Keys for the horizontal scale of the log see in
Figure 5.11. [Scale information: pen sharpener in B, C, D, E measures 2 cm]

5.25. attels. Faciju asociacijas 2.1: Estuara iek8gjas dalas fluvialie un plidmainu ietekmaétie
fluvialie nogulumi ar reprezentabliem attéliem un nogulumu griezumu

To veido mala konglomerats un rupjgraudains, ka ari dazadgrandains, vaji skrots smil$akmens ar fosilo augu

un zivju atliekam. A - Talsi-263 urbums 211 m dziluma; B - Talsi-263 urbums 201 m dziluma; C - Talsi-263

urbums 204 m dziluma; D - Talsi-263 urbums 199 m dziluma; E - Talsi-263 urbums 210 m dziluma. Ielu

krasa griezuma tuva originalajai. Apzimé&umus griezumahorizontalaja skala skat. 5.11. attela. [Informacija

mérogam: zimulu asinamais B, C, D, E attélos — 2 cm]

The FA 2.1. occurs in 3 intervals in Talsi-263 drill-core, from 0.3 to 2 m thick
units at the base, in the middle part and the topmost part of the Parnu Fm. In Veérgale-45
drill-core FA 2.1 occurs as a small layer in the upper part of the Pdrnu succession. In
Mehikoorma-421 drill-core it appears as small interlayer in the middle part of Parnu Fm.
The beds of unsorted sandstone are present at the base of Rézekne Fim comprising almost 4
m thick beds in Tsiistre-327 drill-core and similarly almost 2 m thick in Tartu-453 drill-
core. Several intervals of this FA appear possibly in Pdmu succession in Valga-10 drill-
core. In Cirulifi drill-core fluvial facies occurs at the base of Parnu Fm and reach 3.8 m in
thickness, it appears again as 1.5 m thick beds in the middle part of the succession. FA 2.1
occurs in three intervals in Taurkalne-1 drill-core, in association with palaeosol deposits of
FA 1.3. Eastwards, in Atafiene-9 drill-core, fluvial deposits of FA 1.3 comprise the lower
part of Rezekne Fm and reach almost 6 m in thickness, it occurs also at the boundary
between Rézekne and Parnu Fm. Similarly, it comprises the base of Reézekne Fm and
occurs as 2 thick beds at the base of Pamu Fm in Drissa-1ST drill-core. In Svedasai-252
drill-core the deposits of FA 2.1 occur at the very base of Parnu Fm and form about 2.5 m
thick units in association with palaeosols of FA 1.3. It possibly occurs as 2 m thick beds in
the middle part of Parmu succession in Jelgava-2 drill-core. Fluvial facies of FA 2.1
comprises about 9 m thick beds at the base of Pdrnu Fm in Staicele-4 and possibly 10 m in
Ruhnu-500 drill-cores. Therefore, the thickest intervals of FA 2.1 appear in the N-N'W, as
well as SE part of the study area. Deposits of FA 2.1 are possibly present also in other
drill-cores from the study area, however these are not listed here because of the unclear
evidence for interpreting these beds as fluvial deposits.

The most typical facies of this FA is the variably-grained trough cross-stratified
sandstone (F3; Figure 5.25A and B). The material is composed of poorly-sorted grains are
subrounded and angular. In places clay pebbles are typical, as well as small fossil fish and
plant remains, and rarely some dolomite peloids are present (Figure 5.25B, D, E). The
depositional units are based by significant erosion surfaces with mudstone rip-up clasts.
The amount of erosion varies from few dm to several metres, and reaches up to 15 m. In
Skaune-103 drill-core in the depth of 401-403 m trace fossils occur, they are filled in by
dolomite. The cross-stratification, as well as plane-parallel lamination is in places stressed
by mica drapes. The architecture of beds and more detailed description on composition of
this FA see in Chapter 5.1.2 under FA 1: Fluvial deposits and FA 2: Tide-influenced
fluvial and tidal channel deposits.
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Interpretation:

The dominance of the poorly sorted material, subrounded and angular grains of
the sandy material, occurrence of these facies at the channel scours and channel bases, and
the association with erosion surfaces indicate deposition in fluvial currents, not far from
the source area. The mudstone rip-up clasts at the lower part of the sandbodies are
interpreted to represent channel bases. It is confirmed also by the cross-stratified and
ungraded structure of sandstones, that suggests deposition in high energy environment
from traction currents by migration of 3-D dunes in fluvial channels and rapid
sedimentation (Collinson, 1996). However the presence of some cross-stratified units with
mica drapes, as well as plane-parallel lamination, indicate episodes of deposition in lower
flow regime. Occasional mica drapes might suggest that the fluvial channels were
influenced by tidal currents (Nio, Yang, 1991). Thus it is suggested that the deposition
took place in fluvial channels and bars, where tidal currents reached the system at spring
tides (Nio, Yang, 1991).

FA 2.2: central estuary deposits

Facies Association 2.2 consists of trough cross-stratified sandstone (F3),
structureless sandstone (F6), plane-parallel stratified sandstone (F5), cross-stratified
sandstone with mud and mica drapes (F4), current ripple cross-laminated sandstone (F7),
compound cross-stratified sandstone (F11) and sandstone with siltstone laminae (F14). FA
2.2 is found in the following drill-cores: Valga-10; Taurkalne-1; Atafiene-9; Mehikoorma-
421; Varska-6, Birini. The thickness of the FA is usually from few m to 5-6 m, in Varska-6
drill-core it reaches almost 10 m (Figure 5.26.).

The succession consists mainly of fine-grained sandstones with heterolithic strata
and relatively higher content of mud drapes and silt/mud laminae in comparison to usually
underlying fluvial and tide-influenced fluvial deposits (FA 2.1.), as well as overlying tidal
bar deposits (Figures 5.26D and E). Very often the individual beds consist of sandstone
and siltstone couplets. In places compound cross-stratified sandstones with mud drapes
and lateral accretion sets are present.

Interpretation:

The fine-grained texture of sandstone and its association with mud drapes and
gilymud laminae combined with the compound and inclined structures suggest
sedimentation in bars by tidal channels. The regular occurrence of mud drapes and
mud/silt laminae together with sandstone (heterolithic cross-strata) suggests deposition of
sand by traction currents and mudstone drapes during slack-water episodes on tidal flats in
subtidal environment. The fine interlamination of sandstone and mudstone in tidal point
bars is interpreted as reflecting deposition during single tidal cycles (Bridges, Leeder,
1976). The inclined heterolithic strata are interpreted as lateral accretion deposits on tidal
point bars and indicate that the FA 2.2 was possibly deposited in relatively higher
sinuosity channels. The relatively fine-grained texture of this FA, its close association in
the section with fluvial and tide-influenced fluvial deposits (FA 2.1) at the bottom and tidal
bar deposits at the top (FA 2.3) suggest deposition in a central estuary, where bedload
convergence zone prevails, which is characteristic with the fine-grained material
(Dalrymple et. al., 1992; Dalrymple, Choi, 2007).

It must be noted that the central estuary FA is described also for the outcrop area
and more data if given in Chapter 5.1.2 under FA 2: Tide-influenced fluvial and tidal
channel deposits. However, it very much differs from it counterparts found in many drill-
cores throughout the basin by its coarse-grained composition of deposits.
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FA 2.3: tidal channels and bars

Facies Association 2.3 is found almost in all the drill-cores with significant
thicknesses. It is also common or the outcrop area (see Chapter 5.1.2). It forms the
thickest units along the northern part of the distribution area of the Rézekne and Parnu RS.
The thinnest beds of FA 2.3 are present in the western part of the study area: in drill-cores
Jelgava-2 and Dobele-4 it appears as 4-5 m thick beds at the bottom of Parnu Fm. It is not
present in VEérgale-45 drill-core. Thus, the thickness of FA 2.3 in Ruhnu-500, Staicele-4,
and Valga-10 drill-core reaches about 20 m, while the maximum thickness occurs in
Tsiistre-327 drill-core, reaching almost 30 m. The FA usually occurs as erosively based
sandstone bodies. It is in details described from the outcrop area. FA 2.3 consists of trough
cross-stratified mudstone to siltstone conglomerate (F2), well-sorted, trough cross-
stratified sandstones (F3b), cross-stratified sandstone with mud and mica drapes (F4), large
scale cross-stratified sandstone (F10) and compound cross-stratified sandstone (F11).
Current ripple cross-laminated sandstone (F7), as well as climbing ripple cross-laminated
sandstone (F8) is also a typical facies for this FA (see Figure 5.26.).

The FA 2.3. is characterized by some tens cm up to 5 m thick beds with well
sorted material, very well rounded grains, common mica and mud drapes, and with
mudstone pebbles, that most typically occur at the bottom of the beds (2-4 cm), sometimes
fossil fish remains are found and probably fossil plants as well (according to Stinkulis
(1998) black flakes in Vigki-25 at the depth of 362 and 362.6 m; see Figures 5.26A, B, C).
In some places reactivation surfaces occur, associated with mud drapes.

Below the FA is associated with fluvial and tide-influenced fluvial deposits (FA
2.1) usually with an erosional surface, or with more fine-grained central estuary deposits
(FA 2.2). At the top it is associated with usually outer estuary tidal ridges (FA 2.4) or tidal
flat deposits (FA 2.5 and FA 2.6). The architecture of the beds, derived from outcrop data,
is described in more details in Chapter 5.1.2 under FA 3: Tidal bar deposits.

Interpretation:

The extensive cross-stratification, large scale cross-strata, fine-grained and well-
sorted material, mud and mica drapes, and erosional bases, suggest deposition in subtidal
channels and bars. Reactivation surfaces are formed as the subordinate current erodes the
lee-face of the dune formed by the preceding dominating current (Dalrymple, 1992). Mud
drapes are deposited from suspension settling during slack-water periods (Nio, Yang,
1991). The depositional units are based by significant erosion surfaces with mudstone rip-
up clasts, interpreted to represent channel bases. The upward-fining large-scale cross-
stratified sets (F10) are interpreted to represent bars in the tidal channel since the upwards
fining reflects upwards decrease in channel energy, as opposed to dunes that reflect highest
current energy at the top (Miall, 1996). This is confirmed by the great thickness of these
cross-strata. Recognition of mud couplets and tidal bundling in channel fills of FA 2.3
provides evidence of the subtidal origin of these deposits. Unlike other structures
commonly found in tidal deposits mud couplets and tidal bundling caused by channelized
tidal currents are unique to tidal deposits (Rahmani, 1988). The presence of mud drapes
and relatively finer-grained texture of the beds of this FA, allows to distinguish it from the
tidal ridges of outer estuaries (FA 2.4.), that are usually of more coarse-grained texture and
contain less mud and mica drapes. Thus, the FA 2.3 is interpreted to be deposited in the
proximal parts of outer estuaries.
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Figure 5.26. Representative photographs and a measured section of the central estuary
deposits (Facies Association 2.2) and tidal channel and bar deposits (Facies Association

2.3)
A - Coarse-grained sandstone with mud drapes (Valga-10 drill-core at 253-249 m depth);, B - Quartz-rich
sandstone with current-ripple lamination stressed by mica (Taurkalne-1 drill-core at 391-386 m depth); C -
Ripple-laminated sandstone (Taurkalne-1 drill-core at 420 m depth}); D - Slightly-inclined cross-beds with
climbing-up ripple-lamination, stressed by mica drapes (Taurkalne-1 drill-core at 416 m depth); E - Irregular
and slightly inclined heterolithic srata, interpreted as lateral accretion deposits in tidal point bars of the
central estuary (Crruligi drill-core at 430-428 m depth). The color of the rocks in the logs is close to the
original. Keys for the horizontal scale ofthe log see in Figure 5.11. [Scale information: pen sharpener in A
measures 2 cm)

5.26. attels. Centrala estuara (Faciju Asociacija 2.2) nogulumi, ka an pludmainu seru un
grédu nogulumi (Faciju Asociacija 2.3) ar reprezentabliem atteliem un nogulumu griezumu
A - Rupjgraudains smil$akmens ar mala kartinam (Valga-10 urbums 253-249 m dziluma);, B - Ar kvarcu
bagats smilfakmens ar straumju ripsnojuma pazimeém, kuru pasvitro vizla (Taurkalne-1 urbums 391-386 m
dziluma); C - Smilfakmens ar straumju ripsnojuma tekstiru {Taurkalne-1 urbums 420 m dziluma); D -
Lézeni krito$as slipslanotas smifakmens sérijas ar kapjosu ripsnojumu, kuru pasvitro vizlu kartinas
{Taurkalne-1 urbums 416 m dziluma); E - Neregulari slanoti, 1€zeni krito#i heterolitiski nogulumi, kas tiek
interpretéti ka lateralas akrécijas virsmas plidmainu sére, estuara centrala dala (Cirulifu urbums 430428 m
dziluma). Te#u krasa griezuma tuva originalajai. Apziméjumus griezumahorizontalaja skala skat. 5.11. attéla.
[Informacija mérogam: zimulu asinamais A attela — 2 cm))

FA 2.4: Tidal ridges of outer estuary

Facies Association 2.4 consists of mainly large scale cross-stratified sandstone
(F10) and compound cross-stratified sandstone (F11), well-sorted, trough cross-stratified
sandstones (F3b), as well as structureless sandstone (F7), trough cross-stratified mudstone
to siltstone conglomerate facies (F2), rarely cross-stratified sandstone with mud and mica
drapes (F4). FA 2.4 occurs extensively in NW and NE parts of the study area, as well as in
places in southern Estonia and northern Latvia (Valga-10, Staicele-4 and Birini cores).
Thinner units of FA 2.4 are up to 2 m thick, and they are almost absent in central to
southern parts of the study area, such as in Jelgava-2, Dobele-4, Talsi-263, Vergale-45
drill-cores. The FA 2.4 is missing also in eastern parts of the study area.

