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Trude Taevere, Hanna-Eliisa Luts, Karolin Teeveer, Keili Saava,
Annely Enke and Lauri London

Estonian Marine Institute, University of Tartu, Maealuse 14, 12618 Tallinn, Estonia

ABSTRACT

This paper provides results of marine litter surveys carried out on 14 small uninhabited islands
located in the coastal waters of Estonia, northeastern Baltic Sea. The islands were visited four
times in total during 2019-2020. On each island, a litter survey was conducted on the beach
and in terrestrial vegetation with a focus on macrolitter. Calculated over all surveys, the median
value of macrolitter items per 100 m long beach section was 10.65, and the median density
was 0.006 items m=2. At the sub-basin level, the three islands located in the Gulf of Finland
had the highest number of beach litter items per 100 m and the highest density (items m=2),
38.05 and 0.017, respectively. The main litter material, representing 57.3% of all findings, was
plastic; however, there were some variances across islands due to local conditions. The
environmental variables most strongly correlated with differences in the composition of
macrolitter were related to water movement and depth. Microlitter was found in low amounts
(up to 60 items kg™) in the sediment of all studied islands. Litter items used as nest material
were noted on all the islands with seabird colonies.

1. Introduction

Human-induced litter is a growing global problem (Borrelle et al. 2020). Marine litter
can be found in all marine compartments (beaches, sea surface, water column, sea-
floor, and within biota) both close to human-populated areas and in remote areas
(Galgani et al. 2013). Marine litter consists of items made or used by people that are
deliberately discarded or unintentionally lost into the sea or onto beaches, including
materials transported into the marine environment from land by rivers, drainage or
sewage systems, or winds. Litter, especially plastic, directly affects marine ecosystems
and is considered environmentally, economically, and psychologically harmful
(e.g., Wyles et al. 2016; Galgani et al. 2019).

The highest densities of litter have been reported adjacent to urban centers, in
enclosed seas, and on waterfronts (Barnes et al. 2009). However, distant areas,
including remote islands, are also recognized as accumulation areas for marine litter,
and considering the lack of human activities in those areas, the litter is transported
there by water and wind (e.g., Lavers and Bond 2017; Lavers et al. 2019; Portz et al.
2022). For instance, on Henderson Island (South Pacific Ocean), which is located
more than 5000 km from human habitation, the density of visible micro- and
macrolitter on the beach has been reported to be as high as 671.6 items m 2 (Lavers
and Bond 2017). Across Europe, the average presence of litter on the coastline is
generally lower: in 2015-2016, the median beach macrolitter quantity was estimated
at 150 items per 100 m long beach section, with different regional median values:
40 items per 100 m around the Baltic Sea; 106 items per 100 m around the Black
Sea; 233 items per 100 m around the North-East Atlantic and the North Sea; and
274 items per 100 m around the Mediterranean Sea (Hanke et al. 2019). However,
there is tremendous variability in litter abundance at the regional scale. For instance,
in some regions of the Mediterranean Sea, visible litter can exceed 6600 items per
100 m long beach section (Vlachogianni et al. 2020).

The Baltic Sea region is currently regarded as the cleanest area in Europe in terms
of beach litter (HELCOM 2018). Nevertheless, the number of litter items per 100 m
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of beach section most commonly varies between 50—300. The
average number of beach litter items within the Baltic Sea
region has been estimated at about 280 items per 100 m of
beach section on urban beaches and up to 47 items per 100 m
of coastline of natural beaches (HELCOM 2018). However,
the threshold for Good Environmental Status (GES) in
European seas related to beach litter is set at a maximum of
20 items per 100 m of coastline, which is the target to be
achieved (van Loon et al. 2020; European Commission 2022).

Marine litter has various impacts on biota (Kiihn et al.
2015) and is also a specific concern for marine protected areas
(e.g., Rodriguez-Rodriguez 2012; Polasek et al. 2017; Ibrahim
et al. 2020). Beached litter may remain on the shore and
degrade into smaller particles (GESAMP 2015). It can also
move into the water environment, inland, and/or be ingested
by fauna. Among the various impacts on biota, entanglement,
smothering, and ingestion are the most frequently described
(Kiihn et al. 2015). For seabirds, plastic debris as nesting
material has already become common (Votier et al. 2011).
However, as the use of litter in nests depends on specific
species and the availability of litter in the environment, the
presence of litter in nests is not ubiquitous — marginal ex-
istence of plastic in nests has also been reported, for example
in two colonies in the Bay of Biscay, Spain (Delgado et al.
2020). Evidence further shows that plastic bags in dune vege-
tation affect germination phenology, seedling establishment,
and plant interactions via leaching. These processes can lead
to changes in dune community structure (de Francesco et al.
2018; Menicagli et al. 2019).

Though the topic of marine litter has gained considerable
scientific and public attention in the last decades, there are
still fundamental knowledge gaps, primarily in empirical data
on the distribution, composition, and amounts of litter in the
marine environment. Studies addressing the marine litter
problem in the Baltic Sea region have escalated since 2010;
earlier work focused mostly on beach litter (e.g., Strand et al.
2015), while in the last decade, more studies have examined
microlitter, floating macrolitter, and effects on biota (e.g.,
Canals et al. 2021; Poldma et al. 2023; Schernewski et al. 2024).

Estonia’s location, encompassing several major sub-basins
of the Baltic Sea, with a diverse coastline and exposure to
winds from several directions, predisposes its coastal areas
to the accumulation of marine litter. Thus, the litter status of
small uninhabited Estonian islands reflects overall litter pol-
lution in the Baltic Sea and its sub-basins. Numerous small
and remote islands are habitats for marine birds and seals, and
many endangered plant species also grow in these areas. There
are over 2000 islands in Estonian coastal waters; most are lo-
cated within 5 km of the mainland, and about 90% are under
nature conservation (Estonian Nature Conservation Act 2004).

Before this study, no systematic research on marine litter
had been conducted on remote, uninhabited islands in the
northeastern Baltic Sea. Moreover, most previous studies in
the Baltic Sea region have focused on a single litter type
without covering related aspects. For example, in beach mac-
rolitter survey areas, no microlitter surveys have been carried
out (Press 2020), and vice versa (Urban-Malinga et al. 2020;
Ershova et al. 2021; Schroder et al. 2021). This study aimed

to fill the knowledge gap on the status and pathways of litter
in areas with limited direct human impact in the Baltic Sea.
The research provides information on the amounts, compo-
sition, and distribution of marine litter on the coasts of small,
remote Estonian islands, with a focus on marine macrolitter.
To cover various aspects of marine litter and provide sup-
plementary information, we also conducted microlitter sur-
veys and monitored the effects of macrolitter on local biota,
where visible. In addition, different survey areas, such as
shallow coastal waters, beaches, and terrestrial vegetation
near beaches, were covered. Potential relationships between
environmental conditions, human pressure, and the amount
and composition of marine macrolitter were also addressed.

2. Materials and methods
2.1. Study areas

The study was carried out on small islands located in the
coastal waters of Estonia, in the northeastern part of the Baltic
Sea (Fig. 1; Table 1). The Baltic Sea is an enclosed, non-tidal
sea with a surface area of 420 000 km?, a catchment area of
approximately 1 641 650 km?, and about 85 million people
living around it. There are over one million islands in the
Baltic Sea region, the vast majority belonging to Finland and
Sweden.

Estonia borders several sub-basins of the Baltic Sea: the
Gulf of Finland, the Northern Baltic Proper, the Gulf of Riga,
and the Eastern Gotland Basin. The total length of the Estonian
coastline is about 3800 km. Of this, 1242 km belong to the
mainland, while the remaining ~2550 km belong to the
2222 islands. The Estonian coastline is highly heterogeneous
and variable; different coastal types can be distinguished: till
(35%), silt (31%), sand (16%), gravel (11%), cliffs (5%),
artificial (2%; breakwaters, protecting walls, berms), and
scarps (short sections between other shore types) (TOnisson
et al. 2013).

In this study, marine litter surveys were conducted on
14 islands — 13 of which were visited four times, and one only
once. The islands were selected based on the following cri-
teria: (1) they are spatially dispersed and represent different
water basins; (2) the minimum area is 0.5 km?; (3) the island
has vegetation — at least grass as primary vegetation, but pref-
erably also shrubs and trees; (4) permanent human settlement
is absent (according to the Estonian Permanently Inhabited
Small Islands Act 2003). The coasts are highly heterogeneous
in the northeastern part of the Baltic Sea (Labuz 2015). Thus,
coastal geomorphology (including dominant sediments) of
the beaches was not included as a selection criterion. Field-
work was carried out between June 20, 2019, and October 13,
2020, with visits in different seasons (spring, summer, and
autumn). Most of the islands are prohibited from being visited
between April and June (bird nesting period), which also
affected the timing of fieldwork (Table S1).

2.2. Fieldwork methodology and laboratory analysis
2.2.1. Amounts and composition of macrolitter

The beach litter survey methodology was based on sug-
gestions by the United Nations Environment Programme and
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Fig. 1. Location map of the islands surveyed. WEAS — West Estonian Archipelago Sea.

Intergovernmental Oceanographic Commission (UNEP/IOC)
Guidelines on Survey and Monitoring of Marine Litter (2009),
MSFD (Marine Strategy Framework Directive) Technical
Subgroup on Marine Litter Guidance on Monitoring of Marine
Litter in European Seas (Joint Research Centre 2013), and
previous beach litter research carried out in Estonia (Press
2020). On each island, litter surveys were conducted in
three survey areas: shallow-water survey area, beach survey
area, and vegetation survey area (Fig. 2). Shallow-water
survey areas were situated in the water near the coastline at a
depth of 0.5 m. Beach survey areas were located on land be-
tween the coastline and terrestrial vegetation. Beach survey
areas were devoid of permanent live terrestrial vegetation.
Vegetation survey areas were situated on land next to beach
survey areas and were characterized by permanent live
terrestrial vegetation (grasses, shrubs, or trees). All survey
areas were parallel to the coastline.

According to the beach litter monitoring guidelines, litter
should be monitored at least on a 100 m long beach section
from the waterline to the back of the beach/start of vegetation
(Joint Research Centre 2013) — this was set as a minimum in
the current study. The length of the beach survey areas varied
between 400-1000 m, and the width varied between 5-35 m
(Table 1). Due to the often-present rough terrain and limited
accessibility, the vegetation survey areas were generally
shorter, and the length of the monitored area varied between
100-750 m. The main aim was to cover all the vegetation

layers (primary, secondary, and tertiary) that were present on
the island with the purpose of collecting the litter items that
had moved inland with the highest water level (including
extraordinary storms (Fig. 2). Depending on the local circum-
stances (i.e., the presence and dominance of either trees/
shrubs or grass), the width of the vegetation survey area var-
ied between 5-100 m (Table 1). However, there was great
variation in the presence of vegetation layers among islands,
e.g., some of the islands lacked shrubs or trees, and some of
the islands lacked grass (Table 1). The location, length, and
width of the survey areas shown in Table 1 remained constant
for all the sampling campaigns.

The length of the shallow-water survey area was set to
100 m and the width to approximately 5 m. Observations in
the shallow-water survey area were carried out via snorkeling
or using a bathyscaphe. However, the amount of macrolitter
in shallow-water areas was minimal and sporadic (only five
items in total from three islands); therefore, data on macro-
litter in shallow-water areas were not included in further
analysis.

The classification system of litter items was based on a
modified UNEP/IOC 2009 marine litter list to encompass
organic waste (MARLIN 2013), resulting in UNEP/MARLIN
codes for litter items found on Baltic beaches (82 categories
in total; summarized, e.g., in Haaksi 2020). Accordingly, litter
items were classified by material (nine categories): plastic,
glass and ceramics (glass), processed wood (wood), textile,
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Fig. 2. General sampling scheme illustrating the locations of the survey areas for macrolitter. Blue dots indicate the microlitter sampling

areas (shallow-water and beach survey areas).

paper, metal, organic, rubber, and other. The most relevant
litter codes (J-codes) of the Europe-oriented marine macro-
litter classification system were added for data comparability
(Fleet et al. 2021); however, because the classification sys-
tems do not fully overlap and an item classified under UNEP/
MARLIN may correspond to several MSFD litter codes, the
original UNEP/MARLIN classification system was retained
as the basis. To estimate possible sources of litter pollution,
items were also assigned to source categories: agriculture-
related, aquaculture-related, clothing, building and construc-
tion-related, fisheries-related, personal hygiene and care-
related, medical-related, undefined use, recreation-related,
smoking-related, vehicle-related, and hunting-related (based
on Fleet et al. 2021).

All visible litter items were recorded in the protocol and,
when possible, collected and removed from the survey areas.
Most collected items were in the size class >2.5 cm (macro-
litter); however, smaller items (<2.5 cm, e.g., cigarette parts,
caps/lids, batteries) were included when visible. The total
weight of litter from the beach and vegetation survey areas
was measured. Only items that could be lifted by hand and
removed easily from the environment were included in weight
measurements. Large litter items that could not be removed
from the location were recorded in the protocol when first
observed and were not registered separately on subsequent
sampling occasions.

2.2.2. Microlitter in sediment

Microlitter sample collection followed the guidelines of
Hidalgo-Ruz et al. (2012). During sample collection and
storage, care was taken to avoid additional contamination
(Galgani et al. 2013). Several procedures were applied to
reduce airborne secondary contamination and cross-con-
tamination, including working plastic-free and including
blank measurements at every step. Microlitter samples were
collected from beach and shallow coastal sea sediment (top
5 cm) at 0.5 m water depth using a GEMAX sediment tube
(diameter 30 mm). Three sediment samples were collected
and combined into a single sample for both survey areas
(shallow-water and beach survey areas; Fig. 2). Samples were
placed in glass jars (previously cleaned with MilliQ water)

and stored in a standard refrigerator (4 °C) until laboratory
analysis. Sampling coordinates were determined by GPS (ac-
curacy +3 m), and subsequent island visits used the same
coordinates. In total, 106 microlitter samples were collected
during the study.