This FA consists of usually erosionally based, sand-rich, 2-15 m thick packages
of sandstone. FA 2.4 is volumetrically dominated by compound cross-stratified sandstone
(F11) and large scale cross-stratified sandstone (F10). It consists of quartz-rich, well-
sorted, usually medium to coarse-grained sandstone. The amount of mud and mica drapes
is smaller than in other F As. Compared to central to outer estuary tidal bars, the sandstones
here are coarser-grained (medium- to coarse- rather than fine- to medium-grained), the sets
of cross-strata are generally thicker.

Interpretation:

The erosional base, lateral accretion, coarse grain-size, together with the significant
height of the sandbodies, suggest deposition in tidal ridges in a subtidal environment.
These bedforms are also called elongate sand bars (Dalrymple et al., 2012). Such large
tidal ridges are characteristic for seaward portions of macrotidal environments (Dalrymple
et al., 1990). The lower amount of mud and mica drapes in this FA indicates rapid
migration of these barforms and low suspended-sediment concentration (Dalrymple et al.,
1990; Dalrymple, 1992; Dalrymple et al., 2012). The more quartz-rich composition and
better degree of sorting of sandstones suggest that the sediments were supplied by tidal
currents (Plink-Bjorklund, 2005).
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FA 2.5: intertidal to subtidal channels and flats

This Facies Association is characterized by plane-parallel laminated sandstone
(F5), trough-cross stratified sandstones (F3b), wavy laminated sandstone (F13), sandstone
with siltstone laminae (F14), as well as current ripple cross-laminated sandstone (F7),
sandstone with deformation structures (F9) and bioturbated facies (F25).

FA 2.5 is found almost in all drill-cores, with the exception of eastern part of the
study area, where it is uncommon (it occurs only in Ludza-15 and Atafiene-9, Pdrnu Fm),
and where carbonate tidal flats prevail. The FA reaches the largest thickness in western
and central parts of the study area, such as in Talsi-263, Vergale-45, Jelgava-2, Taurkalne-
1 and Dobele-4 drill-core, where almost entire succession is composed of FA 2.5
associated with FA 2.6. As for the rest of the basin, the thickness varies from few metres to
5 m, maximum 10 m, and the FA is present in association with mainly tidal bar and
channel facies of FA 2.3 (Figure 5.27.).

Heterolithic layers of sand- to coarse silt-sized and mud-sized sediments showing
flaser to wavy bedding is typical for this FA (Figures 5.27E and F). This millimeter- to
centimeter-scale lamination, referred to as rhythmites (Reineck, Singh, 1980) and tidal
bedding or heterolithic stratification (Demicco, Hardie, 1994} are very common (Figures
5.27A-C and D-G). Lamination is stressed by the different-sized material or fine material
interlayers, usually siltstone or dolomitic marls. The cross-stratification occurs very rarely.
Deposits are laterally discontinuous and normally are capped by fine-grained intertidal
deposits. The plane-parallel lamination has the laminae thickness less than mm up to 1 cm,
rarely 3 cm. According to Stinkulis (1998) in these facies quartz and feldspar grains have
bimodal distribution by their size — two fractions with grain size of 0.05-0.2 mm and 0.3-
0.8 mm are typical. Deformation structures occur in places as small folds, as well as
irregular laminae. Very often entire beds with sandy and silty laminae are wavy and
deformed. Bioturbation features are common.

Interpretation:

This millimeter- to centimeter-scale lamination, referred to as thythmites (Reineck,
Singh, 1980) or heterolithic stratification (Demicco, Hardie, 1994) forms due to decreasing
tidal current energy and the resulting change in sand to mud ratio in a landward direction,
and represents deposition in the lower to middle intertidal settings. Sediment accumulation
under these circumstances incorporate the mud and produce what is called flaser bedding
(Reineck, Wunderlich, 1968) after the German word for “flame”. Widely distributed flaser
bedding indicates that sandstone formed by traction currents and mudstone drapes formed
during slack-water on tidal flats in a more subtidal settings. Depending on the relative
amount of mud versus sand in these successions, wavy bedding or lenticular bedding
occur. Because of the alternation of sand and mud on a regular basis, tidal processes are
interpreted to control sedimentation. These types of bedding are called heterolithic,
because they contain both relatively coarse sediment and fine sediment. They are very
common on intertidal environments and are present in some subtidal environments such as
estuaries, and the distributaries of deltas. They are easily preserved in the stratigraphic
record and are an excellent tidal signature (Dalrymple, 1992, Lasemi et al., 2012). Tidal
thythmites are typically associated with intertidal flats that border marine or estuarine
water bodies. Cross-stratification indicates deposition by high energy ebb or flood tidal
currents in 3-D dunes or bars.
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Figure 5.27. Representative photographs and a measured section of Facies Association 2.5

- intertidal to subtidal channels and flats
A - Wavy-laminated sandstone with mud drapes (Jelgava-2 drill-core at 467 m depth), B - Very fine-grained
sandstone with coarse sand lamination (Talsi-263 drill-core at 205 m depth); C - Current-ripple laminated
sandstone that grades upwards into heterolithic sandstone and silistone lamination, that grades again into
thicker sandy laminae, indicating deposition in waning and waxing currents (Valga-10 drill-core at 263-258
m}; D - Fine-grined sandstone with possible desiccation crack and some trace fossils at the bottom of the bed
{Jelgava-2 drill core at the depth 471-474 m), E - Wavy-laminated fine-grained sandstone - an indicator of
very rare wave activity in the basin (Jelgava-2 drill-core at the depth of 465 m); F - Ripple-laminated light-
grey sandstone that erosively overlies very fine-grained reddish sandstone {(Valga-10 drill-core at 262 m
depth); G - Heterolithic siltstone and sandstone lamination (Valga-10 drill-core at 263-258 m depth). The
color of the rocks in the logs is close to the original. Keys for the horizontal scale of the log see in Figure
5.11. [Scale information: pencil in C measures 12 cm; pen sharpener in G measures 2 cm]

5.27. attels. Faciju Asociacija 2.5: Videja-apakseja pludmainu lidzenuma un kanalu

nogulumi (ar klastisku sedimentaciju) ar reprezentabliem attéliem un nogulumu griezumu
A - Vilnoti slanots smilfakmens ar mala kartinam (Jelgava-2 urbums 467 m dziluma); B — Loti
smalkgrandains smilfakmens ar rupjgrandainas smilts starpkartam (Talsi-263 urbums 205 m dziluma); C -
Smilsakmens ar straumju ripsnojuma tekstiru, kas augstak pariet smilfakmens un aleirolita slanmija, kuru
atkal nomaina biezaki smilfaini slani, liecinot par nogulumu veidofanos periodiski mainigos
hidrodinamiskos apstaklos (Valga-10 urbums 263-258 m dziluma); D - Smalkgrandains smil$akmens ar,
iesp€jams, Zuganas plaisam un pedu fosilijam slankopas apak$dala (Jelgava-2 urbums 471474 m dziluma); E
- Vilnoti slanots smalkgraudains smilfakmens, ta reti sastopama teksttra liecina par vilno$anos procesu
pakartotu lomu baseina nogulumu sedimentacija (Jelgava-2 urbums 465 m dziluma); F - Gaispeléks
smilfakmens ar ripsnojuma pazimeém, kas ar izskalojumu uzgul sikgraudainam sarkanbrinam smilfakmenim
{(Valga-10 urbums 262 m dziluma); G - Heterolitisks iezis ar smil§amens un aleirolita slanmiju (Valga-10
urbums 263-258 m dziluma). IeZu krasa griezuma tuva originalajai. Apziméjumus griezuma horizontalaja
skala skat. 5.11. attéla. [Informacija mérogam: zimulis C attéla — 12 cm, zimulu asinamais G attéla — 2 cm]

The plane-parallel laminated sandstone (F5) contains no mud along laminae and is
interpreted to be deposited from upper flow regime traction sedimentation by flood
currents (Harms, 1975). General absence of subaerial exposure features indicates
deposition in intertidal to subtidal settings. Deformation structures, that occur in places as
small folds, as well as irregular laminae, probably were produced by wave action.

FA 2.6: intertidal to supratidal mudflat

Facies Association 2.6 consists of homogeneous siltstone and mudstone (F18),
laminated siltstone (F17), bioturbated facies (F25), mudstone/siltstone with sand laminae
with lenticular bedding (F16), heterogenous sandstone and siltstone lamination (F15),
wavy laminated sandstone (F13), and in less degree of sandstone with siltstone laminae
(F14) and plane-parallel laminated sandstone (F5). FA 2.6 occurs extensively in NW part
of the study area and in central Latvia. It is closely associated with FA 2.5. It is very
common in Jelgava-2 and Dobele- drill-core, and reaches its maximal thickness in
Vergale45 drill-core - 3-5 m, and forms the bulk of the section in association with FA 2.5
(Figure 5.28.).

In places pure clayey silt material is distributed, such as in the upper part of
Reézekne Fm (Skaune-103) and lower part of Parnu Fm (Ludza-15). The colour is greenish-
grey, the only difference with dolostones and dolomitic marls is lack or very small amount
of carbonate material and higher amount of clastics. Crinkle-laminated sandstone and
mudstone layers ar typical, in which the lenticular bedding prevails (Figure 5.28B).
Desiccation cracks occur in places (Figures 5.28C, E, F). The beds are often associated
with the karstified FAs on top (Figure 5.28D).
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Figure 5.28. Facies Association 2.6 - intertidal to supratidal mudflats - with representative

photographs and a measured section
A - Bioturbated siltstone beds (Taurkalne-1 drill-core at 399-394 m depth); B - Crinkle-laminated sandstone
and mudstone (Jelgava-2 drill-core at 463 m depth); C - A desiccation crack in a silty sandstone, filled with
coarse, sandy material (Vergale-45 drill-core at 434 m depth}; D - Heterolithic lamination with cemented
beds possibly karstified at the top (Talsi-263 drill- core at 202 m depth); E — Very fine-grained sandstone
with a desiccation crack (Jelgava-2 drill-core at 479-474 m depth); F - Karstified beds with desiccation
features (Talsi-263 drill-core at 210-211 m depth), G - Sandy siltstone with trace fossils (Taurkalne-1 drill-
core at 394 m depth). The colour of the rocks in the logs is close to the original. Keys for the horizontal scale
of the log see in Figure 5.11. [Scale information: part of the pencil in A measures 7 cm, part of the pencil in
G -4 cm]

5.28. attels. Faciju Asociacija 2.6 - Videja-anggeja pludmainu lidzenuma nogulumi (ar
klastisku sedimentaciju) - ar reprezentabliem att€liem un nogulumu griezumu

A - Alerolita slani ar bioturbacijas pazimém (Taurkalne-1 urbums 399-394 m dziluma), B - Krokoti slanots
smil¥akmens un aleirolits (Jelgava-2 urbums 463 m dziluma); C - Zaganas plaisa aleirftiskaja smil§akment,
kuru aizpilda rupjgraudains smilts materials (Veérgale~45 urbums 434 m dziluma), D - Heterolitiska
nogulumu slanmija ar stipri cementétiem, iesp€jams, augidala karstificétiem slaniem (Talsi-263 urbums 202
m dziluma); E - Sikgraudains smilfakmens ar Zi$anas plaisu (Jelgava-2 urbums 479-474 m dziluma); F -
Karstificéti slani ar ZG#anas pazimém (Talsi-263 urbums 210-211 m dziluma); G - Smil$ains aleirolits ar
pédu fosilijam (Taurkalne-1 urbums 394 m dziluma). IeZu krasa griezuma tuva originalajai. Apziméumus
griezuma horizontalaja skala skat. 5.11. attéla. [Informacija mérogam: zimula dala A attéla — 7 cm, zimula
dala G attéla — 4 cm]

Deposits are in places bioturbated by organisms leaving vertical to sub-horizontal
traces (F25). In places very many rounded and elongated aggregates are filled with
possibly dolomitic cement, and are oriented in different directions, which do not match
with the main structure of deposits. The size of these aggregates is 0,6-3 cm, and they are
possibly trace fossils (see Figures 5.28A, G).