For laboratory analysis, each sample was homogenized
by thorough mixing. Then, 100 g of the sample was weighed
with a weighing scale (KERN Alt 310-4, accuracy 0.1 mg)
into a glass Petri dish and covered with a glass lid. The sample
was analyzed in portions on another glass Petri dish. In par-
allel, a second aliquot of the field sample was investigated
for water content to determine the dry weight of the sediment.
For this, 100 g of sample was transferred to an evaporating
dish and dried at 105 °C. After drying, the subsample was
cooled to room temperature in a desiccator, reweighed, and
dry weight was calculated.

Microlitter was detected visually under a stereomicro-
scope (Olympus SZX7, magnification 126x) paired with a
camera (Olympus). A semi-qualitative hot needle test was
used to distinguish plastic from organic material; the hot
needle melts and deforms plastic (Devriese et al. 2015; Avio
et al. 2020). The lower size limit for visual inspection has
been reported between 5-500 um (summarized in Pérez-
Guevara et al. 2022), with most studies using >100 pm as the
lower detection limit (Primpke et al. 2020). Empty blanks
were placed in the laboratory for the sample treatment/
analysis period and controlled similarly under the microscope
afterward to estimate sample pollution during analysis. The
controls were given the same full treatment as the samples
studied to assess any airborne contamination. If the blank was
contaminated, microlitter items with similar characteristics
(shape, color, material) were excluded from the results as
proposed by Avio et al. (2020). All microlitter items were
measured and classified by material, size class, shape, and
color (Matiddi et al. 2021). The number of microlitter par-
ticles was expressed as items per kg of dry sediment.

2.2.3. Effect of macrolitter on biota

The effect of macrolitter on biota was estimated visually by
observing mortal remains, bird nests, and bird pellets in the
shallow-water, beach, and vegetation survey areas. Data are
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reported on an island-based level. In total, ten bird pellets
(five each from Uhtju and Sorgu islands) were collected for
more detailed laboratory examination.

2.3. Data analysis

Due to topographic differences, the length of macrolitter
survey areas varied between the studied islands. To bring litter
counts to a standard scale, the counts were recalculated to a
100 m and 1 m? scale using the actual dimensions of the sur-
vey areas (see Table 1 for the lengths and widths of the survey
arcas). To calculate the litter counts to a 100 m scale, the
counts were divided by the length of the survey areas (mea-
sured in meters) and multiplied by 100. The scaling to 1 m?
was conducted by dividing the litter counts by the size (in
square meters) of the survey areas. Two versions of spatial
normalization were needed to compare our results with pre-
vious findings: normalization on a 100 m scale is predom-
inant in gray literature while normalization on a square meter
scale is preferred in scientific literature.

The Kruskal-Wallis test (Kruskal and Wallis 1952) was
used to statistically test for differences in univariate variables.
When the Kruskal-Wallis test showed significant differences
(p <0.05), Wilcoxon pairwise comparison tests (Wilcoxon
1945) were performed to reveal which factor levels differed.
The Benjamini—-Hochberg method (Benjamini and Hochberg
1995) was used in the Wilcoxon pairwise test for correcting
p-values in multiple comparisons. These nonparametric rank-
based tests were preferred over analysis of variance (ANOVA)
because the assumption of normal distribution was not met.
The Shapiro—Wilk test (Shapiro and Wilk 1965) was used to
check normality.

Table 2. Environmental and human pressure variables

Nonmetric multidimensional scaling (NMDS; Kruskal
1964) was used to visualize the similarity of litter structure
between the islands. Relationships between the multivariate
litter structure and environmental variables were studied
using the BIOENV method (Clarke and Ainsworth 1993).
Nine different environmental and human pressure variables
(hereafter “environmental variables”) were included in the
analyses to elucidate potential relationships between litter and
the surrounding environment (Table 2). All variables were
available as georeferenced raster layer datasets. Mean values
of all variables were calculated within 50, 500, 5000, and
50 000 m radii around the study sites of each island.

In the analysis of the relationships between litter and
environmental variables, the study was designed to investi-
gate spatial patterns exclusively and did not address temporal
dynamics. Accordingly, datasets based on time series were
represented as multi-year averages capturing the spatial pat-
terns relevant to the analysis. The general geographical pat-
terns of oceanographic conditions (e.g., water currents, wave
exposure) have likely remained stable over recent decades, as
the primary driving forces — such as coastal and seabed to-
pography and prevailing wind directions — have not undergone
significant changes. Similarly, the spatial patterns of shipping
intensity are also expected to have remained consistent, given
the stable locations of major ports and shipping lanes.

The R programming language, version 4.0.4 (R Core Team
2021), in the development environment RStudio (RStudio
Team 2021) was used for data preparation and analysis.
Potential multicollinearity among environmental variables
was assessed using pairwise Pearson correlation coefficients.
The highest observed correlation was 0.83 (between depth

of water at seabed based on hydrodynamic model

Variable Short name | Source
Water depth (m) Depth 1
Slope of seabed (°) Slope 1
Wave exposure at sea surface based on simplified wave model (m? s™!): based on long-term Wave 2
(2003-2019) mean wind speeds and directions

Current velocity (m s™!): long-term (2005-2019) mean current velocity at seabed based on Current 3
hydrodynamic model

Orbital velocity (m s™): long-term (1989-2005) mean speed of wind-induced orbital movement | Orbital 4

Proportion of soft sediment (0...1): proportion of soft seabed sediments derived from spatial
models with input from bottom grab sampling, video sampling, and scuba diving

Sediment 5

Duration of ice cover (days): long-term (2000-2016) mean duration of ice cover Ice 6

Identification System data

Shipping intensity (number of ship crossings): mean shipping intensity per year in 2011-2015 | Shipping
measured as the number of ship crossings in a 1x1 km grid cell based on HELCOM Automatic

Baltic Sea Pressure Index (BSPI): Baltic Sea cumulative human pressure index developed by
HELCOM. Higher value indicates stronger human pressure

BSPI 7

Sources:

1 — Bathymetric data by the Estonian Maritime Administration (georeferenced depth raster with 10 m pixel size)

2 — Simplified wave model based on fetch and wind data (Iseeus 2004; van der Meijs and Isaeus 2020)

3 — Current speed data by the Marine Systems Institute, Tallinn University of Technology (Maljutenko and Raudsepp 2014)
4 — Orbital velocity data by the Marine Systems Institute, Tallinn University of Technology (Bjorkqvist et al. 2018)

5 — Databases of the Estonian Marine Institute, University of Tartu

6 — Ice data by the Marine Systems Institute, Tallinn University of Technology (Uiboupin and Pérn 2018)

7 —HELCOM Map and Data Service (https://maps.helcom.fi/website/mapservice/index.html) (HELCOM 2010)
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Table 3. Macrolitter amounts in beach and vegetation survey areas, and at the island level (pooled over beach and vegetation survey
areas). Sub-basins: GoF - Gulf of Finland, BP - Baltic Proper, GoR - Gulf of Riga, WEAS — West Estonian Archipelago Sea, overall - data

pooled over all sub-basins. Abbreviation: SD — standard deviation

Region/ |Survey area |No. of |Mean, items | Mean, items | SD, items SD, items Median, items | Median, items
sub-basin surveys [100 m™! m?2 100 m! m?2 100 m™! m?
Overall |Beach 53 17.39 0.009 17.63 0.0097 10.65 0.006
Overall | Vegetation |53 38.25 0.013 44.32 0.0119 21.36 0.009
Overall |Island 53 22.33 0.011 18.61 0.0088 15.19 0.008
BP Beach 13 14.07 0.006 14.55 0.0096 8.33 0.006
BP Vegetation |13 27.82 0.017 30.08 0.0163 19.85 0.010
BP Island 13 19.18 0.013 14.31 0.0105 14.55 0.008
GoR Beach 16 8.07 0.003 3.73 0.0028 8.97 0.003
GoR Vegetation |16 38.23 0.009 50.59 0.0073 18.83 0.007
GoR Island 16 13.28 0.006 9.64 0.0040 10.27 0.005
GoF Beach 12 37.67 0.016 18.46 0.0082 38.05 0.017
GoF Vegetation |12 69.56 0.017 50.87 0.0096 45.83 0.014
GoF Island 12 45.23 0.015 14.94 0.0052 46.65 0.016
WEAS Beach 12 13.14 0.011 16.48 0.0133 5.50 0.005
WEAS Vegetation |12 18.25 0.009 24.18 0.0121 8.54 0.004
WEAS Island 12 14.90 0.010 17.33 0.0115 7.15 0.005

and slope), and no variables were excluded. All combinations
of environmental variables were tested in BIOENV to iden-
tify the set of variables that best explained the multivariate
structure of litter. Spearman rank correlation was used in
BIOENY, and a permutation test (n = 9999) was applied to
calculate the statistical significance of relationships.

Environmental data at all radii (50, 500, 5000, and
50000 m) were tested in BIOENV. Because data at the
5000 m radius resulted in the highest correlation with litter
data, only results using this radius are presented in the Results
section. Euclidean distance similarity matrices were used in
both NMDS and BIOENV. Separate sets of NMDS and
BIOENYV analyses were run on litter items and litter material
data. The litter material dataset was derived by summing litter
item counts by material (see Table 4 and Table S2 for litter
types and materials).

Separate sets of analyses were also run on data aggregated
at the island level and the combined island and survey area
level (beach and vegetation survey areas indicated sep-
arately). Aggregation at the island level meant that litter count
data were summed across survey areas (beach, vegetation).
Analysis of similarities (ANOSIM; Clarke 1993) was used to
statistically test for differences in litter composition between
groups of samples. Euclidean distances were used to produce
dissimilarity matrices, and 9999 permutations were applied.

For NMDS and BIOENYV, the litter count data in each
island were summed over all sampling occasions, represent-
ing the cumulative accumulation of litter over time, and
scaled to m?. The computed litter count data were then square
root-transformed to downweight the importance of litter types
with very high counts. For ANOSIM, data from separate
sampling occasions were not summed because intra-group
replicates were required.

The R package vegan (Oksanen et al. 2020) was used for
multivariate analyses (BIOENYV, NMDS, ANOSIM). The R
package raster (Hijmans 2020) was used for handling spatial

raster data, sf (Pebesma 2018) for handling spatial vector data,
exactextractr (Baston 2021) for extracting raster statistics in
polygons, and tidyverse (Wickham et al. 2019) for tabular
data manipulation and plotting.

3. Results
3.1. Amount of macrolitter

In total, 12 818 macrolitter items were recorded, and 854 kg
of litter was removed from the 14 islands in 2019-2020.
Overall, 6011 litter items (362 kg) were removed from the
beach survey areas and 6715 items (492 kg) from the vege-
tation survey areas.

Across all surveys, the median value of macrolitter
items was 10.65 per 100 m long beach survey area, and
the respective median density for beach macrolitter was
0.006 items m~2. The number of macrolitter items varied
between 0-77 items 100 m™! in the beach survey areas and
between 0-169 items 100 m™! in the vegetation survey areas.
The correlation between mean and median values was strong
(linear regression, r> = 0.903), and both values are presented
in Table 3.

The highest median values of marine litter items and
density were recorded in the sub-basin of the Gulf of
Finland (Table 3). Based on data normalized per 100 m, the
Gulf of Finland differed statistically significantly from all
other regions (Wilcoxon pairwise test, p <0.001). When
normalized per m?, the Gulf of Finland differed only from the
Gulf of Riga (Wilcoxon pairwise test, p <0.001).

The density of litter items per sampling occasion ranged
from 0.001 to 0.053 m2 (Fig. 3), with respective weights
from 0.0001 to 0.0085 kg m2 (Fig. S2). The density of litter
did not differ statistically significantly between sampling
occasions (Kruskal-Wallis test, p >0.05). Vegetation survey
areas had statistically significantly higher litter density than
beach survey areas when data were normalized per 100 m
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Fig. 3. The number of described litter items per 100 m long survey area and m2 in the beach survey area, vegetation survey area, and at

the island level (beach and vegetation survey areas combined).

(Kruskal-Wallis test, p = 0.006), but no difference was found
when data were normalized per m? (Kruskal-Wallis test,
p=0.13).

3.2. Composition of macrolitter

Overall, plastic was the dominant material of litter items with
57.3%, followed by glass and ceramics at 9.2%, processed
wood at 8.6%, metal at 12.7%, textile at 6.2%, rubber at
4.5%, and organic, other, and paper <1%. The lowest share
of plastic materials was noted for Harilaid (30%) and
Pihlalaid (42%), and the highest for Kdverlaid (88%) and
Vahase (83%). For most of the islands, the share of plastic
ranged between 60-70% (Fig. 4).

The distribution of litter material between the beach sur-
vey area and the vegetation survey area was mainly similar;
the only difference was that organic waste and litter classified
as “other” were mostly found in the beach survey area (Fig. 5).
No significant change in the composition of litter material of
the islands was noted over the course of sampling occasions
(ANOSIM, R =-0.005, p = 0.52).

Out of 82 litter categories used under the UNEP/MARLIN
litter classification system, 76 were present in the studied
areas (Table S2). The most prevalent litter items were plastic
bags, food containers, plastic fragments, and plastic bottles —
these four litter types formed 44% of all litter findings
(Table 4). Items categorized as single-use plastic (PLO1-

Table 4. Top ten of litter items found on 14 Estonian uninhabited islands during summer 2019 - autumn 2020. The original UNEP/MARLIN
macrolitter codes, together with respective J-codes and sources (Fleet et al. 2021), are presented. For the full list, see Table S1.