Interpretation:

The thick pure mudstone beds indicate deposition in low-energy environment,
possibly in intertidal ponds. However the majority of these beds containing laminae of
sandy material, indicate rather alternating deposition from suspension and from traction
currents, represented by tidal currents in intertidal to supratidal environment. The
mudstone layers thus represent deposition by the waning current during the slack water
period of a tidal cycle. Lenticular bedding (F16), which is very typical for this FA,
indicates deposition from reversing tidal currents (Reineck, Singh, 1980) and represents an
intertidal environment (Dalrymple, 1992). When the tidal currents are too slow to produce
ripples, they produce sand layers from suspension that alternate with mud layers
(Dalrymple, 1992), as seen in plane-parallel laminated sandstones and mudstones of F15.

Plane-parallel laminated mudstone with desiccation cracks (F17) is interpreted to
have formed on top of bar surfaces. Desiccation features can develop on intertidal surfaces
but may also form in various other environments that have no tidal influence such as
fluvial flood plains. However desiccation features that are associated with tidal conditions
and with other tidalites can also serve as a distinctive tidalite signature (Davis, 2012). In
arid climate due to high salinity and evaporite formation, burrowers and browsers are
practically absent in the upper intertidal deposits, whereas, the lower intertidal facies are
intensely bioturbated, as indicated by facies 25.
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The wide distribution of lenticular beds and laminated mudstones with sandstone
layers suggests deposition on intertidal to supratidal mudflats, where the current energy is
lower, and subaerial exposure is frequent.
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5.2.2. Basin evolution

The Rezekne and Parmu RS are characterised by very distinct and laterally
variable facies. Open sea situated west of the epicontinental basin and was partly separated
from it by the northwest-southeast barrier - northern part of the Belarus-Mazurian anteclise
(Kurshs, 1975; 1992). During the transgression in Reézekne-Pdmu time, it was also
connected to the basin in Moscow syneclyse in the east (Kurshs, 1975). In previous
studies, the deposits of Rézekne and Parnu RS were interpreted to have accumulated either
in shallow marine environments or fluvial channel or distributary fills and delta deposits
(Kurshs, 1992; Kleesment, 1997; Plink-Bjérklund, Bjérklund, 1999).

The vertical cyclic pattern in transition in facies and fining-upward trend in
sedimentary packages/stratigraphic units is considered to reflect a retrograding estuarine
succession and subtidal to intertidal to supratidal sandy to muddy and carbonate tidal flat
system which fringe the shoreline. According to tidal signatures found all over the
distribution area of Rézekne and Pdrmu succession, and the regional geological trend, it is
suggested that the deposition took place in macrotidal, tide-dominated estuarine system
and on adjacent tidal flats (see more in Discussion, the Chapter 6.5). It is worth to note,
that palaeocurrent directions may change from ebb to flood dominance over distances as
short as a few hundred metres and the complexity of palaeocurrents is consistent with
highly variable local net sand transport directions observed in modern tidally influenced
coastlines (Ashley, 1990), which is very typical for deposits of Parmu RS. The fact, that in
modern environments the direction of bedform migration in response to tidal currents may
range from ebb to flood and inclusive approximately shore-parallel migration (Ashley,
1990) is taken into account in palaeocoastline definition and palaecenvironment
reconstruction. In view of the orientation of the tidal systems in Rézekne and Pérnu basins,
the well developed SW-SE palaeocurrent distribution of dunes and sandbar bedforms
suggests NW-NE tending shoreline. Shallow water (up to supratidal zone) developed at the
basin margins and gradually deeper water (subtidal zone) towards the south of the study
area. Strong river influx from the north reduced the salinity in the basin and carried in
large amounts of sand-rich material, therefore the northern part of the basin is
predominated by sandy deposits. Freshwater influx did not reach the southern parts of the
basin, therefore dolomite and gypsum cement often occur there in the similar sandstones
(Kurshs, 1975; Stinkulis, 1998). Sandy dolomitic marls spread in eastern and south-
eastern part of the basin. Carbonate sedimentation prevails in this part of the basin,
containing variety of facies, which are not found in other parts of the study area. The
dominant type of sediments there are dolomitic marls and sandy dolomitic marls with
inclusions of gypsum, which accumulated in supratidal and intertidal mudflats. Typical
feature of these sediments are dolomite ooids and peloids. Internal fabric of ooids,
including concentric laminae of sulphide minerals, suggest that these grains formed under
changeable low and high agitation (Stinkulis, 1998), caused by tides. Further to the east in
the territory of Belarus (Drissa-1ST and Liozno drill-cores) deposits contain still less
clastic admixture, and are represented by the clayey dolomites. The gypsum lenses and
intercalations often occur in the clayey carbonate sediments here. Eastwards from the
study area gypsum layer appears and thicken to southeast, but farther to east even beds of
halite occur (Tikhomirov, 1995). The amount and thickness of siliciclastic deposits
increase again in the central part of the basin. Extensive non-carbonate tidal flats with tidal
thythmites that developed mainly in western and central parts of the basin indicate that the
environment of deposition was typically intertidal. The amount of desiccation cracks
suggests deposition even in supratidal settings. These environments typically associate
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with intertidal flats that border marine or estuarine water bodies. This is in contrast to what
is suggested by Kurshs (1975), that deeper basin existed in the western part of Pdrnu time
basin in Baltic States.

The source area for this zone was situated in the north, and the material was
transorted by fluvial and tidal currents, very occasionally by wave activity. As indicated by
fluvial and tidal channel deposits in SE part of the basin, it is not excluded, that the clastic
material was provided also from the southerly situated source area in Rézekne time (base
of Skaune-103, Drissa-1ST un Liozno cores). During time of transgression and lowered
sediment influx from the source area the territory was flooded and estuaries and tidal flats
formed with predominant mudflat formation. Wave action had a subordinate role in
sediment transport and deposition in Rezekne and Parnu basins. Few indicators of wave
influence to the deposition of sediments in the basin exist, such as occasional wave ripple
lamination and wavy, irregular lamination, however no deeper water sedimentary
structures, indicating active wave action, such as swaley and humocky cross-stratification
are found. This again reconfirms, that the sediments throughout the basin were deposited
in very shallow-water environments. Although wave-dominated coasts and wave-built
sedimentary bodies are very common on the seaward flanks of tide-dominated estuaries
(Yang et al., 2005, 2007; Daidu, 2012; Tessier, 2012), the lack of wave generated
structures in Reézekne and Parnu basins confirms that tidal processes controlled the
deposition throughout the basin. Occurrence of subaerial exposure is indicated also by the
wide variety of palaeosols. It must be noted, that the palaeosols occur in different intervals
of Rezekne and Parmu succession, but the trend of their association with the topmost parts
of beds is very typical, usually they are associated with: 1) fluvial channel deposits; 2)
cover the top of major tidal bedforms, such as bars; 3) are intercalated with supratidal to
intertidal mudflat deposits. These palaeosol intervals mark the last phase in the channel
infill, and can be used as indicative for episodes of exposure only if occur in same intervals
in few adjacent drill-cores, such as for example in Dobele-4 and Jelgava-2 drill-cores, the
succession of which is interpreted as intertidal to supratidal mudflats.

The volume of the depositional units of Rézekne and Parnu RS differs from one
part of the basin to another. The thickest units of Rezekne and Pérmu RS are found in the
northern part of the distribution area, while the thinnest occur in the south. One of the
parameters determining estuary volume is the coastal plain gradient (Boyd et al., 1992).
According to Steel et al. (2012) the thinnest of most of these transgressive intervals
probably reflects a lack of significant relief articulation during rapid transgressive
drowning or a low sediment supply, whereas thicker transgressive accumulations reflect a
higher sediment supply and a steeper transgressive trajectory. A rise of sea level on a flat
coastal plain passive margin generates a long estuary with a large volume. According to
Steel et al. (2012), the transgressive tidal accumulations in incised valleys commonly reach
significant thicknesses. Thus, presumably, the thickest beds of the succession accumulated
in estuaries, while the thinnest on tidal flats. Moreover, estuaries are highly efficient
sediment traps and their deposits have high preservation potential because of their location
within palaeovalleys (Dalrymple et al., 1992). Several estuaries have been interpreted to
form in Rézekne and Piarmu basins, situated along the palaeocoastline. As indicated in
correlation chart of the adjacent drill-cores (see Appendixes) the development of estuaries
during the Reézekne and Parnu time was preceded by incision of the channels in the
Silurian beds about 15 m, and this pattern is seen throughout the cross section.
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Depositional rates, preservation potentials and stratigraphy

In tidal systems, especially such sand-rich ones as sequences of Rézekne and
Parmu RS, preservation potential of deposits and time gaps in the stratigraphic records
must be taken into account. The preservation potential of tidal deposits is high where tidal
flats are aggrading and prograding (Davis, 2012). This study demonstrates that tidal
deposits of the Rézekne and Parnu RS accumulated rapidly and were preserved widely.
Moreover, where preserved in the stratigraphic record, tidalites represent accumulation
during very short time intervals (Klein, 1998). As a result the sedimentary record is partial,
gince accretion is usually discontinuous, and erosion often removes part or all of the
record. This limits considerably the range of conditions favorable for preservation of
deposits to areas where there is a good supply of sediment and most often a rising relative
sea level in the subtidal zone (Nio, Yang, 1991) in areas sheltered from waves and storms
(Dalrymple, 1992), such as the Rézekne and Pdrnu basins. Estuaries are defined as
representing exclusively transgressive depositional systems, as geomorphologic feature
that can be formed by the drowning of incised-valley system and which “become filled and
cease to exist as soon as sea-level rise slows” (Dalrymple et al., 1992). Estuaries and their
deposits are thus diagnostic of the sequence-stratigraphic late lowstand to transgressive
system tracts (Meyer, 1998).

In stratigraphic context, three to four major sedimentary cycles were distinguished
in the sequence of the Rézekne and Parnu RS in the Baltic States (see Figure 5.17. and the
Appendixes). The disconformity at the base of the Rezekne or Parnu RS formed as a result
of a relative sea-level fall and fluvial incision during the lowstand. Thus, this erosional
surface interpreted as a sequence boundary, mark the base of Rezekne and Parnu RS. The
tidal ravinement surface separates lowstand (L. ST) deposits from the above tidal bar
deposits, representing retrogradational transgressive systems tract (TST). A lags of shell
debris appear to be common feature of modern tidal channel and estuary deposits (Allen,
1991) and is usually associated with the tidal ravinement surface. However the absence of
shell debris within tidal channels as suggested by Richards (1994) may reflect the removal
of shell debris by diagenetic processes. Tidal ravinement surface may be produced by a
number of many different types of tidal channel and does not necessarily separate
distinctive facies in central and western parts of the basin, thus it is difficult to distinguish
them. Moreover, these surfaces are rarely found outside the valley system (Reading, 1996),
g0 it is very difficult to use ones for regional correlation. On the contrary, since they have a
high chance of preservation in the valleys, they are detected in the outcrop area. Towards
the end of deposition of Parnu time the rate of relative sea level rise exceeded that of
accommodation space filling, resulting in shallow marine conditions during deposition
corresponding to the Narva time.

In overall sequence stratigraphic context, Rézekne and Parnu RS represent the
deposits of the lowstand and the subsequent transgression periods. The large thickness of
the tidal deposits suggests a state of near-equilibrium between sedimentation rate and
relative sea-level rise. This relative sea level rise was due to combination of progressive
basin subsidence and a eustatic sea-level rise in Reézekne and Parnu time (Marshall et al.,
2007, Hagq, Schutter 2008). Tidal deposition was terminated when the rate of relative sea-
level rise exceeded that of filling of accommodation space in the Narva time.
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Tide-dominated estuaries and tidal flats

The tide-dominated channel fill and bar deposits and the associated marginal tidal
flat deposits of Rezekne and Parnu basins are interpreted to have been deposited in
estuaries. This suggestion is made based on the scale of incision at the base of channels, on
the infill architecture and on the presence of transgressive tidal deposits. The lack of
barrier islands and lagoonal sediments suggest deposition in wide-mouthed, tide dominated
estuaries (Mellere, Steel, 1996). Facies trends within estuarine fills vary depending on the
amount and distribution of sediment deposited by river, wave- and tidal currents, a balance
that can vary over time as ratios of accommodation to sediment supply change during
estuary filling (Allen, Posamentier, 1993). Estuarine deposits are in general aligned
oblique to perpendicular to the shoreline particularly if they tend to be tidal (Reinson,
1992). The estuaries of Rezekne and Parnu RS, that fringe the shoreline and are aligned
perpendicular to palaeocoastline, are interpreted to be of macro-tidal origin, to
development of which the major role was played by tidal processes. The possible tidal
ranges in Rezekne and Parnu basins are discussed in Chapter 6.5.

Transport pattern in estuaries develops a bedload convergence zone within the
middle portion of all estuaries, called “straight-meandering-straight”, which generate
grain-size trends in the sand fraction: 1) a seaward decrease in sand grain size through the
river-dominated, inner part of estuaries; 2) landward decrease in sand size in the outer part
of estuaries (Dalrymple et al., 1992; Dalrymple et al., 2004). As stated by Dalrymple et al.
(1992) longterm transport of bedload is seaward in the river-dominated zone, whereas
coarse sediment moves up estuary in the marine-dominated zone as a result of wave and/or
flood-tidal current action. Thus, the central zone is an area of net convergence and
typically contains the finest-grained bedload sediments regardless of whether the estuary is
wave-or tide-dominated. Richards (1994) discusses that mesotidal estuaries develop well-
preserved tripartite sand-mud-sand structure. A macrotidal, coarse-grained, sand-rich and
complete estuarine fill of tide dominated estuarine systems of Rézekne and Parnu RS,
especially in its northern distribution area, lack the well developed tripartite sand-mud-
sand facies. Only in relatively few cores the fine-grained central estuary deposits are
present. For more discussions see Chapter 6.1 on tide-dominated sand-rich estuaries. As a
result, the depositional record of estuaries of Rezekne and Parnu basin is dominated by
coarse-grained subtidal sand bars and estuarine channels that pass landward into sand tide-
influenced fluvial to tidal channel and to fluvial channels in palaeocoastline zone, which
corresponds to outcrop area. This central part is dominated by sands that occur in the tidal
channels along the length of the estuary, while muddy sediments accumulate primarily in
marginal tidal flats along the sides of the estuary. Elongated sand ridges of outer estuaries
basinwards are interpreted from drill-core material in northern Latvia and southern
Estonia. They contain minor amounts of mud, such as thin mud laminae and flasers, which
accumulated in estuary inlets, possibly only in sheltered coastal embayments (Stupples,
2002). The ridges are erosively-based and composed of well-sorted, medium to coarse-
grained sands with large-scale cross-stratification. Erosional surfaces with mud rip-up
clasts are common. The upper portion of this transgressive estuarine succession is
generally removed by tidal channel erosion. The presence of these ridges in addition
confirms the tidal dominance to the deposition, while in wave-dominated estuaries barriers
at the mouth of estuaries usually develop (Tessier, 2012).

It is more difficult to identify muddy intertidal sequences in the rock record than
their sandier counterparts due to the lack of channel fill sequences and the very gradual
gradients in sedimentological properties (Hinton, 1998). The close association of muddy
sequences in succession of the Rézekne and Pdrmu RS with the channel fill tide-influenced
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and tidal estuarine sequences, allows to interpret muddy sequences of Rézekne and Parnu
basin as deposited on tidal flats. Also fining-upward cycles is a supporting evidence for
deposition on prograding tidal flats (Middleton, 1991). Such fining-upward sequence,
common for tidal flats, which are building seaward, may also be identified as due to the
lateral migration of fluvial systems (Hinton, 1998). However all range of tidal signatures
present in deposits of Rezekne and Pirnu RS, allows to interpret these fining-upward
sequences are produced by migration of tidal channels, and by development of supratidal
flats over intertidal and subtidal sandy flat and channel deposits.

The density of bioturbation in a bed varies inversely with the rate of sedimentation
so that, where sediment supply is low and invertebrate life abundant, primary structures
such as bedding may be completely destroyed (Miall, 2000). Beds formed by rapid
sedimentation may show little or no penetration by organisms, as in the northern part of the
Reézekne and Parmu RS distribution area. The most bioturbated and thus preserved layers
are found within supratidal to intertidal mudflat settings. For intertidal flats, the sediment is
delivered by tidal currents from the adjacent subtidal environments. Such intertidal
deposits are still vulnerable to erosion by wind, tides and storms (Davis, 2012). Therefore
most of the sequence shows scours and local unconformities. According to Middleton
(1991) special hydraulic conditions are necessary for the preservation of clear evidence for
tides: 1) subtidal environment, probably in a laterally migrating tidal channel with
relatively weak, strongly asymmetrical tidal currents; 2) the predominant tidal current is
able to transport sand and the subordinate current very little, so that there is little erosions
of the cross-strata formed by the predominant tidal phase; 3) an environment rich in
suspended mud is necessary so that each tidal sand layer can be clearly separated from the
next. When such conditions are present, as in the sequence of Rézekne and Parnu RS, the
cyclic nature of the deposits constitutes very convincing evidence of tidal origin.
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6. Discussion

6.1. Recognition criteria of sand-rich tide-dominated estuaries

Some criteria for recognition of sand-rich tide-dominated estuaries in the rock
record are proposed here. The distinction of sand-rich tide-dominated estuaries with
respect to facies and stratigraphy of sediment infill is discussed here.

It must be pointed out that the examples of tide-dominated estuaries described
from the rock record remain relatively rare (Archer et al., 1994; Mellere, 1994; Khin,
Myitta, 1999; Rossetti, 1998; Shanmungam et al., 2000; Plink-Bjérklund, 2008). Despite
the fact that many sedimentological and sequence stratigraphical analysis describe facies
and deposition in estuarine environments, most interpretations refer to the wave-dominated
estuary model or to mixed-energy wave and tide-dominated estuary model based on the
Gironde estuary (Tessier, 2012). Few examples of ancient sediment successions have been
interpreted as exclusively tide-dominated estuaries (Archer et al., 1994; Mellere, 1994;
Gjelberg, Steel, 1995; Shanmugam et al., 2000; Hori et al., 2001; Plink-Bjorklund, 2005;
2008; Kitazawa, 2007; Pontén, Plink-Bjérklund, 2009). Majority of this research deal with
the studies of fine-grained tide-dominated estuaries, while little material exist on sand-rich
estuarine systems. Sand-filled estuaries appear to be difficult to recognize, especially in the
rock record. Without a thorough knowledge of the palaeogeography and without sufficient
experience in recognizing the influence of tides in siliciclastic sediments, one might
interpret an estuarine sandy channel-fill as a fluvial channel-fill or a distributary channel of
a fluvial-dominated delta. This is one of the reasons why the sequence of Pdrnu Fm in the
Baltic States has been previously interpreted as fluvial channel or distributary fills and
delta deposits (Kurshs, 1975, 1992; Kleesment, 1997). It is necessary to note that the upper
part of Parnu RS is one of the sandiest parts in the Devonian sequence - the proportion of
sandstones reaches 70-90 % (Kurshs, 1975).

The following discussion will address how sand-rich tide-dominated estuaries can
be recognized in stratigraphic succession and how they can be distinguished from similar
environments/features that are deposited under non-tidal conditions, as well as from their
fine-grained counterparts. Some of the sedimentary structures and sequences can form in
multiple depositional environments, such as fluvial, deltaic or shallow marine. At the same
time, in some cases sediments also accumulate under tidal conditions, but there are no tidal
signatures preserved, such as in estuaries, tidal flats, or tidal inlets. The lack of tidal
signatures may be due to energy conditions with little or no sediment transport, or may be
due to the influence of waves that rework any evidence of tidal activity (Davis, 2012).
Because of these circumstances, it is certain that beds which are interpreted as containing
tidal sediments, may represent only a portion of those sediments that has been actually
accumulated under tidal conditions.

Davis (2012) points out that monolithic tidalites occur, but are not common, in the
geological rock record. He concludes that it is likely that tidal deposits in monolithic
depositional environments do not leave tidal signatures, and are therefore not recognized in
ancient rock record. He notes that, however, few exceptions exist. One of such exceptions
is Precambrian Baraboo and the Cambrian Jordan sandstones in Wisconsin (Pape et al.,
2003), were tidalites are entirely composed of well-sorted sandstone.

In this study it is illustrated that tidalites of Pamu Fm in the northern part of its
distribution area are mainly monolithic facies (see more Chapter 5.1.1) and argued that
even in such environments, where monolithic sedimentation prevails, tidal signatures are
abundant and can be distinguished in the rock record.
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A mumber of indicators reflecting tidal control on the deposition are preserved in
modern and ancient stratigraphic sequences. These tidal signatures are distinguished by
cyclic deposition and are important indicators in reconstructing the ancient depositional
environments. In sand-rich tidal environments, such as estuaries, the bulk of tidal
signatures are preserved within cross-strata formed by migrating bedforms where currents
move over non-cohesive sediments of sand or gravel (Davis, 2012). Therefore special
types of cross-strata containing specific tidal signatures are produced, such as tidal
bundles, reactivation surfaces, grain size upwards-decrease within individual cross stratain
the cross-sets, reversals in palaeocurrent directions in bedforms of different scales (see
more for details in Chapter 5.1.4).

The currents during flood and ebb tide move and deposit relatively coarse
sediments, typically sand. During slack water periods, fine suspended sediment settles. The
result is an alternation of sand and mud forming tidal bedding or rhythmite (Reineck,
1967), that is usually heterolithic, displaying more than one sediment type. Tidal
thythmites are typically associated with intertidal flats that border marine or estuarine
water bodies (Davis, 2012). In case of Parnu Fm, in northernmost part of its distribution
area, few heterolithic tidal sediments are preserved, but are found mainly in drill cores
further south. The whole succession is almost entirely sand-dominated. The rhythmites of
Parmu Fm in outcrop area, represented by marginal tidal flat deposits, are monolithic and
contain mainly fine to very-fine grained sand. It must also be noted, that rhythmic
sediments can accumulate in fluvial and lacustrine environment and especially in fluvial
deltaic environments (Harris et al., 1993; Dalrymple et al., 2003). Therefore in order to
clearly interpret the sedimentary environment in which tidal signatures occur, the
placement of the sequence in the context of entire depositional system is essential. Since
deposits of marginal tidal flats (FA 4) of Parmu Fm are closely associated with tide-
dominated deposits of outer estuary (FA 3), there is no doubt about its origin in tidally-
controlled environment.

The same condition is applicable to another very typical tidal signature in facies
of Parnu Fm - tidal bundles, when each bundle is a couplet of typically heterolithic cross-
strata that develop from the migration of 3-D dunes. However, again in facies of Parmu Fm
in northernmost part of its distribution area, tidal bundles appear to be monolithic and
contain almost entirely sandy sediments. The tidal bundles accumulate in a sequence of
trough cross-strata that shows rhythmic changes in individual bed thicknesses from spring
to neap during each tidal cycle (Visser, 1980). These bundles are excellent examples of
tidal sediments and show high preservation potential, because they develop in channels
where burial can be rapid (Davis, 2012). In such bedforms there is also a high potential of
reactivation surfaces to be present within the bundle sequence, especially during spring
tides, which are very prominent in tidal bundle sequence of sandy deposits of Pdrnu Fm. In
the absence of fine-grained material (silt- and mudstone), which usually forms tidal
bundles and associated mud/mica drapes, tidal bundle sequences in sandstones of Péarnu
Fm in outcrop area very often exhibits grain size decrease from coarse and medium-
grained sand to fine and very fine-grained sand and silt at individual cross-strata scale
within tidal bundle sequence (for more details see Chapter 5.1.4). Thus, these can be
considered the coarse-grained counterparts of the heterolithic tidal rithmites that prevail in
fine-grained systems.

Few key points that characterize the stratigraphy of sediment fill of sand-rich tide-
dominated estuaries are highlighted here. For more on sequence stratigraphy of the
succession see in Chapter 6.3.