Glass = glass and ceramics, wood = processed wood

UNEP code |J-code |Name of litter item Material | Source/activity Total count |%

PLO7 I3 Plastic bags (opaque and clear)  |Plastic |Undefined use 1831 14.28
PLO6 J30 Food containers, candy wrappers |Plastic |Food consumption-related 1735 13.53
PL24 J79 Other plastic Plastic | Undefined use 1054 8.22
PL02 J8 Bottles <2 L Plastic |Food consumption-related 999 7.79
WDO04 J162 Processed timber and pallet crates | Wood | Undefined use 642 5.01
GCO07 J208 Glass or ceramic fragments Glass | Undefined use 569 4.44
FP04 1256 Foam (insulation and packaging) |Plastic |Building and construction-related 499 3.89
GC02 J200 Glass bottles and jars Glass  |Food consumption-related 487 3.80
PLO1 J21 Bottle caps and lids Plastic |Food consumption-related 484 3.78
WDO06 n7n Other wood Wood | Undefined use 357 2.78
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Fig. 4. Share of different macrolitter materials per island, presented over all sampling occasions (beach and vegetation survey areas,

items m2). Glass = glass and ceramics, wood = processed wood.

PLO07) were found 5177 times in total, accounting for 40.4%
of all findings. Single-use cutlery and cigarette butts, which
are both common litter items on public beaches (Addamo
et al. 2017), were also found in the islands but in low abun-
dance (34 and 25 items in total, respectively) (Table S2).

For most of the litter items (52.3%), the source could not
be defined. Litter related to food consumption amounted to
35.5%, followed by building and construction-related (3.9%),
fisheries-related (3%), agriculture-related (1.8%), clothing
(1.5%), and recreation-related litter (1.4%). The share of
smoking-related, medical-related, personal hygiene and care-
related, and vehicle-related sources of litter was less than 1%.
The share of different litter pollution sources varied among
islands (Fig. S3).

Based on macrolitter composition, there were significant
differences between islands (Fig. 6). NMDS ordination (Fig. 7)
showed clear differentiation of some islands (e.g., Harilaid);
differentiation at the sub-basin level was also detected by
ANOSIM (litter item composition: R = 0.27, p <0.01; litter
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Fig. 5. Proportional distribution of litter materials between
survey areas (beach and vegetation, items m~2) based on
pooled data from all islands and sampling occasions.
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Table 1.
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Fig. 7. NMDS ordinations of the similarity structure of litter composition (based on items m2; the litter material dataset was derived

by summing litter item counts based on material). A closer distance between points reflects a higher similarity of litter composition.

Plots in the upper row (A, B) represent ordinations on the island level (litter count data summed across survey areas: beach and
vegetation). Plots in the lower row (C, D) represent ordinations on the island and survey areas separately (beach, vegetation). Circle sizes
in the upper plots (A, B) indicate the total weight of litter. See Fig. 5 for island-level pair-wise comparisons of island differentiation and

Table 1 for the abbreviations of island names.

material composition: R = 0.28, p <0.01). There was no
indication of a relationship between total weight and litter
composition. No differentiation between the beach and vege-
tation survey areas was noted for litter item composition
(ANOSIM, R =0.02, p=0.01) or litter material composition
(ANOSIM, R = 0.02, p = 0.05). However, strong differ-
entiation in litter composition between the beach and vege-
tation survey areas was notable for some islands (e.g., Uhtju,
Naistekivimaa, Salavamaa; Fig. 7).

Based on BIOENYV analysis, the set of variables that best
explained the litter composition structure included current,
depth, and orbital speed, with a rank correlation coefficient
0f 0.766 (Table 5). The BSPI was retrieved among the set of
variables best explaining the litter composition only at the
item level (rank correlation 0.690). Correlations were higher

in the case of litter items compared to litter materials (0.766
vs. 0.627).

3.3. Microlitter in sediment

Microlitter (size >100 um) was found in the sediment of all
studied islands. However, microlitter was not present in
every sampling occasion. When data from all islands and
sampling episodes were pooled, a potential positive correla-
tion was observed between macrolitter abundance (normal-
ized beach total per m?) and microlitter abundance in beach
sediment (Pearson’s = 0.27), although statistical significance
was slightly above the conventional threshold (p = 0.055).
In contrast, no such relationship was found between macro-
litter and microlitter abundances in the shallow coastal sea
(Pearson’s » = 0.094, p = 0.5).
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Table 5. Results of BIOENV analyses. The top five highest correlations are shown for litter item and material (based on items m2; the litter
material dataset was derived by summing litter item counts based on material)

Litter Variables No. of variables | Spearman rank correlation R | p

Item Current, depth, orbital speed 3 0.766 <0.001
Item Current, depth, slope, orbital speed 4 0.739 <0.001
Item Current, orbital speed 2 0.737 <0.001
Item Current, depth, slope, orbital speed, sediment 5 0.716 <0.001
Item BSPI, current, depth, slope, orbital speed, sediment | 6 0.690 <0.001
Material | Current, orbital speed 2 0.627 <0.001
Material | Current, depth, orbital speed 3 0.610 0.001
Material | Current, depth, orbital speed, sediment 4 0.580 0.001
Material | Current 1 0.550 0.001
Material | Current, depth, slope, orbital speed, sediment 5 0.545 0.003

Table 6. Microlitter amounts (number of particles kg™) in beach and shallow-water survey areas, and at the island level (pooled over
beach and shallow-water survey areas). Sub-basins: GoF - Gulf of Finland, BP - Baltic Proper, GoR - Gulf of Riga, WEAS - West Estonian
Archipelago Sea, overall - data pooled over all sub-basins. Abbreviation: SD - standard deviation

Region/sub-basin |Survey area No. of surveys (Mean |SD Median
Overall Beach 53 8.11 10.55 0
Overall Shallow-water |53 5.66 11.98 0
Overall Island 53 6.89 11.09 0
BP Beach 13 12.31 15.34 |10
BP Shallow-water |13 2.31 5.95 0
BP Island 13 7.31 12.67 0
GoR Beach 16 5.01 7.88 0
GoR Shallow-water |16 4.38 7.88 0
GoR Island 16 5.31 7.88 0
GoF Beach 12 7.10 11.64 0
GoF Shallow-water |12 5.83 8.26 0
GoF Island 12 6.67 10.27 0
WEAS Beach 12 9.17 11.87 5
WEAS Shallow-water |12 10.83 16.05 10
WEAS Island 12 10.00 |14.14 0

Microlitter was found in 41.5% of sediment samples taken
from the beach survey areas and in 34% of sediment samples
taken from the shallow-water survey areas. The amount of
microlitter in the sediment varied between 040 particles kg !
for the beach and 0-60 particles kg™ in the shallow coastal
sea (Fig. S4) with an overall mean of 8.11 for the beach
section and 5.66 for the sea section (particles kg™") (Table 6).
Most of the observed microlitter particles were <2 mm
(67.5% of findings on the beach and 70% in seabed sedi-
ment). Across the islands, there were some variations in
microlitter composition; however, in beach sediment, plastic
fibers and glass fragments were dominant. In shallow-water
sediment, plastic fibers, glass, and metal fragments were
found in equal amounts (Fig. 8).

3.4. Effect of macrolitter on biota

In total, 254 mortal remains were observed on the 14 islands
in 2019-2020. Of these remains, 233 belonged to birds
(Phalacrocorax carbo on Sorgu island; otherwise Larus spp.;
Table 7), 19 to seals (16 found on Kirjurahu, one on Sorgu,
and one on Suur-Pakri), and two to terrestrial mammals (boar
and deer found on Kdverlaid).

Plastic and/or ropes and strings were noted around ten
bird corpses. These findings originated from common breed-
ing areas for seabirds in the Gulf of Finland and the Gulf of
Riga. However, based solely on visual observations, litter as
a probable direct cause of death was noted for three birds
(entanglement in a fishing net and a plastic bag entangled
around the neck).

No bird nests were found on six islands (Naistekivimaa,
Koverlaid, Salavamaa, Uulutilaid, Vahase, and Kiilalaid). Only
a few nests (<5) were found on two islands, and those did not
contain litter (Table 7). On the remaining islands, 30—60 nests
were observed. Litter items were used as nest material in 83%
of observed nests on Sorgu, 67% on Suur-Malusi, 20% on
Uhtju, and 10% on Kirjurahu and Ooslamaa (Table 7). The litter
items used as nest material were most commonly plastic bags,
plastic food packaging, and ropes and strings (both plastic
and textile). On a few occasions, nests had been built within
plastic box remains and plastic barrels (observed on Ooslamaa
and Kirjurahu). Bird pellets commonly contained fragments
of plastic bags, aluminum foil, and glass. Among other items,
sharp glass fragments (up to 5 cm in length) and metal clips
used in food packaging were noted within bird pellets.
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Fig. 8. Share of different microlitter materials per island presented over all sampling occasions.

Table 7. Number of observed bird corpses and nests in relation to the presence of macrolitter

Island Corpses/deaths related to litter | Nests/nests with litter
Kirjurahu 20/0 30/3
Ooslamaa 44/0 30/3
Pihlalaid 2/0 3/0
Salavamaa 2/0 -
Sorgu 138/2 60/50
Suur-Malusi 9/0 30/20
Suur-Pakri 8/0 3/0
Uhtju 5/1 50/10
Uulutilaid 3/0 -
Vahase 2/0 -

4. Discussion

The study provides valuable insight into the quantity, com-
position, and distribution of marine litter in natural, unin-
habited coastal regions of small islands in the northeastern
Baltic Sea. However, the term “uninhabited” does not fully
exclude visits from, e.g., summertime tourists, some of whom
were observed picking up marine litter. Thus, considering
these sporadic cleanups by visitors, the amounts of litter
presented here may underestimate the actual pollution load.

41. Amount of macrolitter

The value of 20 litter items per 100 m of coastline was set as
the threshold, reflecting the agreed value of GES in European
seas for beach litter (van Loon et al. 2020; European Com-
mission 2022). This threshold was derived from the 15th

percentile of the EU litter count baseline dataset for 2015—
2016 (van Loon et al. 2020). For comparison, a minimum of
40 surveys is recommended (van Loon et al. 2020). Based on
our study, the median amount of litter was 10.65 items per
100 m in the beach survey areas, indicating that the natural,
remote beaches in the northeastern Baltic Sea region can be
considered in GES.

The number of macrolitter items in the beach survey areas
remained mainly below the Baltic Sea average of 47 items
per 100 m of coastline reported previously for natural
beaches (HELCOM 2018). At the Baltic Sea level, the status
evaluation of marine beach litter for 20162021 shows that
11 out of 16 sub-basins exceed the HELCOM threshold of
20 litter items per 100 m of coastline; at the sub-basin level,
median values for beach litter ranged between 5-313 items



per 100 m of coastline (HELCOM 2023). Previously, the
MARLIN project reported an average of 75.7 litter items per
100 m on rural beaches, and a 50% share of plastic (based on
six rural beaches in Sweden, Finland, Estonia, and Latvia in
2011-2013; MARLIN 2013).

According to the HELCOM SPICE report, the mean
number of beach litter items in the Baltic Sea countries varied
between 33.7-354.4 items per 100 m: Finland 354.4, Germany
61.7, Denmark 99.4, Sweden 88.1, Estonia 118.4, Lithuania
222.3, Latvia 180.2, and Poland 33.7. The share of plastic
varied between 53% (Latvia) and 89% (Finland). Baseline
calculations for rural beaches in the Baltic Sea during 2012—
2016 suggest mean and median values of 79.8 and 72.3 beach
litter items per 100 m of coastline (Zalewska and Krzyminski
2017). The values presented here, calculated at the Baltic Sea
sub-basin level, are below these baseline values.

The Clean Coastal Index (CCI) has been suggested as a
tool for evaluating coastal cleanliness. CCI was originally
based on the density of plastic items per m? (Alkalay et al.
2007) but has later been used as a general measure of litter
density for all types of litter material (Asensio-Montesinos
et al. 2021a). In our study, litter density was low — on any
sampling occasion, the density of litter on an island did not
exceed 0.06 items m2, and the regional (Gulf of Finland,
Baltic Proper, Gulf of Riga, West Estonian Archipelago Sea)
median values for density were <0.02 items m™2. Accord-
ingly, based on CCI, all studied islands can be classified as
“very clean” because the litter density was lower than one
item per 10 m?. For comparison, an average of 0.09-0.55
beach litter items m2 for countries in the Baltic Sea region
has been reported, reflecting generally low pollution levels
when compared to other regions on a global scale (Haseler
et al. 2020 and references therein). Urban beaches of the
Baltic Sea region can also be regarded as clean — during the
summer of 2022, CCI was estimated at 0.05-0.38 items m2
on touristic urban beaches in Poland (Bigus and Jarosiewicz
2023).

The increase of litter load along the sea—inland gradient
has been highlighted by, e.g., Silc et al. (2018) and in this
study. Litter pollution in vegetation survey areas was notably
higher than in beach survey areas, with a median of 21.36 litter
items per 100 m. Similarly, when vegetation survey areas
were included, the amount of litter per sampling occasion was
considerably higher on some islands, with over 200 litter
items per 100 m of survey area.

The total weight of removed litter mostly remained <5 kg
per 100 m in beach survey areas and <10 kg per 100 m in
vegetation survey areas, with a maximum of 27 kg. Usually,
weight is not recorded in a regular monitoring process (Hanke
et al. 2019), and the presence/absence of large, heavy mega-
litter can distort monitoring results by weight (Smith and
Turrell 2021). Nevertheless, the numbers presented here serve
as an indication for a better general understanding of marine
litter pollution in the Baltic Sea region and, e.g., related
manpower needs for organizing cleanups (Hidalgo-Ruz and
Thiel 2015).