Many studies related to tide-dominated estuary sediment infill refer to sequence
stratigraphy concepts allowing the distinction of system tracts (lowstand, transgressive and
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highstand) and key surfaces, such as sequence boundary, the transgressive surface, the
tidal and wave ravinement surfaces and maximum flooding surface (Tessier, 2012). Due to
diversity of interpretations there is no clear definition of the statigraphy for sand-rich tide-
dominated estuaries. Moreover, in such sand-rich system, as the northern part of Parnu
basin, where several episodes of incision and infill took place, it appears to be difficult to
differentiate the systems tracts and correctly locate major stratigraphic surfaces. As
discussed by Tessier (2012), it is worth noting, that both in modern settings and in the rock
record, sediment infill in tide-dominated estuaries show a large diversity in terms of
geometry and relative proportion of facies within the preserved systems tracts.

The sequence boundary in most cases is defined at the bottom of a fluvial valley
incised during the previous relative sea level drop. The lowstand systems tract (I.ST) is
usually assigned to fluvial deposits preserved in the bottom of the valley. In most cases, it
is very reduced in volume, represented only by remnants of fluvial deposits, reworked
during the subsequent transgression by powerful tide/wave cumrents (Tessier, 2012). In
only few cases part of the LST consists of tide-influenced fluvial deposits (Gjelber, Steel,
1995; Plink-Bjorklund, 2005). The basal erosion surface of Parnu Fm erodes into older,
mainly Silurian rocks in the northern part of its distribution area according to drill-core
data in the adjacent cores. However, the full lateral extent of the erosion surfaces is
unknown. The continuous fluvial and tide-influenced fluvial to tidal channel deposits on
the base of the erosional surfaces occur across the entire cross-section and northern part of
the distribution of Parnu Fm (SU 2, see Chapter 5.1.2). These deposits grade basinwards
and upwards into tide—dominated deposits . Fine-grained deposits are missing in this part
of the section in the study area. At the base of SU 2, single fluvial or tidally influenced
fluvial to tidal channels, as well as multiple vertically stacked fluvial or tidally influenced
fluvial to tidal channels occur. This prominent and widespread erosional surface that is
overlain by coarse-grained fluvial channel deposits and mark the base of the Parnu Fm, is
interpreted as sequence boundary, because: 1) these erosion surfaces are traceable in in all
drill cores; 2) the depth of incision is significant (local erosional topography up to 15 m)
and 3) these erosion surfaces are overlain by fluvial deposits that mark a significant
basinward facies shift in comparison to mainly carbonate shallow marine sediments of the
Silurian age. Sequence boundaries formed during the fall of relative sea-level to its lowest
position. Similar to tide-dominated estuarine deposits of the Eocene Central Basin,
Spitsbergen (Plink-Bjorklund, 2005), the fluvial and tidally influenced fluvial channels
reflect deposition in rivers that became tidally influenced at their river mouth, below the
mean high tide. Therefore the successions of coarse-grained fluvial and tidally influenced
fluvial deposits that shift abruptly basinward across older sequences are interpreted as
lowstand deposits (L.ST). The upwards transition from fluvial to tidally influenced fluvial
deposits indicates deposition during the initial sea level rise while the tripartite
composition of the three stratigraphic units indicates fluctuations of the sea level and three
episodes of incision and infill.

The transgressive systems tract (TST) is usually described as a bulk of tide-
dominated estuary infill (Zaitlin et al., 1994). The fluvial channels are generally overlain
by tide-dominated estuarine deposits. At the top of the fluvial channel deposits there is a
marked transgressive surface that signifies valley drowning and the landward migration of
the bayline, separating the fluvial lowstand deposits from the estuarine transgressive
deposits. It is marked by a significant erosional surface. The transgressive surface
separates fluvial aggradation from landward-stepping estuarine deposition in basinward
portions of the system.

These tide-dominated estuarine deposits have a landward-stepping trend as they
onlap the basal fluvial deposits in a landward direction. At the landward end of the
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exposed estuaries (outcrop area), the landward-stepping is implied by a landward shift of
the tidally influenced fluvial channels. Tidally influenced fluvial channels are replaced by
tidal channel sand bars at gradually higher stratigraphic levels. At the seaward end of the
exposed estuaries (outer segment), the landward stepping is implied by the landward shift
of tidal sand bars and tidal flat deposits. The outer segment of estuaries is usually very
sand-dominated and is composed mainly of tidal sand ridges outside the studied outcrop
area.

These tidal sand ridges deposits occur on highly erosional basal tidal ravinement
surfaces that, in some cases, cut through the whole underlying estuarine and fluvial
deposits and merge with the sequence bounding erosional surface (similar to the deposits
found in drill-cores in Central Latvia). In most sequences the tidal ravinement surfaces
occur within the landward stepping estuarine deposits, some distance above the basal
fluvial segment. Similar to tide-dominated estuarine deposits of the Eocene Central Basin,
Spitsbergen (Plink-Bjorklund, 2005), the transgressive deposits volumetrically dominate
the depositional sequence. However, unlike the study of Plink-Bjérklund (2005), where in
contrast to the lower, fluvial segment, the middle transgressive segments are mud-prone,
the TST deposits of Parnu Fm are sandy and contain only mud/mica drapes within cross-
strata of the bedforms, such as sand dunes and bars. The only mudstones, also containing
carbonates, were deposited on marginal tidal flats. These fining-upwards depositional units
occur at the very top of the succession and are associated with the bars of the outer
estuaries. It should be noted that no signs of bioturbation are found in the sand rich
estuarine environment of the Parmu Fm due to highly stressed environment (Dalrymple,
Choi, 2007). However tidal flat deposits in seaward portion of the estuaries (outer
segment) tend to be more bioturbated. The landward-stepping estaurine succession that
accumulated above the lowstand deposits is interpreted as transgressive estuarine deposits.
A relative sea-level rise is indicated by a landward shift of all depositional environments, a
landward onlap, and the development of the tidal ravinemet surfaces. The highstand
systems tract deposits correspond to Narva RS of the Middle Devonian succession in
Baltics, and are not described in this study, but studied in detail by Tdnavsuu-Milkeviciene
et al. (2009).

In such sand-rich environments as Parnu basin, where rapid deposition prevails, it
is very important to consider the preservation potential of the deposits (see also Chapter
5.2.2). What is preserved in the stratigraphic rock record as tidalite represents the
minimum of tidal environments that existed in the geological past. One of the most
common environments, where this situation prevails, is the transition from fluvial to tidal
domination in estuaries (Dalrymple, 1992; Davis, 2012), which are widely represented in
the northernmost part of the Parnu RS distribution area, including the outcrop area.
According to Davis (2012) tidal channels tend to be among the best preserved, whereas the
upper intertidal zone is the most poorly preserved. It must be noted, that in this study, tidal
channels are very well preserved in the rock record, and can be studied in outcrops and in
cores, however tidal deposits of the intertidal zone occur in other parts of Pdrnu basin with
the exception of most northern part of its distribution area, closer to the palaeocoastline
where deposition in sand-rich estuaries prevails.

6.2. Tide-dominated estuaries versus tide-dominated deltas
The deposits of tide-dominated estuaries and tide-dominated deltas can be

remarkably similar in the geological rock record. Coarse-grained estuaries are especially
difficult to distinguish from fluvial channel-fills or distributary channels of tide-dominated
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deltas. As demonstrated by long-lasting debates about the interpretation of the depositional
environment, accurate facies models are still missing to allow the distinction between
different tide-dominated environments as preserved in the rock record (Tessier, 2012). A
very careful facies analysis combined with detailed studies of vertical and lateral facies
transitions are essential in order to determine tide-dominated estuarine deposits from tide-
dominated delta deposits (see discussions in Walker, 1992; Dalrymple et al., 1992; Boyd et
al., 2006; Dalrymple, 2006; Dalrymple, Choi, 2007). By developing clear facies models
based on distinctive combination of sedimentary processes, it is possible to correctly
identify and differentiate these two environments (Boyd et al., 2006).

Péarnu RS in its northernmost distribution area (outcrop area) has been previously
interpreted as fluvial channel or distributary fills and delta deposits (Kurshs, 1975, 1992;
Kleesment, 1997). In this study it has been re-interpreted as tide-dominated estuary. The
below-mentioned criteria allow interpreting the deposits of Pdrnu Fm in the outcrop area as
a tide-dominated estuary and distinguish it from tide-dominated delta succession. These
criteria can be very well compared with the discussions on depositional environments of
other sequences of the BDB, especially with regards to deposition of tide-dominated deltas
(Pontén, Plink-Bjorklund, 2005; Ténavsuu-Milkeviciene, Plink-Bjorklund, 2009;
Téanavsuu-Milkeviciene et al., 2009).

¢ The deposits of Parnu estuary in the study area and in adjacent drill cores show
evident overall upward-fining grain size trend repeating in three cycles
(represented by three stratigraphic units). Based with unconformity on underlying
Silurian marine carbonate deposits within stratigraphic units, coarse-grained
deposits of fluvial channels and bars are overlain by finer grained, well-sorted
sandstones with mud drapes, which are capped by fine to very fine-grained,
dolomitic sandstones at the very top of the succession. The deposits of Parnu
succession are caped by overlying shallow marine mixed siliciclastic-carbonate
deposits of Narva Fm (Tanavsuu-Milkeviciene, Plink-Bjorklund, 2009). On the
contrary, deposits of tide-dominated deltas show overall upward-coarsening trend,
reflected by delta progradation basinwards, typical for other parts of the Middle to
lowermost Upper Devonian siliciclastic succession in the Baltic States: upper part
of the Narva Fm, Arukiila Fm and Gauja Fm (Pontén, Plink-Bjérklund, 2007;
Tanavsuu-Milkieviciene, Plink-Bj¢rklund, 2009; Tanavsuu-Milkieviciene et al.,
2009).

¢ The deposits of Parnu Fm in the study area and in adjacent drill cores show coarser
grain size trend at both ends of the estuarine system, thus reflecting the two
sediment sources: fluvial and tidal. Coarser deposits are typical for the northern
(landward) part of the distribution area, while most fine-grained deposits, including
significant mud layers, occur in the central part of the system. Another coarse-
grained size deposit peak corresponds to more basinwards oriented reaches of the
estuary, based on data derived from cores in southern Estonia and northern and NE
Latvia. In contrast to estuarine fills, for tide-dominated deltas overall basinward
fining grain-size trend is typical, which is driven by the fluvial sediment source
(Boyd et al., 2006; Dalrymple, Choi, 2007; Ténavsuu-Milkeviciene, Plink-
Bjorklund, 2009), since tide-dominated deltas are defined as progradational
sediment bodies that protrude from the shoreline, where tidal currents rework river
supplied sediments basinward (Willis, 2001).

¢ The above-mentioned criteria on describing two sediment sources in the Pirnu
estuary, are reflected also by the major sediment transport directions. Deposits of
Parnu estuary show bidirectional palaeocurrent distribution, especially at its central
part and also outer (basinward) reaches. On the contrary, tide-dominated deltas will
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in general have more basinward oriented palaeocurrent distribution (Boyd et al.,
2006; Tanavsuu-Milkeviciene, Plink-Bjorklund, 2009).

¢ Sharp base and “blocky” character of the tidal bars. According to Steel et al. (2012)
tidal signals in regressive and transgressive succession are not greatly different,
though tidal bars and sand ridges tend to be more thickly developed in estuaries,
and some facies successions (e.g., tidal bars fining upwards into tidal flat and
supratidal muds) are more common in estuaries, whereas in deltas tidal bars tend to
cap upward-thickening parasequences. According to Dalrymple et al. (1992}, dune
and bar deposits may form a significant part of the geological record of estuaries
and are extensively developed in estuaries as a result of broad range of conditions
under which they form. Rahmani (1988) states, that lateral accretion bedding is a
characteristic architectural element of deposition of point bars. Estuarine bars
compared to their fluvial counterparts tend to be asymmetric in the direction of the
dominant current. They have lower-angle down-current bed dip angles, accrete
mostly lateral to the direction of the dominant flows, and tend to fine upwards from
the bar fronts to overlying bar top deposits (Dalrymple, Rhodes, 1995). This is the
most common stacking pattern feature for the bar units in the outcrop study area
(FAs 2 and 3). Each of the cross-stratified sets that forms the point bars, consists in
detail of a cyclic bundling of sandier and muddier laminae suggesting a regular and
orderly fluctuation in energy conditions common to tidal processes. According to
Dalrymple and Rhodes (1995), as well as Yang and Nio (1985), preservation of
bundle sequence attests to high depositional rates. For example, this is the case for
lateral accretion on the inner bank of a curved tidal channel. The latter, together
with above-mentioned criteria, reflects deposition in tide-dominated bars of
estuaries.

¢ With regards to sequence stratigraphic analysis, the Pérnu succession in the study
area is interpreted as an incised valley estuary. Tidal estuary deposits are
associated with the fills of valleys flooded during periods of relative sea level rise
(Dalrymple et al., 1994), and erosional surface, formed during wvalley incision is
characteristic. The erosional unconformity, formed during wvalley incision is
characteristic for Pdrmu Fm and is traced regionally in the drill cores. In the most
northern distribution area of the Formation, the erosional surface is overlain by
poorly sorted fluvial channel deposits suggesting that sediments have been formed
due to a valley cut into underlying Silurian carbonate rocks. The tripartite character
of the succession suggests several episodes of incision and infill. On the contrary,
deltas are usually not associated with incisions (Plink-Bjérklund, 2005; Boyd et al.,
2006). The more detailed description on valley incision is given in Chapter 6.3,
discussing the regional trend of the depositional environment of the whole Rezekne
and Pdrnu basins.

s In sequence-stratigraphic terms, estuaries more commonly occupy the transgressive
system tract while deltas more commonly occupy the regressive and highstand
system tracts (Boyd et al., 2006). Tidal bars of Rezekne and Parnu RS in its more
basinward reaches are based by tidal ravinement surface, and in the most landward
position (the studied outcrop area), are underlain by estuarine and fluvial facies.
The estuary formed during flooding (early transgressive stage) of a previously
created incised valley with a pronounced unconformity at its base.
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6.3. Basin topography and incised-valley estuaries

The Rézekne and Piarnu RS of the BDB represents lowstand to transgressive
succession of tide-dominated esturaine deposits associated with adjacent tidal flat
complex. Few definitions of estuaries exist (Dalrymple et al., 1992). The most common
classification used in sedimentology, which is also used in this study is the one defined by
Dalrymple et al. (1992) as “the seaward portion of a drowned incised valley”. Incised
valley has been defined (Zaitlin et al., 1994) as a “fluvially eroded, elongate topographic
low that is typically larger than a single channel form, and is characterized by an abrupt
seaward shift of depositional facies across a regionally mappable sequence boundary at its
base. The fill typically begins to accumulate during the next base level rise and may
contain deposits of the following highstand and subsequent sea-level cycles”. Incised
valleys pass landward into fluvial-channel systems that feed the valleys (Zaitlin et al.,
1994).

Deposition in Rézekne and Pérnu basins took place in an environment comprising
a shallow epicontinental tidal sea (see Discussion in Chapter 6.5). The presence of tidal
currents implies that Parnu basin was connected with open ocean basin and that the tidal
currents formed in the open oceans and propagated into the adjacent shelf seas. Today,
most tide-dominated estuaries are associated with tide-dominated shelves, such as the
English Channel and the China sea and more generally to shelves, that are large enough to
amplify the oceanic tidal wave. Elongated bays and gulfs are then favorable coastal
configurations for extreme amplification of tidal waves that propagate on shelves. Thus,
coastal configuration is a critical factor in controlling tidal dynamics (Tessier, 2012).
Several estuaries are interpreted to be developed along the palaeocoastline of the Rezekne
and Parnu basins based on detailed facies analysis and spatial and lateral distribution of
these facies derived from outcrop, as well as drill core data. At a first glance it may seem
unlikely that major rivers entered the basin every few tens of km along the coastline.
However, it should be noted that the land-ocean interface in BDB was likely different from
most coastlines that exist today. In the absence of rooted land plants, point sources of
sediment supply were unlikely. Instead, the land-ocean interface was most probably in the
form of braided network with tidal modifications taking place in rivers and on tidal flats
(Eriksson, Simpson, 2012). Moreover, the relatively flat topography of the BDB meant
that large areas could have been influenced by water-level changes, both from the seaward
and the landward end. Also, a global palaeo-ocean spanned most of the planet during
Palaeozoic Era and strong tidal resonances could have occurred (Archer, 1996). Funnel-
shaped estuaries within low-relief basins with strong basin resonances would also favour
tidal conditions resulting in a variety of tidal facies (Archer, Greb, 2012) common for
northern part of the basin. Also, the relatively big size of the landmass of Euramerica may
have resulted in the common occurrence of big palaeorivers (Potter, 1978; Archer, Greb,
1995).

The estimation of the total depth of erosion (eventual incised valley depth), is not
completely clear because of the relatively narrow ouctrop area, as well the lack of data in
the drill cores, which often due to their coarse-grained composition are poorely preserved
in cores. Nevertheless the character of the erosion surfaces at the base of the Regional
Stage and its regional distribution up to 15 m, as well as the distribution and configuration
of the estuaries along the palaeocoastline, suggest that the estuarine deposits backfilled
incised valleys, that had been eroded during the preceding sea-level falls (see more details
in Chapters 5.1.3 and 5.2.2).
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The criteria for recognizing incised valley estuaries outlined by Zailtin et al.
(1994) can be applicable for this study:

1) The basal erosion surfaces, that occur througout the study area and mark the
lower boundary of Rézekne and Parnu RS, are regional incisions. This high relief erosion
surface records deep incision into mainly marine carbonate deposits of Silurian age during
a lowstand in relative sea-level. The deepness of the incision is another critical aspect to
consider regarding bedrock inheritance. Since it controls directly the accommodation
space, the incision deepness determines the stage of infill of an estuary with respect to
sediment supply, that is its degree of maturity from unfilled to completely filled
(Dalrymple et al., 1992). However, this is important for both tide- and wave-dominated
estuaries. For tide-dominated estuaries, the incision depth governs the potential for
preservation of the infill (Tessier, 2012);

2) The basal fluvial deposits of the LST exhibit a significant basinward facies
shift;

3) The base of the incised valleys are in places correlated with fine-grained
sediment horizons of the intertidal areas in the northenmost part of the distribution area
(along the palaeocoastline);

4) The estuaries infills onlap landwards the wvalley walls and form more
significant packages of tide-dominated deposits along the palaeocoastline. Moreover, tide-
dominated estuaries require confinement in a narrow, funnel-shape geometry (see
Dalrymple et al., 1992; Zaitlin et al., 1994), suggesting that the whole thickness of the
individual depositional sequences may have been confined within the valleys. Another
criteria may be that because deposits above the erosion surfaces record mainly ebb-
dominated paleoflows, it suggests that sediments must have been supplied mostly from
more landward areas, rather than originating as marine sands rework into estuary mouth
(Dalrymple at al., 1990).

Definition of estuary type and the history of sea level fluctuation is dependant
largely on the identification and correct interpretation of the bounding discontinuities
(Reinson, 1992). The tripartite character of the valley incision typical for Rezekne and
Parmu RS, reflects three major episodes of the valley incision and infill. The thickness of
each depositional sequence/stratigraphic unit varies from 5 to 25 m. Moreover, the
thickest sequences tend to be associated with sequence boundaries in the northernmost
part of the distribution area, which is along the palaeocoastline. Tidal resonance or at least
tidal amplification has a low potential to occur in valley that is inundated too rapidly, or if
tidal amplification occurs, it does not last enough time for a tide-dominated estuary to
develop. This can be a reason why majority of the sequences are largely eroded, such as
for example SU 1 and SU 3 from the outcrop area. The infill of all types of estuaries
depends also on balance between the rate of sea level change and sediment supply, which
has been changing in time.

The lack of fluvial deposits in some of the drill-cores, especially those situated
basinwards, or relatively thin packages of fluvial deposits overlying the erosion surface at
the base of the sequences, may indicate that the sediments were afterwards eroded by
strong tidal currents during maximum tidal resonance following the transgression. Tide-
dominated estuaries are associated with powerful tidal currents and therefore potentially
deep tidal scouring. As a consequence of a deep tidal ravinement surface, preservation
potential of underlying LST deposits is low (Tessier, 2012). The valley shape determines
the possibility for tides to be amplified as transgression takes place in the valley. Funnel-
shaped valleys and more generally valleys with high length/width ratio, primarily favour
hypersynchronous behavior of the tidal wave, and thus tide-dominated estuary occurrence.
Moreover, narrow valleys are assumed to promote tide-dominated estuary development
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rather than wave-dominated estuaries whereas broad valleys might not provide enough
construction to create strong tidal currents, causing them to be wave-dominated (Nordfjord
et al., 2006). They are very similar to range of estuaries along the western coast of France
(for details on analogues see Chapter 6.4).

6.4. Ancient and modern analogues of Rézekne and Pirnu basins

Estuaries which occupy drowned valleys are common along modern transgressive
coasts and were presumably equally abundant during past transgressions. They are highly
efficient sediment traps and their deposits have high preservation potential because of the
location within palaeovalleys (Dalrypmle et al., 1992).

Many studies on modern and ancient estuaries exist (Rahmani, 1988; Dalrymple
et al., 1990; Allen, 1991; Allen, Posamentier, 1993; Dalrymple, Zaitlin, 1994; Richards,
1994; Kvale et al., 1995; Fenies, Tastet, 1998; Lanier, Tessier, 1998; Plink-Bjérklund,
2005, 2008; Tessier, 2012). However examples of tide-dominated estuaries in the rock
record are not widely described. Moreover, the estuaries like the one of Pamu Fm are
characteristic by its compositionally coarse-grained material, are not as widely described
as their more fine-grained analogues (Rahmani, 1988; Lanier et al., 1993; Richards, 1994;
Plink-Bj6rklund, 2005, 2008).

Holocene analogues for Parmu estuaries are widely developed along east coast of
Australia and west coast of France (Woodroffe et al., 1993; Garnaud et al., 2003;
Chaumillon et al., 2008). Cross-bedded sandstones that comprise the major portion of
Parma Fm have analogues in the form of subtidal sand bars in many Holocene settings,
such as bay Mont-Saint-Michel, Bay of Fundy, Gironde estuary, estuaries of Netherlands
(Figure 6.4.1.).

Gironde estuary in SW France described by Allen (1991) is one of the modern
models for macrotidal estuarine systems. However, unlike Parnu estuary, it is mixed-
energy wave- and tide-dominated (Tessier, 2012). Nevertheless, analogues of facies and
architecture of the beds of tidal channel deposits of Parmu Fm are observed in estuarine
tidal bars from Gironde estuary (Fenies, Tastet, 1998; Figure 6.1F). Here ebb-oriented 2D
and 3D dunes superimpose the surface of the bar, where abundant clay pebbles, eroded
from supratidal marsh, are incorporated in the cross-sets of the beds. These facies are
similar to the coarse-grained channelized facies in the lower part of the SU 2 in the outcrop
area (FA 1). Moreover, dunes, climbing on the surface of the bar are both flood- and ebb-
oriented, which shows certain similarities with the superimposed forms (dunes and ripples)
climbing up the large macroforms (FAs 2 and 3) of Parnu Fm in outcrop area, also
reflecting polymodal palaeocurrent distribution.

A modem counterpart of Parnu RS cross-bedded facies is subtidal shoal in the
Eastern Scheldt estuary, SW Netherlands, the succession of which is similar to the middle
unit of Parmu estuary (SU 2). It illustrates the tripartite succession with coarse, cross-
bedded sandstones channel thalweg deposits in the lower part, tide-influenced fluvial to
tidal channel deposits in the middle part and mainly fining-upward tidal bar deposits in the
upper part. It is also similar to the Holocene tidal channel section described by Yang and
Nio (1989) in the Eastern Scheldt. Yang and Nio (1989} describe such a sequence of the
section in tide-influenced environment as a result of a lateral migration of tidal channels,
which is similar to the interpretation of the upper part of Parnu Fm succession in outcrop
area (FAs 2 and 3). Moreover, the topmost part of the tidal channel section in the Eastern
Scheldt consists mainly of fine-grained sandstones, siltstones and intercalated mud beds,
similarto FA 4 for Parnu Fm in outcrop belt.
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Figure 6.1. Several examples of modermn tide-dominated estuarine depositional environments as
analogues to estuaries and tidal flats of the Baltic Devonian Basin of Parnu and Rezekne time
A-E - Macrotidal estuary of Mont 8t Michel, NW France; B-D - Fluvial-tidal transition zone of inner estuarine depositional
environment of Mont StMichel; E — Marginal tidal flats with current ripples exposed during the ebb, Mont StNichel; F: Gironde
estuary —another example of the macrotidal estnary, Western France
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Zironde estuars —cits augstas plidmanu amplitiidas estuara piem@rs, Francijas rietumi
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Rahmani, 1988, describes a 15 m succession in the Eastern Scheldt estuary, in
which cross-bedded sands, 6 m thick, represent the lower part of the channel fill, while the
upper part, about 9 m thick, consists of abandonment stage deposits with plane-parallel
lamination. The cross-bedded sands show bimodal-bipolar palaeoflow, with the ebb being
the dominant current. Sandstone contains well preserved mud couplets and tidal bundling,
very similar to the sequences of Pdrnu Fm. Data from a number of outcrops of recent and
Tertiary deposits of the Rhine and Meuse Rivers in the Netherlands have been described
by Van der Berg et al. (2007) with a focus on diagnostic criteria for fluvial-tidal transition
zone. Few similar criteria have been described and compared also with Parnu Fm deposits
in outcrop area (for details see Chapter 5.1.4).