No clear trend in litter amount, density, or weight was
observed during the two-year study period. Based on previous
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annual beach litter monitoring in Estonia carried out in 2012—
2016, the average number of litter items per 100 m of beach
section decreased from 140 to 24 (Press 2020). However, no
significant change was noted in 2017-2022, when the average
number of litter items per 100 m of beach section varied be-
tween 2043 (Press 2023). In addition to the short study
period, the variance in the number of litter findings could also
be explained by a combination of seasonal differences (find-
ing litter under high or low vegetation), bird activities, and
coastal processes (e.g., Andriolo and Gongalves 2022).

4.2. Composition of macrolitter

The set of environmental variables that best explained litter
composition across islands included water current speed,
water depth, and orbital speed at seabed. The effect of wind
and storms on beach litter abundance has been shown in
earlier studies (e.g., Turrell 2018; Asensio-Montesinos et al.
2021a). The BSPI, which measures the quantity and spatial
distribution of potential cumulative pressures on the Baltic
Sea, was also retrieved among the variables best explaining
litter composition at the item level. In addition to the aforemen-
tioned environmental variables, sediment partly explained
litter composition based on material. Our study included
beaches with different sediments — sand, gravel, cobbles, peb-
bles, boulders, and rock. Given the heterogeneity and vari-
ability of sediments even on a small scale (<1 km) in the
northeastern Baltic Sea region (Labuz 2015), it was not ad-
visable to focus solely on sandy beaches, as beaches with
hard or mixed sediment can also accumulate litter (Asensio-
Montesinos et al. 2021b). The beaches of Suur-Pakri, Salava-
maa, Naistekivimaa, and Kiilalaid were dominated by lime-
stone and limestone pebbles; at the same time, the amounts
of litter in these areas were notably high. These islands are
all exposed to the Baltic Proper and intensive shipping
corridors. Investigations of litter on beaches other than sandy
ones are limited. However, litter burial and exhumation
processes are known to occur on cobble beaches (Asensio-
Montesinos et al. 2021b).

Litter composition varied between islands, and differen-
tiation at the sub-basin level was also detected. The share of
plastic ranged between 60—70% for most islands, which
corresponds to general plastic pollution reported for beaches
in the Baltic Sea region (Kideys et al. 2021). At the island
level, the percentage of plastic litter items was highest on
Koverlaid (88%) and Vahase (83%), and lowest on Harilaid
(30%) and Pihlalaid (42%). Both Koverlaid and Vahase had
overall small amounts of litter. On Vahase, the low amount
of litter items and dominance of plastic items most probably
reflects sporadic cleanups by summertime tourists. In the case
of Koverlaid, similar results can be explained both by its
location and by the specific characteristics of the coastline.
Koverlaid, Pihlalaid, and Uulutilaid, all of which had small
amounts of litter, are located within or close to the West
Estonian Archipelago Sea, a relatively closed waterbody
where marine traffic is mainly local (ferry lines between the
largest islands, local fishermen and sailors). As (international)
shipping intensity is lower here, litter pollution loads are
generally lower (e.g., Culin and Bieli¢ 2016; this study).
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Secondly, Koverlaid has a very narrow beach section (up to
5 m wide under normal water level), and right next to the
beach is a dense, wide belt (up to 50 m) of common reed
(Phragmites australis). This reed belt acts as a substantial
barrier, preventing macrolitter from moving inland. Similar
effects have been shown for giant reed (4rundo donax)
(Battisti et al. 2020) and for mangrove forests (Li et al. 2021).
However, at the same time, these reed barriers may also act
as litter traps, especially for meso- and microlitter (Battisti
et al. 2020).

Among the islands, litter composition was most distin-
guishable on Harilaid, where the share of plastic was lowest.
At the same time, metal, rubber, and items classified as
“other” materials were more common. (The “other” category
was represented mainly by fragments of asbestos cement, a
common roof material in the 20th century.) These materials
originate from abandoned and deteriorating facilities — berths
and shipwrecks at sea, as well as houses and a lighthouse
inland. Until 1992, the island and these facilities were used
by the USSR Border Guard. The berth was destroyed during
a powerful storm (Gudrun/Erwin) in January 2005, while the
houses are facing natural deterioration (Téhiste and Moniste
2016). Similar abandoned facilities exist on Pihlalaid, where
the breakdown of wreckage and local-source pollution is re-
flected in the litter composition.

Overall, the most prevalent litter items were plastic bags,
food containers, plastic fragments, and plastic bottles — these
four litter types formed 44% of all findings. Processed wood
and glass and ceramic fragments and bottles were also nu-
merous. This pattern is similar to results reported for rural
beaches in the Baltic Sea region. However, the small number
of cigarette butts (25 in total during the study period) is
noteworthy (Addamo et al. 2017; HELCOM 2018). The study
period overlapped with the COVID-19 pandemic, which
caused an increase in personal protective equipment litter
(Roberts et al. 2022). This litter also made its way to the
marine environment (Dybas 2021; Peng et al. 2021). During
our fieldwork, however, we did not notice an increase in
finding masks or rubber gloves (in total, 5 and 17 items, re-
spectively). The masks were mainly related to construction
works (dust protection, etc.). However, in the summer of
2020, a new type of litter emerged on Uhtju and Suur-Malusi
islands in the Gulf of Finland — hygienic wet wipes. Although
not numerous, these items had not been recorded before the
pandemic at any studied location. The wet wipes could have
been transported to the islands by water and birds.

For most litter items, the possible pollution source could
not be defined. However, over one third of the litter items
were related to food consumption, which is the dominant
source of litter across the Baltic Sea (HELCOM 2018).
The shares of building and construction-related, fisheries-
related, agriculture-related, clothing, and recreation-related
litter were small (<5%) on most islands. Building and con-
struction-related litter was highest on Harilaid (15%), which
is associated with the deteriorating facilities mentioned
above. Smoking-related, medical-related, personal hygiene

and care-related, and vehicle-related sources were of minimal
importance (< 1%).

4.3. Microlitter in sediment

The authors are aware of the currently suggested meth-
odological changes related to research on microlitter in sedi-
ment. The results presented here serve as an insight into the
microlitter occurrence in the study area. The amount of
microlitter in the sediment was relatively low. However, it
must be stressed that microlitter items were found on every
island studied, and a small positive correlation between mac-
rolitter abundance (normalized beach total per m?) and micro-
litter abundance in beach sediment was noted. Our findings
indicate that in regions without direct human impact, the
amount of microlitter in the sediment was up to 60 items
per kg. Surprisingly, these results are comparable with find-
ings in Kiel Fjord, Western Baltic Sea, where an intensively
visited beach, a beach near a sewage plant, and a beach pol-
luted with large-size plastic debris were studied, and 1.8—
4.5 microlitter particles per kg of dry sediment were counted
for the first two beaches and up to 30.2 particles per kg of
dry sediment were counted at the site with high litter loads
(Schroder et al. 2021). The latter suggests that fragmentation
of large plastic litter at the site could be a relevant source
of microplastics in the sediments of the Baltic Sea region
(Schroder et al. 2021). Similarly, Urban-Malinga et al. (2020)
reported the findings from the Polish coast, Southern Baltic
Sea, where the highest microplastic concentrations — up to
295 microlitter particles per kg of dry sediment — were re-
ported for urban beaches. Yet, no substantial difference was
noted in microplastic pollution between urban beaches and
national parks without direct human impact (Urban-Malinga
et al. 2020).

4.4. Effect of macrolitter on biota

With human population growth, waste production and litter
pollution in the environment (including the marine environ-
ment) increase (Jambeck et al. 2015). Human-produced litter
in bird nests is also an increasing trend (Votier et al. 2011;
Grant et al. 2018) — when suitable litter is available, birds will
use it in their nests (Grant et al. 2018). Based on our ob-
servations, litter was commonly used as nest material on the
bird-breeding islands that are closer to human activities and
littering related to them. Previously, human impact on the
environment estimated within 100 km of a bird colony has
also been significantly related to the prevalence of unnatural
debris in nests (O’Hanlon et al. 2021).

On Uhtju and Suur-Malusi islands, the litter composition
was most specific, comprising relatively small litter objects
— mostly degrading small plastic bags and plastic, metal, and
aluminum fragments related to food packaging — which were
collected both from nests and vegetation. This litter com-
position could best be explained by the activity of birds. In the
eastern Baltic Sea, birds in the Uhtju region have probably
used the Kunda, Rakvere, and other nearby landfills as feed-
ing grounds (though, e.g., the Kunda landfill was closed in



2004 and the Rakvere landfill in 2009), and based on the
dominant litter items on the island, it is probable that, in
addition to marine-transported litter, birds themselves trans-
port a great deal of the litter from the mainland to the island.
At the same time, misuse of food-related plastic items and
their origin from ships cannot be excluded. The dominant bird
species on Uhtju is seagull (Larus spp.), in contrast to Sorgu,
where Phalacrocorax carbo, breeding both on the ground and
in trees, prevails. Previously, it has been shown that litter is a
common nest material for birds in the Baltic Sea region — over
55% of cormorant nests located on remote islands in the
southern Baltic Sea region contained litter (Schernewski et
al. 2018). Results presented here suggest a need for a more
comprehensive study on seabirds’ litter use, as comparable
data are currently lacking for the northeastern Baltic Sea
region (Veljo Volke, Estonian Ornithological Society, pers.
comm. October 2023).

5. Conclusions

The current study was carried out as a pilot study and aimed
to cover different aspects of marine litter pollution on small
uninhabited islands in Estonia, in the northeastern Baltic Sea.
Calculated over all conducted surveys, the median value of
macrolitter items per 100 m of beach section was 10.65, and
the respective median density was 0.006 items m~2. Thus,
regarding beach litter amounts, the studied islands can be
stated to be in Good Environmental Status. However, when
the litter pollution of the terrestrial vegetation survey area
next to the beach was studied, the medians rose to 21.36 litter
items per 100 m and 0.009 items m2. At the sub-basin level,
the islands located in the Gulf of Finland had the highest
number of litter items per 100 m and the highest density
(items m™2), 38.05 and 0.017, respectively. Litter composition
varied between islands; however, the share of plastic was be-
tween 60-70% for most islands, and over one-third of the
litter items were related to food consumption, which corres-
ponds to general plastic pollution reported for beaches in the
Baltic Sea region. The set of environmental variables that best
explained litter composition on different islands included
current, depth, and orbital speed. Microlitter was found in
roughly one-third of the samples, and the amount of micro-
litter in the sediment was up to 60 items kg™'. Macrolitter was
commonly used as nest material on bird-breeding islands that
are closer to human activities and littering related to them.

What is also alarming is that 11 of the visited islands are
nature conservation areas, and though human access is lim-
ited, these areas are clearly affected by marine litter. A more
holistic approach to marine litter research is recommended
based on the fieldwork effort and the research results. Con-
ducting both macro- and microlitter surveys and considering
the possible effect on biota gives a more solid and broader
view of the problems and possible solutions related to marine
litter. The study also indicates the need for specifically tar-
geted actions in nature conservation areas (irrespective of the
dominant coastal sediment) that are prone to accumulate
marine litter.
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Mereprugi levik Eesti rannikumere asustamata vaikesaartel

Tiia Moéller-Raid, Maria P6ldma, Kristjan Herkiil, Kaire Torn, Georg Martin,
Kaire Kaljurand, Martin Teeveer, Greta Reisalu, Trude Taevere, Hanna-Eliisa Luts,
Karolin Teeveer, Keili Saava, Annely Enke ja Lauri London

Mereprigi hulka kuuluvad kdik mittelooduslikku paritolu esemed, mida leidub mere- ja rannikukeskkonnas,
ning prigi levik ja kogused peegeldavad otsest inimm&ju merekeskkonnale. Artikkel annab llevaate mere-
prigi uuringutest, mis teostati aastatel 2019-2020 neljateistkiimnel Eesti rannikumere asustamata vaikesaa-
rel. Makroprugi (prligiesemed suurusega > 2,5 cm) esinemist hinnati nii rannal kui ka rannaga piirneval
taimestikuga alal. Merepriigi arvukuse mediaanvaartus oli rannaalal 10,65 Uhikut ja taimestikuga alal
21,65 Uhikut 100 m pikkuse 18igu kohta. Keskmisest enam merepriigi esines Soome lahe saartel (mediaan-
vaartus rannaalal 38,05 Uhikut ja taimestikuga alal 45,83 thikut 100 m kohta). Peamine mereprigi materjal
oli plast, mis moodustas 57,3% kdikidest leidudest. K&igi uuritud saarte rannaala setetest leiti ka mikroprugi
(prigiesemed suurusega < 0,5 cm), hinnangulised kogused olid kuni 60 eset Uhe kg kuivsette kohta. Samuti
taheldati lindude pesitsusaladel mereprigi kasutust pesamaterjalina. Uurimistulemused viitavad vajadusele
kasitleda merepriigiga seotud probleeme ja uuringuid senisest terviklikumalt.
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ABSTRACT

The correlation of the Silurian succession of Estonia with the global standard has long been
considered reliable. However, new information, particularly on the distribution of microfossils,
has changed our understanding of the Silurian stratigraphy in the region. Recent palae-
ontological and geochemical data suggest that: the lower part of the Juuru Regional Stage
(RS) is of Hirnantian age; the age of the base of the Raikkila RS in terms of global chro-
nostratigraphy remains problematic; the Aeronian—Telychian boundary correlates with a level
in the middle of the Rumba Formation (Fm); the base of the Adavere RS is of latest Aeronian
age; the former Riksu Fm is considered to be the proximal, older part of the Sdrve Fm; the
traditional lower boundary of the Jaagarahu RS is diachronous, and the closest biostratigraphic
horizon that could be used is the first appearance datum of Jeppssonia sagitta rhenana; the
Wenlock-Ludlow boundary correlates with a level in the upper Rootsikiila RS; the base of the
Paadla RS corresponds to a level in the upper Gorstian, in the lower(?) Phlebolepis ornata
Vertebrate Biozone; the Sauvere and Himmiste beds of the Paadla Fm are of late Gorstian age,
and the Uduvere Beds are of early Ludfordian age, corresponding to part of the Ancoradella
ploeckensis Conodont Biozone; identifying the Ludlow-Pfidoli boundary in the Estonian
succession is problematic, lacking reliable criteria at present. With these amendments, we
present an updated regional correlation scheme drawn on a regular time scale for the first
time. A problem that needs to be addressed in the future is providing better biostratigraphic
definitions for the bases of regional stages.

Introduction

The study of Silurian rocks in Estonia commenced in the early 19th century
(Engelhardt and Ulprecht 1830). The first stratigraphic classification of these strata
was proposed by Schmidt (1858, 1881, 1892). Several of Schmidt’s units (originally
called Schicht) are close equivalents of today’s regional stages, and his notation
system (G, H, J, etc.) is still in use. Bekker (1922, 1925) and Luha (1930, 1933, 1946)
established the formal nomenclature of the Silurian regional stages, adopting
contemporary geographical names for the units.

Before the 1940s, geological studies in Estonia were based mainly on natural
outcrops and small quarries. A new era of research began in the late 1940s, when
extensive geological mapping, drilling, and research projects were started by the state
geological survey and research institutions. The studies, based on rich core material,
substantially improved knowledge of Silurian geology and stratigraphy in the region.
A particularly active period of Silurian studies started in the late 1950s and 1960s.
During the following decades, various aspects of the Silurian succession of Estonia
were investigated, and the results were published in several monographs (e.g.
Jirgenson 1966; Kaljo 1970, 1977a; Kaljo and Klaamann 1986). The most recent
thorough review of Silurian geology, stratigraphy, and fossils was published in
chapters of the book Geology and Mineral Resources of Estonia (e.g. Nestor 1997,
Nestor and Einasto 1997).

During the long history of Silurian research, the regional stratigraphic scheme has
been revised and updated several times. Most of the formations, members, and beds
that are in use today were defined and described in the monograph The Silurian of
Estonia (Kaljo 1970). Further amendments to the stratigraphic nomenclature and
correlations with successions in adjacent areas were published in the unified regional
stratigraphic schemes (Resolution... 1978; Decisions... 1987) and several other
papers (e.g. Aaloe et al. 1976; Nestor and Nestor 1991, 2002; Perens 1992, 1995;
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Jeppsson et al. 1994; Nestor 1995, 1997; Nestor et al. 2003;
Viira and Einasto 2003; Kaljo et al. 2015).

The correlation between the Silurian regional stages and
formations in Estonia and the global chronostratigraphic
standard has been considered reliable and has changed little
since the definition of most of these units. However, studies
in recent decades have revealed several correlation problems,
and the need to restudy and revise some parts of the scheme
has become evident. An early version of the updated cor-
relation scheme was published in field guidebooks (Ménnik
2014; Ménnik et al. 2024). The aim of this study is to present
arevised regional correlation scheme together with comments
and discussions on recent developments in the Silurian
stratigraphy of Estonia. The updated scheme proposed in this
paper is drawn, for the first time, on the time scale of Melchin
et al. (2020). However, the calibration of the time scale is
expected to change in the future, as there are only a few
(eight) U-Pb dates for the Silurian, and the construction of
the time scale is considered problematic by some authors
(Storch et al. 2024).

Geological background

During the Ordovician and Silurian, from the late Tremad-
ocian to the end of the Ptidoli, the territory of present-day
Estonia was part of the northern flank of a shallow cratonic
sea in the western part of the Baltica continent (Fig. 1). In the
earlier stages of development, this sea extended from Norway
to the Volga region and from Finland to the Belarussian—
Mazurian Precambrian massif. During the final stages of
development, the basin was restricted to the Baltic Syneclise
in the East Baltic area and northern Poland (Nestor and
Einasto 1997). In the Silurian, Baltica was located in equa-
torial latitudes and drifted gradually northwards (Melchin
et al. 2004). From the Late Ordovician Katian Epoch until
the end of the Silurian, the Baltic Palaeobasin was char-
acterised by a wide range of tropical shelf environments with
accumulation of carbonate deposits and the occurrence of
diverse biota (Nestor and Einasto 1997; Dronov and Rozhnov
2007).

Silurian strata are exposed in western, central, and eastern
Estonia; in southern Estonia, they are overlain unconformably
by the uppermost Lower Devonian terrigenous rocks. As a
result of the gradual infilling of the sedimentary basin from
north to south and from east to west during the early
Palaeozoic, the oldest Silurian rocks are found in the eastern
and northern parts of the outcrop area (Fig. 1). Toward the
south and southwest, progressively younger strata are ex-
posed. The Silurian succession can be studied in several small
historic quarries and several larger modern ones across central
Estonia. The main natural outcrops are located along the
northern and western coasts of Saaremaa Island.

Based on the distinctly expressed lateral facies changes
shown by the Silurian rocks, two major facies belts have been
distinguished: the Central Estonian and South Estonian facies
belts (Kaljo 1977b). The Central Estonian Facies Belt is
dominated by various limestones and late-diagenetic dolo-
stones, which were originally rich in shelly faunas. These

Silurian outcrop area:

Pridoli
Ludlow
Wenlock
[[57] Llandovery

- Silurian

in subsurface

Subregion

boundary

Subregions:

C Southern Estonia and Sérve Peninsula

Fig. 1. Map of the distribution area of Silurian rocks in Estonia, and
subregions of lithostratigraphic classification shown in Fig. 2A.
Note that the boundaries between outcrop areas of series are
approximate. The 425 Ma palaeogeographical reconstruction was
created with BugPlates software using data from Torsvik and
Cocks (2013).

rocks are widespread across the islands of the West Estonian
Archipelago, as well as in the western and central parts of
mainland Estonia. In general, these strata are well exposed.
However, on the mainland, the Silurian succession is less
complete, and its upper part has undergone extensive dolom-
itisation. In contrast, the South Estonian Facies Belt is
characterised primarily by argillaceous carbonate rocks (marls)
and siliciclastic mudstones containing deeper-water shelly
faunas and, at certain levels, occasional graptolites. These
rocks are unconformably overlain by the uppermost Lower
Devonian siliciclastics and can be studied in drill-core sec-
tions only.

Silurian stratigraphic scheme of Estonia
Introductory remarks

The Silurian succession in Estonia is subdivided into ten
regional stages (RS) (Kaljo 1970; Nestor 1997; Fig. 2). How-
ever, due to the sporadic distribution of macrofauna and
limited information on microfossils, these stages were defined
by a combination of palaeontological and sedimentological
data, and their boundaries were based mainly on lithological
criteria (see Kaljo 1970 and references therein). No boundary
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Fig. 3. Changes in interpretations of the base of the Jaani
Formation in the Viki core section, after H. Nestor (1990),

V. Nestor (1994), and Pdldvere (2010). Abbreviations: Ps. —
Pseudooneotodus, Pt. a. - Pterospathodus amorphognathoides.

stratotypes were established at the time, and although some
were proposed later (e.g. Nestor 1993 and references therein),
they have not gained broad acceptance or adoption. As a
result, the boundaries of the RSs remain poorly constrained
from a biostratigraphic perspective.

Based on lithology, the stages were subdivided into
formations (Fm) within different facies belts. Before the
1990s, the rules of the Stratigraphic Code of the former Soviet
Union (Stratigraphic... 1977) were followed in the region.
According to that code, a formation was considered a to-
postratigraphic unit, defined mainly by its specific lithologi-
cal composition, while its boundaries were adjusted based on
biostratigraphic data and considered to be isochronous — a
feature that is evident in the earlier stratigraphic schemes
from the ‘box-like” appearance of the formations. Formations
were also considered as subdivisions of regional stages and
thus mandatorily limited to a single regional stage. The strati-
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graphic scheme of Nestor (1997) followed this same principle.

These rules have caused some confusion and resulted in
repeated revisions of several formational boundaries from
publication to publication, based on newly obtained bio-
stratigraphic data. A good example of this is the changing
position of the lower boundary of the Jaani Fm in the Viki
drill core (Fig. 3). This boundary marks the base of the Jaani
RS and was believed to correlate with the Llandovery—
Wenlock boundary. During the initial studies, the boundary
was tentatively drawn at 153.8 m based on lithological criteria
(Nestor, H. 1990). Later, it was shifted upwards, considering
the level of appearance of Margachitina margaritana
(Nestor, V. 1994), and further up to the depth of 121.1 m by
Poldvere (2010), where it is marked by a K-bentonite which,
based on bio- and chemostratigraphic information (Méannik
2007b), correlates with the bentonite at 345.8 m in the
Ohesaare core section, the proposed type section of the base
of the Jaani Fm and Jaani RS (Nestor, H. 1993). In com-
parison with the conodont succession, the proposed base
of the Jaani Fm in the Viki core section has been moved
from the middle Pt. a. lennarti Conodont Biozone (CZ;
boundary in Nestor, H. 1990) into the upper part of the
Pt. a. amorphognathoides CZ (Pdldvere 2010).

Based on specific lithological characteristics, several
(but not all) formations have been further subdivided into
members (Mb). Additionally, as many intervals of the Silurian
succession reveal apparent cyclicity, particularly within the
shallow-water Central Estonian Facies Belt, cyclostrati-
graphic units consisting of alternating types of rocks (reflect-
ing sea-level changes and often bounded by gaps) were
distinguished. These cyclicity-based units were called ‘beds’
(kihid in Estonian, crou in Russian) and treated as sub-
divisions of formations, but sometimes also as substages.

The general lithological and palaecontological char-
acteristics of the units presented in the Silurian stratigraphic
scheme of Estonia are summarised in Nestor (1997) and ref-
erences therein.

The present-day high-resolution biostratigraphy in the
region, being the main tool for regional and interregional
correlations, is based mainly on conodonts (Viira 1999;
Minnik 2007a, 2007b, 2007¢) and chitinozoans (Nestor 2012
and references therein). However, the use of chitinozoan

Fig. 2. Updated Silurian stratigraphic scheme of Estonia. A — chronostratigraphy and lithostratigraphy; B — biostratigraphy. The global Silurian
time scale is from Melchin et al. (2020). For the Llandovery-Wenlock boundary, two levels marking the limits of an uncertainty interval are
indicated: the lower line (432.9 Ma) roughly corresponds to the base of the Cyrtograptus murchisoni graptolite biozone, and the upper line
marks the approximate level of the base of Wenlock as defined in its stratotype at Hughley Brook, England (further comments are provided
in the text). Graptolite biozonation is modified from Cramer et al. (2011). The Llandovery-Wenlock part of the conodont biozonation is based
on Jeppsson (1997), Jeppsson and Calner (2003), and Méannik (2007a, 2007b). The biozonation in the Ludlow interval (excluding the upper
Ludfordian) is modified from Cramer et al. (2011), and the uppermost Ludfordian—Pfidoli biozonation is from Viira (1999). The ‘J. snajdri-
crispa interval’ marks the total range interval of the closely related and difficult-to-distinguish J. s. snajdri, J. crispa, and J. s. parasnajdri.
Due to common identification problems, all representatives of these taxa are identified as J. snajdri s.l. in Marss and Mannik (2013). The chiti-
nozoan biozonation is modified from Nestor (2012), and that of vertebrates and its correlation with the conodont biozonation is from
Marss and Mannik (2013). In the columns of regional stages, below the names of regional stages are their traditional Schmidt’s notations
(G, H, J, etc.), and those used in geological maps by the Geological Survey of Estonia are also indicated. Abbreviations: D — Devonian,
D1 - Lower Devonian, O — Ordovician, O3 — Upper Ordovician, Hirn. — Hirnantian, Loch. — Lochkovian, Pen. — peninsula, Mb — Member,
Fm — Formation, B — Beds; conodonts: K. — Kockelella, Zieglerodina r. — Zieglerodina remscheidensis, Jeppssonia s. — Jeppssonia snajdri,
Pt. a. — Pterospathodus amorphognathoides, Pt. p. - Pterospathodus pennatus, Ps. — Pseudooneotodus; vertebrates: N. — Nostolepis,
P. — Poracanthodes, T. — Thelodus; graptolites: M. — Metabolograptus, S. — Stimulograptus. Colours: yellow background denotes reliably
correlated graptolite biozones; grey denotes missing biozones in Estonia, interpreted as gaps.
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biozonation in shallow-water carbonates (limestones and
dolostones) is often limited due to the sporadic occurrence of
these organic-walled microfossils and some inconsistencies
in their ranges. In the upper part of the succession, starting in
the Wenlock, vertebrates also provide useful stratigraphic
information (Marss 1986; Marss and Ménnik 2013).