Cobequid Bay-Salmon River Estuary (Bay of Fundy) described by Dalrymple et
al. (1990) is another modern analogue of Parnu RS estuaries. Dalrymple and Rhodes
(1995) describe similar to tide-dominated deposits of Parnu RS gently-dipping, lateral
accretion bars, formed by superimposed dunes, which migrate obliquely to the channels in
the tidal environment in the Bay of Fundy. The authors indicate, that the deposits fine
upward due to decrease in the current speed from the channels to the bar crests, which is
common in the central portion of the straight-meandering-straight estuary zone - similar to
deposits of the central zone of the Parnu estuaries.

Bay Mont-Saint-Michel in NW France is another modern example of a macrotidal
estuary described by Lanier and Tessier (1998). Morphologically, the evolution of Bay of
Mont-Saint-Michel from its head to the mouth is quite well the tripartite model by
Dalrymple et al. (1992). The morphosedimentary model of the Mont-Saint-Michel can also
be applicable to Pamu estuaries, except that Mont-Saint-Michel estuary has mixed
siliciclastic- carbonate sediments (Tessier, 2012). Moreover, here, along the estuarine zone,
extended intertidal and marsh areas are developed with very fine-grained sand to silt
sediments similar to supratidal and intertidal flats adjacent to estuaries (Tessier, 1998). This
indicates the major difference with Péamu estuaries, which are characterized by more
coarse-grained composition of beds and the occurrence of supratidal mudflats instead of
marshes in prevailing arid tropical climate conditions with lack of vegetation (Kurshs,
1992). Another major difference is with regards to the lack of elongated sand ridges within
the outer portions (mouth) of the estuary, which on the contrary is very common for tide-
dominated estuaries of Padrmu basin. Mont-Saint-Michel is located along the open coast and
as such, wave dynamics from the English channel preclude the formation of elongate sand
ridges system (Lanier, Tessier, 1988), which is not the case for Pdrnu basin, where wave
influence to the deposition is minimal. Moreover, sediments in this area of the Mont-Saint-
Michel estuary are medium- to fine-grained sands, which do not allow large dune
formation. Thus, the mouth of the estuary consists essentially of a wide braided-bar system
(Lanier, Tessier, 1998).

However, the major depositional trend, as well as sedimentary environments at
the local scale within the tidal-fluvial transition zone and proximal reaches of the outer
estuary of Mont-Saint-Michel (see Figure 6.1.A-E), reflect similar facies and tidal
signatures with deposits of Parnu estuaries, including rhythmical variations of the shape of
climbing ripple lamination, described in Chapter 5.1.4. Although environment of periodic
rapid accumulation of sediments is favorable for the development of climbing-ripple
lamination (Reineck, Singh, 1980), very few studies describe the presence of climbing
ripples in tide-influenced environments (Yokokawa et al., 1995; Lanier, Tessier, 1998;
Van den Berg et al., 2007). Climbing ripple lamination in Bay Mont-Saint-Michel is
common for the fluvial-estuarine transition zone in an area with a well developed straight-
meandering-straight morphology. Ebb-dominated climbing ripple lamination at Mont-
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Saint-Michel, similar to those derived in the outcrop 7, is associated with tidal bars in
proximal reaches of the outer estuary (FAS3, outcrop area).

From ancient estuarine examples the study of Eocene Central Basin, Spitsbergen,
by Plink-Bjorklund (2005) gives facies description and high-resolution sequence
stratigraphic analysis on tide-dominated estuary facies in rock record. Another study by
Plink-Bjorklund (2008) on Chimney Rock Tongue, Upper Cretaceous, Campanian, Utah—
Wyoming, USA, also provides example of tide-dominated estuarine successions. Rossetti
(1998) reports on Cujupe Formation, Upper Cretaceous to Lower Tertiary Sdo Luis Basin,
Brazil, by giving facies analyses and depositional reconstruction of an estuary, that
illustrates tide-influenced facies, which infill an incised valley. However unlike Parnu Fm,
the facies succession is indicative to a wave-dominated estuary environment. Gjelberg and
Steel (1995) describe tidal estuary that consists of the similar facies as Pdrnu RS from the
Helvetiafjellet Formation (Barremian-Aptian) in Spitsbergen. The facies here consist of
similar mainly fine- to medium-grained sandstone, except in the basal part where coarser
sandstone with pebbles and thin conglomerates occur, marked by erosion surface. These
deposits in the lowermost part of the section interpreted as fluvial deposits, are preserved
in the bottom of a small incised valley, analogical to FAs of SU 2 in outcrop area.
According to authors’ interpretation, an estuary developed as a consequence of a relative
sea-level rise. The estuarine deposits reflect high sediment input to an environment
dominated both by fluvial and tidal processes, whereas the bulk of Parnu Fm in the study
area consists of tidal-fluvial transition and tidal bar deposits. Large-scale beds in the
middle part of this unit represent lateral accretion of tidal sand bars, similar to deposits of
FA 2 and 3 of Parnu succession in the outcrop area.

6.5. Tidal ranges and tidally controlled epicontinental basins

This chapter deals with a discussion on tidal ranges in the Rézekne and Parnu
basins and provides an insight in the role of tidal processes in epicontinental (epeiric) seas,
such as the BDB. Tidal range is the elevation difference between the high tide and the
succeeding low tide. Sedimentary environments are generally classified according to their
tidal ranges as microtidal (0-2 m), mesotidal (2-4 m) and macrotidal (>4 m) (Johnson,
Baldwin, 1996). This is important in reconstructing depositional environments of ancient
tidalites. In the geological record, a combination of observations from regional and outcrop
scale is essential to distinguish tidal ranges, but even that does not give a precise
understanding of tidal ranges which were present in the geological history.

In the geological past, large areas of the continental interiors were covered by
shallow epicontinental seas (Klein, Ryer, 1978), such as the BDB including in Rézekne
and Parnu times (Kurshs, 1975; 1992). Understanding of these basins is limited due to the
absence of suitably scaled Holocene analogs for ancient epicontinental seas. Shallow, large
seas that may provide relatively close modern analogies are the East China and Yellow
seas, the Arafura Sea, the Java Sea, the North Sea and the Hudson Bay (Klein, Ryer, 1978).
Sedimentation on modern shelves is considered to be dominant either by tides or waves
and storms (Boyd et al, 1992). The principal problem with drawing modern analogies is
that the Holocene shallow marginal shelf seas mark the flooding of the ocean into
continental shelves, whereas ancient epicontinental seas were isolated from the open ocean,
had low angle bottom topography (Wells et al., 2005a) and covered larger areas than their
modern counterparts. It is also worth to note, that the Earth/Moon relationship has changed
over geological time as the distance between Earth and Moon increased (Kvale et al.,
1999). The Moon is currently retreating from Earth at a rate of 3.82 cm a 1 (Dickie et al.,
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1994). This also possibly caused changes in tidal range, most likely a decrease on a global
scale, which complicates drawing the analogies with modern tidal environments. Although
shallow Holocene continental shelf seas differ from ancient epicontinental seas in above
important aspects, tidal circulation pattern of these modern seas serve as a clue to the water
circulation pattern of ancient shallow basins, in particular, the correlation of shelf width
with tidal amplitude and velocity of tidal currents (Klein, Ryer, 1978).

The lack of modern analogues has led to a debate on the role of tidal processes in
ancient epicontinental seas. One theory suggests that these seas were atidal due to rapid
landward attenuation of tidal wave energy (Shaw, 1964). Later Irwin (1965) and Boggs
(2001) stated that tidal waves could not penetrate over the shallow depths and great sizes of
these seas. In contrast, another theory suggests that these seas were tide-dominated, such as
the early studies by Klein and Ryer (1978) that gave both modern and ancient examples of
tide-dominated conditions in epicontinental seas. There were also efforts in the past to
determine the tidal range under which specific tidalite sequence have been deposited
(Klein, 1971, 1975). More recently few studies refer to tide-dominated epicontinental seas,
due to a positive correlation between shelf width and tidal range observed in some modern
settings (Wells et al., 2005a; Wells et al., 2005b; Allison, Wells, 2006; Yoshida et al.,
2007, Wells, 2010; Mitchell et al., 2011) and using sedimentological analysis of tidal facies
(Ponten, Plink-Bjérklund, 2005; Tanavsuu-Milkeviciene, Plink-Bjorklund, 2009;
Téanavsuu-Milkeviciene et al., 2009; Plink-Bjorklund, 2012).

Recently, numerical modeling of tides provides a quantitative means to investigate
tidality in the geological record (Slater, 1985; Slingerland, 1986, Ericksen, Slingerland,
1990; Austin, Scourse, 1997; Wells et al., 2005a; Wells et al., 2005b; Allison, Wells,
2006). Majority of these studies suggest broad micro- to mesotidal ranges with localized
areas of macrotidal activity. The most recent studies by Wells et al. (2005a), Wells et al.
(2005b), Wells (2010), Mitchell et al. (2011) use a model with unstructured finite element
tetrahedral mesh to predict tides in both ancient and modemn 10-200 m deep basins. A
number of these computer simulations on tidal dynamics in larger epicontinental seas
predict regionally microtidal conditions (Wells et al., 2005a and b), despite the abundant
evidence of tidalites in geological record. The authors assumed that indeed some of these
seas were tideless at the regional scale, with only local amplification in small coastal
embayments. According to Allison and Wells (2006), this can be a result of a function of
local funneling and resonance in an embayment, and/or possibly, closer proximity of the
Moon to Earth, or some other mechanisms which are yet unknown. However, the extent to
which these models apply to all epicontinetal seas is under discussion and few arguments
against tidal process simplifications in the above studies exist (see discussion by Higgs,
2006). The result of the study for the Upper Carboniferous epicontinental basin for
Northern Europe (Wells et al., 2005a) describe that the wvast epicontinental seas of the
geological past behaved more like large salty lakes than present-day coastal environments.
While according to Mitchell et al. (2011), tide and associated bed shear stress model results
of the Early Jurassic Laurasian Seaway of Northwest Europe suggest that flow construction
can have a considerable impact on even the largest epicontinental seas, and can occur
thousands of kilometers from the deep water of the open ocean.

Few approaches have been proposed for determining palaeotidal ranges in
sedimentary rock (Davis, 2012). However today good methods in determining palaeotidal
range do not exist other than detailed study of well-preserved, complete stratigraphic
sequence from the base to the top of the intertidal zone (Davis, 2012) in combination with
the record of the regional geological setting.

In this study it is argued that tide-dominated shallow epicontinental seas existed in
the past, and the Rézekne and Pirnu basins are examples on how tides actually controlled
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the deposition in this shallow basin. Such suggestion is made based on the combination of
cyclic stratigraphic sequences at bed scale and the regional geological setting.