Due to the rare occurrence of graptolites in the Silurian
strata in Estonia, the correlation of several RSs with the
standard graptolite succession has been — and still is — chal-
lenging. However, in the last decades, integrated biostrati-
graphic studies on graptolites, conodonts, and chitinozoans
from core sections of southwestern Estonia and western
Latvia have improved the situation considerably (Loydell
et al. 1998, 2003, 2010; Loydell and Nestor 2005). The re-
ported co-occurrences of graptolites and conodonts from
Gotland, Sweden (Jeppsson and Calner 2003) have further
helped to improve the correlations. As a result, most of the
mid—upper Llandovery and Wenlock graptolite biozones can
be reliably correlated into shallow-water settings in Estonia
that do not yield graptolites. Dating of other intervals (par-
ticularly in the Rhuddanian and Ptidoli; Fig. 2) has remained
less precise, but combined biostratigraphic and chemostrati-
graphic (8'3C, K-bentonites) data have allowed reasonable,
albeit indirect, dating of some intervals (Kiipli et al. 2012;
Mairss and Miannik 2013; Ménnik 2014; Kaljo et al. 2015;
Fig. 2). Few attempts have been made to apply quantitative
stratigraphic methods to make use of large datasets and in-
crease the resolution of the regional temporal framework
(e.g. Sadler 2012; Hints et al. 2018 and references therein).

Changes in some conodont biozone names compared
to previous ones (Fig. 2 versus e.g. Ménnik et al. 2024)
result from the revision of the genus Ozarkodina and the
transfer of several former taxa of this genus to the new
genera Zieglerodina and Jeppssonia, introduced by Murphy
et al. (2004) and Barrick et al. (2024), respectively.

Comments on selected stratigraphic units
and levels

Ordovician-Silurian boundary and base of Juuru
Regional Stage

The lower boundary of the Silurian System was ratified by
the Silurian Subcommission of the International Union of
Geological Sciences (IUGS) in 1984 (Holland 1985). It is
defined by the first appearance datum (FAD) of Akidograptus
ascensus Davies in the boundary stratotype, the Dob’s Linn
section in Scotland (Rong et al. 2008). Although graptolites
are missing from the Ordovician—Silurian boundary interval
in Estonia, the Porkuni RS has long been considered to cor-
respond to the Hirnantian Metabolograptus extraordinarius
and M. persculptus graptolite biozones (GZ). Similarly, the
lower part of the Juuru RS has been correlated with the lower
Rhuddanian A. ascensus—Parakidograptus acuminatus GZ
(Kaljo et al. 2001, 2008; Brenchley et al. 2003).

The boundary between the Porkuni and Juuru RSs is
marked by a sharp change in lithology resulting from a gap
in Estonian sections (Meidla et al. 2014a and references
therein). Correlation of the boundary interval in Estonia with

the formally defined Ordovician—Silurian boundary has been
based on the occurrence of Hirnantian trilobites, brachiopods,
and ostracods in the Kuldiga and Saldus Fms that are con-
sidered equivalent to the Porkuni RS, as well as finds of
Stricklandia lens prima Williams in the Varbola Fm, which
was traditionally attributed to the Juuru RS (Kaljo et al. 1988;
Nestor 1997). In practice, the strata immediately below and
above the Porkuni—Juuru boundary often do not yield any
fossils for reliable dating, and both the regional stage bound-
ary and the system boundary are drawn at the level of a
supposed major sedimentary gap in the succession (Ainsaar
etal. 2015; Meidla et al. 2020 and references therein). Recent
313C studies indicate that the basal part of the Varbola Fm,
the Koigi Mb, and sometimes also the lower part of the
Varbola Fm above the Koigi Mb fall into an interval of
declining 8'3C values, which most likely represents the latest
part of the Hirnantian Isotope Carbon Excursion (e.g. Ainsaar
et al. 2015; Gul et al. 2021). This suggests that the Varbola
Fm is partly of late Hirnantian age (Meidla et al. 2020, 2023a,
2023b) and that the Ordovician—Silurian boundary in the
Estonian succession correlates with a level within the Varbola
Fm (Ainsaar et al. 2011, 2015; Meidla et al. 2020; Gul
et al. 2021). Further to the south, the gradual decline in §'3C
values is observed extending over a remarkably longer in-
terval in the Ohne Fm (e.g. in the Tartu core section; Bauert
etal. 2014) and in the Staciunai Fm in Latvia and Lithuania
(Ainsaar et al. 2011; Meidla et al. 2020; Hints et al. 2023).
There, the boundary level suggested by carbon isotope stra-
tigraphy may be more than 10 m higher than the traditional
position based on the distinct lithological change.

Due to the low-diversity faunas in the Varbola, Ohne, and
Staciunai Fms, finding a reliable biostratigraphic marker for
the lower boundary of the Silurian in the region is compli-
cated. One possible guidance level may be the FAD of the
chitinozoan Belonechitina postrobusta (Nestor), although in
the Estonian succession it appears in the middle part of the
Varbola and Ohne Fms (Meidla et al. 2020, 2023b), probably
within the Cystograptus vesiculosus GZ (Nestor 2012). How-
ever, this assumption should be taken with caution, as the
oldest graptolite occurrences in Estonia are younger, belong-
ing to the Coronograptus cyphus GZ. Elsewhere in the world,
B. postrobusta in many cases makes its first appearance in
the ascensus—acuminatus GZ (Butcher 2013).

Base of Raikkiila Regional Stage

The Raikkiila RS was originally established as lying between
two distinctive units with pentamerid brachiopods: strata with
Borealis borealis (Eichwald) below and beds rich in Penta-
merus oblongus Sowerby above. The name ‘Raikkiila’ was
introduced for this unit by Schmidt (1881). In the second half
of the 20th century, the concept of the unit evolved into a
regional stage, with the lower boundary drawn at the top of
the Tamsalu and Ohne Fms and considered equivalent to the
base of the Coronograptus cyphus GZ (Nestor and Einasto
1997). The same concept of the regional stage was maintained
by H. Nestor (1990, 1997), although the boundary of this zone
was drawn at a lower horizon by Kaljo and Vingisaar (1969),
based on the tentative record of Pribylograptus sandersoni



(Lapworth) and P. incommodus (Térnquist), co-occurring
with Rhaphidograptus toernquisti (Elles and Wood) and
Dimorphograptus confertus (Nicholson) in the upper 6 m of
the Ohne Fm. In comparison with the updated graptolite
record from the United Kingdom (Zalasiewicz et al. 2009),
this assemblage cannot be taken as diagnostic of the cyphus
GZ (equivalent to the acinaces and revolutus zones in modern
British graptolite biostratigraphy; Zalasiewicz et al. 2009,
fig. 2), leaving the age of the base of the Raikkiila RS in terms
of global chronostratigraphy open. In Fig. 2, the base of the
Raikkiila RS is tentatively indicated as corresponding to a
level within the C. cyphus GZ, as indicated in Kaljo and
Vingisaar (1969).

Age of Rumba Formation and Adavere Regional Stage

Dating of the Rumba Fm and the lower boundary of the
Adavere RS has been problematic for a long time. Originally,
based on a single find of the graptolite Pseudoclimacograptus
(now Metaclimacograptus) hughesi (Nicholson) in the middle
part of the formation in the Ikla core section (at the depth
316.6 m within cycle 5 sensu Einasto et al. 1972; see Kaljo
and Vingisaar 1969), the Rumba Fm was considered to cor-
respond to the Stimulograptus sedgwickii GZ (Nestor 1972).
M. hughesi, common in the Rhuddanian and Aeronian, is
known to reach the very top of the latter stage but has not
been found in the Telychian (Loydell et al. 2015). This cor-
relation of the formation has been followed in most sub-
sequent publications and stratigraphic schemes (e.g. Nestor
1997 and references therein), but other correlations have been
proposed (e.g. Nestor 2012; Méannik 2014).

Based on the graptolites characteristic of the upper
Spirograptus turriculatus GZ recorded in the sample at
964.6 m in the Aizpute-41 core section in western Latvia
(Loydell et al. 2003; Walasek et al. 2018), below the
Osmundsberg K-bentonite recognised at 964.4 m (Kiipli
et al. 2010), the upper part of the formation is clearly of
Telychian age. The Osmundsberg K-bentonite occurs in the
upper half of the Rumba Fm in Estonia and serves as the
boundary between cycles 8 and 9 of Einasto et al. (1972).
The above data suggest that the Aeronian—Telychian bound-
ary in Estonia should be looked for not higher than the middle
of Rumba Fm and that the base of the Adavere RS correlates
with a level in the uppermost Aeronian.

This correlation is further supported by chemostrati-
graphic data. In the 8'3C succession, the Rumba Fm is char-
acterised by a distinct negative excursion, the ‘Rumba low’
(Kaljo and Martma 2000). In the Ikla core, the lowest 3'°C_
and 8°°C, values (Gouldey et al. 2010) occur together with
M. hughesi (Kaljo and Vingisaar 1969). However, in the El
Pintado section in Spain (Loydell et al. 2015) and on
Cornwallis Island in Arctic Canada (Melchin and Holmden
2006), the lowest 813C0rg values, likely corresponding to the
‘Rumba low’, are recorded in the lower Sp. guerichi GZ, indi-
cating the earliest Telychian age of the excursion. Recently,
the ‘Rumba low’ was recognised in the Aeronian—Telychian
transition in the Sommerodde-1 core from Bornholm, Denmark,
with its lowest values at a level corresponding to the lower
Sp. guerichi GZ, just above an unfossiliferous interval (Loydell
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et al. 2017; Hammarlund et al. 2019). This indicates that the
‘Rumba low’ correlates with the Aeronian—Telychian bound-
ary interval, being a useful chemostratigraphic marker in sec-
tions where graptolites are missing (Hammarlund et al. 2019;
Loydell et al. 2025). The data above suggest that the stage
boundary in the Estonian succession lies, most probably, in
the middle of the Rumba Fm, within cycle 5 sensu Einasto
et al. (1972).

The Rumba Fm is separated from the underlying Nurme-
kund Fm in central and western Estonia, and the Saarde Fm
in southern Estonia and southwestern Saaremaa, by a hiatus
of variable duration (Fig. 2). Its size increases to the west and
southwest (Einasto et al. 1972). The most significant gap in
the graptolite record is observed in the Ohesaare core, where
the interval from the Demirastrites triangulatus GZ to the
upper Sp. turriculatus GZ and Pterospathodus eopenna-
tus ssp. n. 1 CZ is missing (Loydell et al. 1998).

Boundary between Rumba and Velise formations

At the lower boundary of the Velise Fm, just above the
contact with the underlying Rumba Fm, a rich and diverse
conodont fauna, including the Pterospathodus lineage, ap-
pears. This supports a high-resolution biostratigraphic sub-
division of the main part of the Adavere RS (Ménnik 2003,
2007a, 2010). The distribution of the lowermost conodont
biozone in this interval, the Pt. eopennatus ssp. n. 1 CZ, sug-
gests diachroneity of the lower boundary of the Velise Fm.
This biozone is present in the sections in the distal part of the
basin (e.g. Ruhnu-500 and Viki cores; Ménnik 2003, 2010),
but gradually becomes thinner towards the proximal part of
the basin and is missing in westernmost continental Estonia,
where the lower boundary of the Velise Fm lies within the
Pt. eopennatus ssp. n. 2 CZ (e.g. Paatsalu core; Hints et
al. 20006). This indicates that the gap between the Rumba and
Velise Fms increases from west to east. However, further east
in this region, in the vicinity of Valgu village (Ménnik 2008),
the Pt. eopennatus ssp. n. 1 CZ reappears in the lowermost
Velise Fm. So far, the biostratigraphically proven maximum
extent of the gap occurs in southwesternmost continental
Estonia, where the lower half of the Velise Fm, corresponding
to the Pt. eopennatus ssp. n. 1 CZ up to the Pt. amorphog-
nathoides lithuanicus CZ, is missing in some sections (e.g.
Ristikiila-174 core; Ménnik, unpublished data).

Contacts between Velise and Jaani formations,
Adavere and Jaani stages, and Llandovery-Wenlock
boundary

Traditionally, the boundary between the Velise and Jaani Fms
has been drawn to coincide with the boundary between the
Adavere and Jaani stages, and the same level has been
correlated with the Llandovery—Wenlock boundary (Nestor
1997 and references therein). It is now known that the
Llandovery—Wenlock boundary, as defined in its type section
at Hughley Brook, England, lies close to or coincides with
Datum 2 of the Ireviken Event (Aldridge et al. 1993; Jeppsson
1997). This is close to the boundary between the Lower and
Upper Pseudooneotodus bicornis CZs, within the Cyrto-
graptus murchisoni GZ (Méannik 2007b; Fig. 2). The bound-



26 P. Mcinnik et al.

ary between the Adavere and Jaani stages is within the Upper
Pt. a. amorphognathoides Conodont Subzone (Ménnik 2007a;
Hints et al. 2022). However, based on data from the type
section of the Mustjala Mb (Mustjala core section, at 85.8 m;
Nestor 1993), the boundary between the Velise and Jaani Fms
lies within the lowermost Pt. a. lithuanicus CZ, which cor-
responds to the interval from 85.85 to 82.60 m in this section
(Minnik, unpublished data). In the correlation chart (Fig. 2),
the lower boundary of the Mustjala Mb is drawn based on
published data from different sections in Estonia.

In western continental Estonia and on the islands in the
Muhu Strait, the Llandovery—Wenlock boundary falls within
an unconformity. In some sections, the strata corresponding
to the Ireviken Event are missing entirely (Ménnik et al. 2014).
In the distal graptolite-bearing environments, a gap correspond-
ing to the upper Cyrt. lapworthi, Cyrt. insectus and probably
Cyrt. centrifugus GZs was recognised (Loydell et al. 2003,
2010). If the latter hiatus is also present in proximal en-
vironments, its duration is below biostratigraphic resolution.