It is known that morphosedimentary data may provide information as to whether
an area is wave or tide dominated and if tide-dominated, whether micro-, meso- or
macrotidal environments prevail (Hinton, 1998). Sedimentological analysis of the tidalites
may be used to determine the paleotidal regime in areas where also good palaeogeographic
reconstructions are possible. Thus in the geological record observations from regional and
local scales must be combined in order to distinguish tidal ranges (Dalrymple, 1992). Tidal
range may be broadly approximated from deposit morphology and sandbody geometry at
the regional scale, and from tidal signatures at the outcrop or local scale (Johnson,
Baldwin, 1996). Therefore:

1)} At outcrop scale tidal deposits are recognized by variety of tidal facies and
signatures (for more details see Chapter 5.1.4). However, not necessarily, the wide
distribution of tidal signatures would suggest a macrotidal palacenvironment, therefore
regional implications should be also taken into account. In modern tidalite sequence there
is a general tendency to equate a complete sequence of sediments at the base of the
intertidal environment to those at the upper portion, corresponding to supratidal
environment with the actual tidal range (Klein, 1972; Evans, 1975; Knight, Dalrymple,
1975). In these conceptual models the thickness of the complete stratigraphic sequence is
equal to the tidal range (Figure 6.2). However, such a model is hypothetical and must
include the entire potential tidal sequence (Davis, 2012). Moreover, a complete sequence of
these models is almost never preserved in the stratigraphical record. Discrepancies from
true tidal range may be caused by basin subsidence, compaction and erosion (Klein, 1972).
Many erosional surfaces do not allow distinguishing complete depositional sequences in
the deposits of Parnu Fm. Most commonly the base is difficult to determine and the top
portion of such sequences is missing due to erosion. More detailed sequences are however,
observed in drill-cores of Rézekne and Piamu RS from Eastern Latvia, where carbonate
sedimentation prevails and intertidal to supratidal flat deposits are dominant. The base of
such sequences is somewhat difficult to recognize because of multiple erosional surfaces,
while the top is easier to identify due to presence of desiccation features, such as mud
cracks, tepee structures and palaeosols, which are characteristic features of supratidal
environments (Brooks et al., 2003; Rankey et al., 2006). The best preserved sequences
observed in drill-cores in Eastern Latvia and Belarus illustrate sequences of 5-7 m
thickness, which are assumed to be the ones best preserved within all succession. Tidal
thythmites usually form in macro-tidal settings, but tidal current speeds must be low
enough to preserve the delicate sand-mud couplets without eroding them (Wells et al.,
2005a). This in addition reconfirms that the environment in northern part of the basin was
macrotidal, as almost no tidal thythmites are found there or those found are eroded. On the
contrary, most of them are preserved in eastern and southern part of the basin, where tidal
flat sedimentation prevailed.

2) At a regional scale, the tidal range influences shoreline morphology and this is
determining the geometry of sandbody (Johnson, Baldwin, 1996). Strong tidal
amplification occurs when tidal waves propagate into the broad and shallow shelf sea,
consequently rising tidal range shoreward (Daidu, 2012). It is undoubtedly easier to
identify ancient macrotidal environments than microtidal ones. Most micro- and mesotidal
areas are wave dominated, whereas some mesotidal and most macrotidal areas are tide
dominated. However, if wave action is limited due to topographic sheltering, or the tidal
current speeds are increased by a topographic construction, tidal dominance can locally
occur in microtidal areas (Dalrypmle, 1992). Combination of little wave influence,
amplification of tidal energy, especially due to the resonance effects as the basin passes
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into the tidal amplification window, are the main controls on the occurrence of tide-
dominated or strongly tide-influenced successions (Dalrymple, Choi, 2007; Willis, 2005;
Yoshida et al., 2007). It is known, that tide-dominated estuaries and tidal flats form along
coastlines experiencing high tidal ranges (Dalrymple, 1992). The deposits of these
environments provide the bulk of the Rézekne and Parnu successions. Tidal flat deposits
are the main depositional environments in microtidal settings because of the limited tidal
range, however they may be extensive in mesotidal environments. Similarly, tidal channels
are likely to be more prevalent in macro- than in microtidal environment, because of the
stronger tidal currents generated by larger tidal range. Tidal range is also highly affected by
resonance and shoaling in localized, shallow water and coastal embayments, such as the
palaeocoastline area of the Parnu basin. It formed during relative sea level lowstands and
the early stages of subsequent transgressions when incised valleys were cut and flooded
producing a complex, embayed coastline at the northern part of the basin. Such
embayments also increase the possibility of tidal amplification by funneling and shoaling
(Dalrymple, 1992).
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Figure 6.2. A generalized sequence used for determining tidal ranges in rock record
The thickness of the interval representing subtidal, intertidal and supratidal sediments, coincides with the
mean tidal range. In ancient deposit equivalent, the thicknes of similar sequences gives a quantitative
measurement of palaeotidal range (after Davies, 2012; Klein, 1971)

6.2, attels. Vienkarsots nogulumu griezums, ko izmanto plidmainu amplitidu noteiksanai
senajos nogulumos
Intervala biezums, kura ietilpst apak#eja, videja un augséja plidmainu lidzenumu nogulumi, atbilsts
pladmainu amplitidai. Seno nogulumu analogos atbilstofu slankopu biezums norada uz pladmainu
amplitidu (pec Davies, 2012; Klein, 1971)

Tidal evidence in facies of the Rézekne and Parmu RS, that are wide-spread
through the whole territory of its distribution area together with bedform morphology and
palaeogeographical data (Kurshs, 1992), strengthens the argument for at least locally
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effective tides and macro-tidal environment in these epicontinental basins. Tidal range also
varies with changes in relative sea level. Tide-dominated environments are more common
in inner-shelf reaches during transgressions in open-shelf settings and during lowstands in
epicontinental seas (Yoshida et al., 2007), such as is the Rezekne and Pérnu basins. The
recent computer simulations and models also predict that the largest tidal ranges were
generated in localized coastal embayments, mainly in the early stages of transgression,
such as in the Rezekne and Parnu basins. Although Plink-Bjérklund (2012) states that since
BDB was a very shallow-water basin with depth of 20-40 m throughout its evolution, it has
experienced significant wave energy dissipation and tidal energy amplification even
independently of the sea level or sediment supply changes. The gradient of palaeocoastline
was low, which allowed tides to penetrate landwards. It is clear that local shoreline
morphology varied greatly, but it is evident that tidal currents were locally strong enough
to transport medium-grained sand in simple dunes and bars as in most part of the basin.
Therefore, it is suggested that the overall tidal regime in Reézekne and Parnu basins was in
order of high meso- to macrotidal. It is likely to have been macrotidal (>4 m tidal range)
on the northern, north-eastern and north-western coastlines, though on the southeastern side
of the basin there is likely to have been a meso- to macrotidal regime (2-4 m tidal range).
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Conclugons

This thesis reports on a depositional history of the Devonian Rézekne and Parnu
time basins in the Baltic States, based on facies analysis and detailed vertical and lateral
correlation of the successions derived from the outcrops and drill-core data. It reveals a much
more complex depositional history of the Rézekne and Parnu basins compared to the results
of previous studies, which suggested deposition of Rézekne and Parnu successions of the
Baltic palaeobasin in shallow marine and deltaic environments (Kurshs, 1975, 1992;
Kleesment, 1997).

¢ In this study the Rézekne and Parnu successions are re-interpreted as tide-

dominated transgressive estuarine and tidal flat system. Several estuaries
possibly existed along the palaeocoastline. The vertical cyclic pattern in
transition of facies and fining-upward trend for the entire succession
throughout the basin is considered to reflect a retrograding estuarine
succession and subtidal to intertidal to supratidal sandy to muddy (including
carbonate) tidal flat system which fringe the shoreline.

e Nine documented facies associations reflect deposition in a shallow

epicontinental basin: intertidal to supratidal carbonate mudflats, intertidal to
supratidal carbonate shoals, palaeosols, fluvial and tidally-influenced fluvial
deposits of inner estuary, central estuary deposits, tidal channels and bars,
tidal ridges of outer estuary, intertidal to subtidal channels and flats, and
intertidal to supratidal mudflat. Four of them (fluvial and tidally-influenced
fluvial deposits of inner estuary, central estuary deposits, tidal channels and
bars, intertidal to subtidal channels and flats) have been identified and
described in detail in the outcrop area.

e The data derived from the outcrop area represents an excellent example of

sand-rich ancient estuary, which is little described in the rock record. Few
indications for recognition of sand-rich estuaries in rock record have been
given.

¢ The succession in the outcrop belt and adjacent drill-cores represents relatively

thick beds of a fluvial-tidal transition zone, which is one of the most
interesting zones in terms of facies associations and differs hydraulically
from the upstream fluvial- and downstream tide-dominated estuarine zone.
The recognition of tidal signatures in fluvial-tidal deposits is important as it
enables the determination of the farthest extent of a transgression, especially
taking into account the great length of the fluvial-tidal transition zone in
many low-gradient rivers, such as were presumaby rivers entering the BDB.
Thanks to detailed recognition criteria of tidal signatures in fluvial-tidal
transition zone, as well as in sand-rich estuaries, new field data have
demonstrated tidal dominance in the Reézekne and Pému time basins. The
distinctive structures described as indicative of the fluvial-tidal zone and
proximal parts of the outer estuary can not be considered as exclusively
diagnostic for the recognition of these zones. These criteria here should be
used as a complex of diagnostic features and have a comparative value.

¢ The outcrop area (and adjacent drill-cores) has the highest sand content in

comparison to other parts of the basin and is interpreted to have been closer
to the palaeocoastline, and thus to the terrestrial areas occupied by rivers.
The orientations of the bedforms are determined by cross-stratification dip
measurement data. Fluvial transport directions towards SE—SW suggest that
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the palaeoshoreline was roughly NW-NE trending, however the exact
position of rivers is not known. Shallow water (up to supratidal) at the basin
margins prevailed, with gradually deeper water (subtidal) towards the south.

¢ Sediment was derived from two main source areas: a fluvial drainage area in

the present north and a marine source (by tidal currents) in the present south.
However the sediment input from south by fluvial drainage is not excluded
as well, as indicated by some coarse-grained composition of beds from the
drill-cores in eastern part of the study area. The deposition was in general
controlled by tidal currents throughout the basin. Wave action had a
subordinate role in sediment transport and deposition in Rézekne and Parnu
basins.

e In order to differentiate tide-dominated estuaries from tide-dominated deltas in

the rock record, it has been thus crucial to focus not only on detailed facies
analysis and distinguishing tidal signatures, but to emphasize the overall
stacking pattern of the succession. In this study Rézekne and Pamu RS is re-
interpreted as a tripartite transgressive tide-dominated estuarine succession
and associated tidal flat complex based on: (1) sharp base of the succession,
(2) fining-upward vertical stacking pattern of stratigraphic units that reflects
upward-increasing tidal influence, (3) lateral facies changes that reflect a
coarse-fine-coarse seaward grain-size trend, (4) sharp base and “blocky”
character of the tidal bars and sand ridges, (5) common bidirectional
palaeocurrent distribution, reflecting two sediment sources.

¢ In the outcrop area Parnu Fm is subdivided into 3 stratigraphic units. SU 1 is

represented by tide-influenced fluvial to tidal channels and bars erosively
overlain by channelized, immature cross-stratified conglomerate and
sandstone beds which mark the base of SU 2 and are in places transitionally,
but in most cases erosively, overlain by variably-grained channel thalweg fill
and bar deposits with less variability in tidal signatures. The basal
conglomerates and sandstones of the lowermost unit are poorly-sorted and
contain intra-basinal clay clasts, as well as fossil plant and fish remains.
Texturally mature fine-grained cross-stratified sandstones erosively overlay
beds of fluvial-tidal transition zone. These beds are well-sorted and contain
variable tidal signatures. In the southwestern reaches of the outcrop belt these
deposits are overlain erosively by SU 3, representing again a new cycle with
fluvial-tidal transition zone deposits. The topmost part of the section consists
mainly of very fine-grained and carbonate-rich deposits. With each
transgression, the facies of transitional sediments moved up and down the
lower river reach, thus marking the extent of a transgression.

¢ The three stratigraphic units of the studied succession in Reézekne and Parnu

RS represent three major episodes of incision and infill. In general, the
distinctive unconformity between the Parnu Fm and the underlying Silurian
carbonate succession in the outcrop area, combined with the character of
vertical variation in facies, suggests that the deposits of the Parnu Fm formed
in an incised valley, followed by progressive infill by fluvial processes
during lowstand. As indicated by the drill-cores, the depth of incision was
approximately 15 m. The bulk of the succession was deposited in the tide-
dominated estuarine environment during flooding (early transgressive stage)
of a previously created incised valley with a pronounced unconformity at the
base. Tidally dominated facies above, capped by tidal flat deposits of
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topmost part, passing into more carbonate deposits of Narva Fm, reflect
subsequent transgression and infill of the estuaries.

¢ Early opinion about the role of tides in ancient epicontinental basins, including
the BDB, as an epicontinental basin, was that co-oscillating tides entering the
basin could not propagate large distances within the seaway because of rapid
attenuation of tidal wave energy. However, evidence accumulated from
facies data, is opposing this suggestion. High mesotidal to macrotidal ranges
are suggested to be dominant in the BDB of Rézekne and Pérnu times.
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