Jaani Regional Stage

Relationships between lithostratigraphic units traditionally
included in the Jaani RS (Fig. 2) are drawn in accordance with
the model of Perens (1995). This model is based on detailed
lithological, geophysical, and biostratigraphic information
from many core sections (mainly from Saaremaa) drilled and
studied for geological mapping during the second half of the
20th century. According to that model, the lower half of the
Jaani Fm is represented by marlstones of the Mustjala Mb
that are replaced by the Tdlla Mb of the lower Riga Fm in the
southwestern sections on the Sorve Peninsula. Due to a re-
gression, the shallow-water bioclastic deposits of the Ninase
Mb started to accumulate on the northwestern and central
parts of Saaremaa and smaller islands west of it. This formed
a barrier bordering the northeastern area of Saaremaa and
western continental Estonia, creating semi-restricted con-
ditions where argillaceous sediments of the Paramaja Mb
were deposited. On the Sdrve Peninsula, towards the central
part of the basin, the Ninase Mb is laterally replaced by ar-
gillaceous limestones of the lower Sorve Fm and further by
marlstones of the upper Riga Fm.

The Riksu Fm was originally defined by H. Nestor (1995)
as a lithologically transitional unit between the shallow
shelf (upper Jaani and Jaagarahu Fms) and distal shelf to
slope (upper Riga and Jamaja Fms) facies. Later, Nestor
et al. (2001) reinterpreted the lower part of the Riksu Fm in
the Riksu core as the Ninase and Paramaja Mbs of the Jaani
Fm and correlated the lower boundary of the Riksu Fm with
the traditional base of the Jaagarahu RS sensu Aaloe (1970),
i.e. with the lower boundaries of the Jaagarahu and Muhu
Fms. Lithologically, as stated by Nestor (1995, p. 92), the
Riksu Fm is similar to the Sorve Fm; both consist of cyc-
lically alternating marlstones, argillaceous limestones, and
nodular micritic limestones accumulated in an open shelf
environment. These two units differ mainly by their age, the
Riksu Fm being older than the Sorve Fm, but otherwise they
represent parts of the same lithological body, transitional

between the shallow and distal shelf settings (Nestor 1997,
fig. 69), with a diachronous lower boundary.

The scheme of this interval in Fig. 2 follows that of
Nestor (1997), except that the Riksu Fm is abandoned and
considered to be the proximal older part of the Sdrve Fm.
The Paramaja Mb, indicated by Nestor (1997) as forming the
uppermost part of the Jaani RS in the distalmost region, is
replaced by the Riga Fm. The interval originally considered
to be the lowermost part of the Riksu Fm (Nestor 1994) and
later reinterpreted as representing the Ninase and Paramaja
Mbs (Nestor et al. 2001) is poorly constrained and marked
with a “?” in Fig. 2; further data are needed to clarify its
position.

Boundary between Jaani and Jaagarahu regional
stages

The boundary between the Jaani and Jaagarahu RSs has been
historically based on sedimentology and drawn at a level of
abrupt increase in carbonate content at the contact of the Jaani
and Jaagarahu Fms in western Saaremaa, and at the contact
of the Jaani and Muhu Fms in eastern Saaremaa and western
continental Estonia (Nestor 1997 and references therein).
The appearance of reefs has been considered to be the most
characteristic feature of the lowermost Jaagarahu RS, al-
though several authors have suggested likely diachroneity of
the earliest reef units in this stratigraphic interval (Einasto
and Minnik 1991; Nestor 1994). The boundary has, unfor-
tunately, been poorly constrained biostratigraphically.

In the Jaagarahu drill core (supplemental section to the
old Jaagarahu quarry, the historical stratotype of both the
Jaagarahu Fm and the Jaagarahu RS; Nestor 1993, 1997),
Jeppssonia sagitta rhenana (Walliser) appears at a depth of
20.4 m, which is 1.0 m above the proposed base of the
formation and regional stage at 21.4 m. It is followed by the
appearance of Ozarkodina martinssoni Jeppsson about 15 m
higher in the section (Ménnik, unpublished data). The same
succession of appearances of these taxa is recorded in the Viki
core (Ménnik 2010). However, there, J. s. rhenana appears
in the Ninase Mb, which is usually attributed to the Jaani Fm
(Jaani RS), whereas Oz. martinssoni appears in the lowermost
part of the Vilsandi Beds of the Jaagarahu Fm (Jaagarahu RS).

In the chitinozoan succession, these conodonts appear
in the Conochitina mamilla and Con. tuba chitinozoan bio-
zones (ChZ), respectively (Nestor 2010). The appearance of
J. 5. rhenana has also been recorded in the Ninase Mb at
Panga CIiff (in the Con. mamilla ChZ; Ménnik and Nestor
2014) and Suuriku Cliff (Meidla et al. 2014b). This indicates
that the lower Jaagarahu Fm is older in northwestern Saare-
maa than in the Panga section, where it correlates with the
upper Jaani Fm (with the Ninase and Paramaja Mbs). Con-
sequently, the base of the Jaagarahu Fm and the traditional
base of the Jaagarahu RS are diachronous.

The gap below the Kesselaid Mb (below the basal Muhu
Fm; Fig. 2) is supported by data from the Salevere section
in western continental Estonia, where J. 5. rhenana and
Oz. martinssoni (Ozarkodina sp. (aff. gulletensis) in Einasto
and Minnik 1991) appear together in the lowermost part of



that member. Based on data from the Viki core section
(Minnik 2010), the Kesselaid Mb in Salevere correlates with
the Con. tuba ChZ, suggesting that at least the lower J. s. rhe-
nana CZ is missing in that section.

Based on chitinozoan data from the deeper part of the
palaeobasin (e.g. Ohesaare and Ruhnu-500 cores), V. Nestor
(1994, 2012) suggested that the lower boundary of the
Jaagarahu RS corresponds to the base of the Cingulochitina
cingulata ChZ. In the Ohesaare core, the bases of the Cin. cin-
gulata ChZ (marked by the appearance of Cin. cingulata
(Eisenack) at 299.85 m; Nestor 1994) and the Lower K. wal-
liseri CZ (defined by the appearance of K. walliseri (Helfrich)
at 301 m; Mannik, unpublished data) lie very close to each
other. In the Viki core section (Mannik 2010; Nestor 2010),
Cin. cingulata and K. walliseri also appear almost at the same
level. However, this level does not fit the traditional base of
the Jaagarahu RS (as shown in Nestor 1997, table 8) but
corresponds instead to the boundary between the Vilsandi and
Maasi beds. In the Riksu core section, K. walliseri appears
within the Sorve Fm (in the Middle Riksu Beds as shown by
Nestor et al. 2001), in an interval corresponding to the
Cin. cingulata ChZ. In the Riksu section, the lower boundary
of the Jaagarahu RS is correlated with a level within the
Con. tuba ChZ and J. s. rhenana CZ (Nestor et al. 2001).
If the base of the Cin. cingulata ChZ is taken as the lower
boundary of the Jaagarahu RS, the strata corresponding to the
Vilsandi Beds of the Jaagarahu Fm (traditionally assigned to
the lower Jaagarahu RS; e.g. Nestor 1997 and references
therein) and their equivalents in the lower part of the Muhu
Fm (Kesselaid Mb) should instead be correlated with the
upper Jaani RS. This possibility was first suggested by Perens
(1995).

The data above demonstrate that the lower boundary of
the Jaagarahu Fm, as well as the traditional base of the
Jaagarahu RS as used until now, are diachronous. However,
since the lower boundary of the RS almost correlates with the
FAD of J. 5. rhenana in the Jaagarahu core (the hypostrato-
type of the Jaagarahu RS), we propose this biostratigraphic
marker as the foremost suitable level for tracing the base of
the Jaagarahu RS (Fig. 2).

Base of Paadla Regional Stage and Wenlock-Ludlow
boundary

The lower boundary of the Paadla RS was initially defined
based on lithological criteria: it coincides with the top of the
Soeginina mottled early diagenetic (lagoonal) dolostones,
which are transgressively overlain by argillaceous limestones
and dolostones containing Didymothyris didyma (Dalman)
and Ilionia prisca (Hisinger) (Nestor 1997). Nestor and
Nestor (1991), based on chitinozoan ranges in the Ventspils
(Latvia) and Ohesaare core sections, concluded that the
Rootsikiila and Paadla RSs are separated by a considerable
gap in the carbonate sections in Estonia, corresponding to
the lower part of the Ludlow, equivalent to the Noediver-
sograptus nilssoni and most of the Lobograptus scanicus
GZs, and consequently, the base of the Paadla RS lies close
to the base of the Ludfordian in Estonian successions.
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Comparison of 3!3C data from the Prickule (Latvia) and
Ohesaare cores confirmed a considerable gap below the
Sauvere Beds in the latter section (Kaljo et al. 1997), although
the same authors also proposed that ‘... transgressive parts
of this long interval might be represented by some strata at
the corresponding levels in the Sauvere Beds...”. The co-
occurrence of Angochitina elongata Eisenack, Conochitina
latifrons Eisenack, and Phlebolepis ornata Mérss in the lower
Torgu Fm (Paadla RS) in the Ohesaare core indicates that the
upper part of the Gorstian (the L. scanicus GZ) is represented
at least in southwestern Saaremaa (Viira and Aldridge 1998).
Additionally, comparison of conodont data from Saaremaa
and Gotland (Sweden) confirms the existence of a gap below
the Paadla RS, but also suggests that the Gorstian is still
partly present in the region (Jeppsson et al. 1994). The oc-
currence of Ph. ornata in the Sauvere Beds in several outcrop
sections (Kandla, Kérla, Kogula) on west-central Saaremaa
(Mérss 1986) suggests that the upper part of the Kockelella
variabilis variabilis CZ, comprising the upper Gorstian
(Jeppsson et al. 2006; Marss and Méannik 2013; Ménnik
2014), is preserved also in the outcrop area of the Paadla RS.
The data above indicate that the base of the Paadla RS
corresponds to a level within the upper Gorstian.

Conventionally, the boundary between the Rootsikiila and
Paadla RSs has been correlated with the Wenlock—Ludlow
boundary in Estonia (Nestor 1997 and references therein).
Viira and Einasto (2003) concluded — based mainly on cyclo-
stratigraphic reconstruction, but also on the distribution of
some conodonts — that the topmost part of the Rootsikiila Fm
and the Rootsikiila RS (the Soeginina Beds) are of early Ludlow
age. This was previously suggested by Kaljo et al. (1997),
based on correlation of 3'3C curves from the Ohesaare and
Priekule cores, which indicated that the upper part of the
Rootsikiila RS likely belongs to the Ludlow, within the
Neodiversograptus nilssoni GZ. As the Rootsikiila RS has
traditionally been considered to be of late Wenlock (Homerian)
age and the Paadla RS of Ludlow age, Viira and Einasto
(2003), when re-dating the uppermost Rootsikiila RS, pro-
posed to move the Soeginina Beds from the Rootsikiila RS
to the Paadla RS and, accordingly — and somewhat sur-
prisingly — from the Rootsikiila Fm to the Paadla Fm (as
indicated e.g. in Hints 2008, fig. C2). However, although
the relatively poor conodont faunas in the Soeginina Beds
contain some elements characteristic of the Paadla RS
(e.g. Oulodus siluricus (Branson and Mehl; Viira and Einasto
2003; Jarochowska et al. 2017), they generally do not differ
markedly from those in the underlying strata. Instead, a
distinct change in the conodont succession, along with a
marked increase in diversity and abundance, occurs just
above the boundary between the Soeginina and Sauvere beds,
in the lower part of the Paadla RS (Ménnik and Viira 1993;
Marss and Ménnik 2013).

In the present paper, the traditional definition of the
Rootsikiila and Paadla RSs (Nestor 1997) is followed, and
the Soeginina Beds — although probably of earliest Ludlow
age based on 8'3C data — are attributed to the uppermost part
of the Rootsikiila Fm. Hence, the Wenlock—Ludlow boundary
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is tentatively correlated with the boundary between the Vesiku
and Soeginina beds, within the upper Rootsikiila RS (Fig. 2).

Two new units, the Anikaitse and lide beds, have been
proposed as subdivisions of the Rootsikiila Fm. The Anikaitse
Beds were described on eastern Saaremaa, between the Vesiku
and Soeginina beds, and dated to the latest Wenlock (Viira
and Einasto 2003), but the distribution area of this proposed
unit and its correlation with core sections were insufficiently
addressed. Kiipli et al. (2011, p. 209) proposed the name ‘lide
Beds’ for microbedded limestone of the An¢ia Mb in the Ohe-
saare core (depth interval 150.5-161.5 m), corresponding to
the lowermost, transgressive part of the Rootsikiila Fm.
Earlier, this interval had been assigned to the Jaagarahu RS
(Einasto 1970), divided between the Jaagarahu and Rootsi-
kiila RSs (Nestor 1997), or included entirely in the Rootsikiila
RS (Kaljo et al. 1997). However, as the spatial distribution of
both units is unclear or very limited in Estonia, their useful-
ness in regional stratigraphy remains arguable.

Paadla Formation and Paadla Regional Stage

The distribution of vertebrates and conodonts in the Sauvere
Beds dates this unit to the late Gorstian. The age of the
Himmiste and Uduvere beds in the middle and upper parts
of the Paadla Fm is more problematic. The distribution of
vertebrates — particularly the occurrence (appearance) of
Phlebolepis elegans Pander and the lack of Andreolepis hedei
Gross in the Himmiste Beds — suggests a correlation of these
strata with the uppermost Gorstian—lowermost Ludfordian
Phl. elegans Vertebrate Biozone (VZ). However, the lack of
the lower Ludfordian Ancoradella ploeckensis and Polygna-
thoides siluricus CZs in the studied Estonian sections sug-
gests that both biozones lie within a gap in the succession
(Miérss and Ménnik 2013). These CZs have been identified
further south, e.g. in the Pavilosta-51 core in western Latvia,
representing the distal, deeper part of the palacobasin beyond
the carbonate shelf in Estonia (Nestor and Einasto 1977).
Considering these data, the Himmiste Beds overlying the
Sauvere Beds in the succession correspond to the Phl elegans
VZ and probably also to the uppermost Gorstian (Mérss and
Minnik 2013).

Alternatively, based on the identification of the conodont
Jeppssonia crispa (Walliser) in several sections of the
Himmiste Beds (e.g. Viira and Aldridge 1998), this unit could
also be dated as late Ludfordian and correlated with the
Formosograptus formosus GZ (Corradini and Serpagli
1999; Cramer et al. 2011). It has been shown, however, that
J. crispa may have a considerably longer stratigraphic range
in the Baltic region than elsewhere (Viira and Aldridge 1998;
Viira 1999; Kaljo et al. 2015), with the oldest identifications
reported from the lowermost Paadla Fm (Sauvere Beds; e.g.
the Kérla section on Saaremaa; Viira and Aldridge 1998) and
co-occurring with Phlebolepis ornata in strata of late Gorstian
age. In the Riksu core, southwestern Saaremaa, J. crispa has
been identified from below the FAD of Phl. ornata (identified
as Ozarkodina snajdri s.1.; Nestor et al. 2001; Marss and
Mannik 2013). However, J. crispa belongs to closely related
taxa together with J. snajdri snajdri (Walliser) and J. s. para-

snajdri (Viira and Aldridge), forming the so-called J. snajdri—
crispa lineage, which is known to appear in the upper
Gorstian (Aldridge 1985; Jeppsson et al. 1994; Paskevicius
et al. 1994) and extend stratigraphically upward to at least the
lower Ptidoli (Corradini et al. 2015). The Pa elements that
are critical for the recognition of these taxa are morpho-
logically highly variable (e.g. Viira and Aldridge 1998),
which makes their reliable identification complicated and
highly subjective, particularly in samples with few speci-
mens. For example, Viira and Aldridge (1998) identified
J. cf. s. snajdri in the Ohesaare core from the interval 106.25—
113.35 m, J. crispa from 95.95-100.80 m, and J. s. para-
snajdri from 61.20-93.40 m. C. Corradini, who restudied the
collection in 2014, agreed that J. s. parasnajdri occurs in the
interval 61.20-93.40 m but identified J. crispa in the interval
61.20-100.80 m and did not recognise J. s. snajdri. Hence, it
is evident that the use of these taxa in stratigraphy should be
treated with caution.

The age of the Uduvere Beds is poorly constrained.
The occurrence of Andreolepis hedei suggests a Ludfordian
age for these strata. Mérss and Ménnik (2013) correlated the
Uduvere Beds with the J. 5. snajdri CZ. However, this inter-
pretation disagrees with the geochemical data indicating that
the strata hosting the Mid-Ludfordian (Lau) 8'*C excursion
are missing in Estonia (Kaljo and Martma 2006). Moreover,
the occurrence of 4. hedei in the Uduvere Beds — considering
that the species became extinct during the Lau Event together
with Pol. siluricus Branson and Mehl (Eriksson et al. 2009)
— indicates that they cannot be younger than early Ludfordian.
Recent detailed comparison of vertebrate assemblages from
Gotland and Estonia also suggests that the Uduvere Beds
correlate with an interval in the lower Ludfordian, below the
Mid-Ludfordian 3'3C excursion, and might be equivalent to
part of the Nar Fm, Gotland, Sweden (Bremer et al. 2020).

In general, these data agree with the conclusions of Jeppsson
et al. (1994) who, based on the occurrence of Coryssognathus
dubius (Rhodes) and the lack of Pol. siluricus in the Uduvere
Beds, correlated this unit with the youngest part of the
Ancoradella ploeckensis CZ, an interval in which specimens
of A. ploeckensis are very rare. Insufficient sample size may
explain why this conodont has not been found in the Uduvere
Beds. Based on the considerations above, the Uduvere Beds
are tentatively correlated with the upper 4. ploeckensis CZ in
the updated correlation chart (Fig. 2).

Carbon isotope chemostratigraphy shows that the Mid-
Ludfordian (Lau) 3'3C excursion, roughly corresponding to
the N. kozlowski—P. podoliensis GZ, is missing in all studied
sections in Estonia (Kaljo and Martma 2006). This indicates
that most of the Mid-Ludfordian corresponds to a gap be-
tween the Paadla and Kuressaare RSs in Estonia (Fig. 2).
Furthermore, identical conodont and vertebrate faunas in
the Paadla and Torgu Fms (e.g. the common occurrence of
Panderodus ex gr. greenlandensis Armstrong and Pand. serratus
Rexroad in all studied collections, and the occurrence of
Phl. ornata in the lower and A. hedei in the uppermost part
of both formations) indicate that they are coeval in Estonia
(Marss and Ménnik 2013). However, based on new bio- and



chemostratigraphic data, Kaljo et al. (2022) proposed that
strata of mid-Ludfordian age might still be partly preserved
in the distalmost sections in Estonia. Further studies are
needed to confirm this and to provide reliable dating of the
Kihnu Fm.

Age of Kuressaare Regional Stage and

Ludlow-P¥idoli boundary

The traditional boundary between the Paadla and Kuressaare
RSs is lithologically sharp, marked by a bone bed in many
core sections (e.g. the Sakla core) and characterised by a
distinct turnover among vertebrate faunas, evidently related
to a gap in the succession (Mirss 1992; Marss and Méannik
2013). A gap at this level was also proposed based on sedi-
mentological evidence (Einasto 1991; Nestor and Einasto
1997).

The Kuressaare RS has been indirectly correlated with the
upper part of the Ludlow, with the Formosograptus formosus
GZ (Nestor 1997). The boundary between the Kuressaare and
Kaugatuma RSs has been tentatively correlated with the
Ludlow—Ptidoli boundary, without strong biostratigraphic
evidence. Based on the generally accepted idea, the J. crispa
CZ is the uppermost one of the Ludlow and correlates roughly
with the F. formosus GZ (Corradini and Serpagli 1999;
Cramer et al. 2011). According to Viira (1999), in Estonia
J. crispa appears in the upper Paadla RS, traditionally cor-
related with the strata older than the F. formosus GZ (Nestor
1997), and also occurs in the lower Kuressaare RS but not
higher in succession. Considering the information above, it
was proposed that at least part of the Paadla RS probably
corresponds to the lower F. formosus GZ and that the upper
part of the Kuressaare RS above the occurrence of J. crispa
is of Pfidoli age (Ménnik 2014).

Kaljo et al. (2015), based on a detailed analysis of
available bio- and chemostratigraphic information from the
Baltic region, concluded that the Kuressaare Fm (and the
Kuressaare RS) is of late Ludlow age, at least in the Ohe-
saare core, and correlates with an interval above the Mid-
Ludfordian §'3C excursion. However, it is now known that
the range of J. crispa reaches the lower Ptidoli (e.g. J. crispa
has been reported to co-occur with Skalograptus parultimus
(Jaeger), the index taxon for the base of the Pfidoli, in the
Carnic Alps; Corradini et al. 2015). This is further indication
that the upper Kuressaare RS, above the occurrence of
J. crispa, is most probably of Piidoli age.

There are no reliable biostratigraphic criteria for iden-
tifying the Ludlow—Pfidoli boundary in the Estonian succes-
sion. Nestor (2011, 2012), applying indirect correlations, con-
cluded that the boundary between the East Baltic Eisenackitina
barrandei and Fungochitina kosovensis ChZs approximately
corresponds to the series boundary and to the contact between
the Kuressaare and Kaugatuma RSs. However, considering
the data above in this section, the base of the Kaugatuma RS
is younger and the Ludlow—Ptidoli boundary in the Estonian
succession most likely corresponds to a level within the
Kuressaare RS. However, further studies are required to lo-
cate its level precisely.
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Conclusions

Since the beginning of Silurian research in Estonia almost
two centuries ago, a vast amount of information has been
accumulated on the lithologies and distribution of faunas
within the succession. Based on numerous detailed studies
carried out during the second half of the 20th century, a high-
resolution stratigraphic framework for the Silurian succession
was developed and has been widely adopted in Estonia (Nestor
1997). However, new data collected over the past 25-30 years,
particularly regarding microfossils, along with the imple-
mentation of a revised international time scale (Melchin
et al. 2020), have highlighted the need for an updated regional
stratigraphic chart. In this paper, we present a revised version
of the regional Silurian stratigraphy and discuss the main
changes resulting from recent palacontological and geo-
chemical analyses. These include the following:

1. The lower part of the Juuru Regional Stage is of Late
Ordovician (Hirnantian) age.

2. The age of the base of the Raikkiila Regional Stage in
terms of global chronostratigraphy remains problematic.

3. The Aeronian—Telychian boundary in Estonia should be
sought no higher in the succession than the middle of the
Rumba Formation.

4. The lower boundary of the Adavere Regional Stage cor-
relates with a level in the uppermost Aeronian.

5. The former Riksu Formation is now considered to be the
proximal, older part of the S6rve Formation.

6. The lower boundary of the Jaagarahu Formation — and the
Jaagarahu Regional Stage as used until now — is diachron-
ous. Based on data from the stratotype region, the best
biostratigraphic approximation for identifying the base
of this stage is the first appearance datum (FAD) of
J. s. rhenana.

7. The Wenlock—Ludlow boundary in the Estonian succes-
sion correlates with a level in the upper part of the Rootsi-
kiila Regional Stage, tentatively placed at the boundary
between the Vesiku and Soeginina beds.

8. The Sauvere and Himmiste beds of the Paadla Formation
are of late Gorstian age.

9. The Uduvere Beds correspond to an interval in the lower
Ludfordian, below the Mid-Ludfordian 8'3C excursion,
and are tentatively correlated with the upper 4. ploeckensis
Conodont Zone.

10. The base of the Paadla Regional Stage corresponds to
a level in the upper Gorstian, possibly within the lower
Ph. ornata Vertebrate Zone.

11. There are no reliable biostratigraphic criteria for precisely
identifying the Ludlow—Pfidoli boundary in the Estonian
succession; however, it most likely corresponds to a level
within the Kuressaare Regional Stage.

Additionally, the duration and distribution of several gaps
in the succession have been revised.

It should be emphasised, however, that the updated scheme
presented here reflects the current state of knowledge and the
authors’ interpretation. As such, it inevitably contains less
well-constrained intervals and numerous uncertainties regard-
ing both regional and global correlations.
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We have identified several areas where further improve-
ments in regional stratigraphy are needed:

1. Improved and revised definitions of lithostratigraphic
units, particularly in the context of geological mapping
and applied geology.

2. Development of quantitative approaches and integration
of biostratigraphic and chemostratigraphic datasets.

3. Evaluation of whether a broader and more precise applica-
tion of regional stages is warranted, and whether the prin-
ciples outlined in the International Stratigraphic Guide
can be applied at the regional level.

4. The Silurian time scale adopted here for the Baltic Palaco-
basin is largely based on the ages of zonal boundaries
constructed by Melchin et al. (2020). Radiometric dating
of additional levels to further improve the Silurian time
scale and datings of the rocks from the Baltic Palacobasin
for validating this correlation are needed.

We hope that the correlation chart presented in this paper
not only summarises the current state of knowledge but also
represents a step forward. Undoubtedly, future research, new
data, and the application of modern methods for investigating
and correlating sections will continue to refine the Silurian
stratigraphy of the region.
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Eesti Siluri kihtide uuendatud korrelatsiooniskeem

Peep Mannik, Tonu Meidla ja Olle Hints

Viimastel aastakiimnetel kogutud geoloogiline informatsioon tingis vajaduse Eestis kasutusel oleva Siluri stra-
tigraafilise skeemi tdiendamiseks ja tapsustamiseks. Uue andmestiku analliiisil selgus, et (1) Juuru lademe alu-
mised kihid on Hilis-Ordoviitsiumi Hirnanti vanusega; (2) Raikkiila lademe alumise piiri vanus vajab tap-
sustamist; (3) Aeroni ja Telychi vaheline piir Eestis vastab tasemele Rumba kihistu keskel; (4) Adavere lademe
basaalne osa on Hilis-Aeroni vanusega; (5) seni Jaagarahu lademe alumiseks piiriks loetud tase on ajas nihkuv,
selle piiri maaramise parimaks biostratigraafiliseks tunnuseks on praegu konodondi J. s. rhenana ilmumine labi-
18ikes; (6) Wenlocki ja Ludlow’ vaheline piir Eesti I&bildikes vastab tasemele Rootsikiila lademe Ulemises osas;
(7) Paadla lademe alumine piir korreleerub tasemega Gorsty llemises osas, tasemega Ph. ornata tsooni alumi-
ses (?) osas; (8) Paadla kihistu Sauvere ja Himmiste kihid on Hilis-Gorsty vanusega, sama kihistu Uduvere kihid
vastavad intervallile Ludfordi alumises osas (osale A. ploeckensis konodonditsoonist); (9) Ludlow’ ja Pfidoli va-
heline piir Eesti l1abildikes vastab tdendoliselt tasemele Kuressaare lademe sees, kuid piiri tdpse asendi maa-
ramiseks usaldusvaarsed tunnused seni puuduvad.




Estonian Journal of
Earth Sciences
2026, 75, 1, 35-52

https://doi.org/10.3176/earth.2026.03

www.eap.ee/earthsciences
Estonian Academy Publishers

RESEARCH ARTICLE

Received 7 July 2025
Accepted 14 October 2025
Available online 7 January 2026

Keywords:

coastal erosion, progradation,
palaeospits, palaeofires, shell dating,
Holocene, Baltic Sea

Corresponding author:
Ulo Suursaar
ulo.suursaar@ut.ee

Citation:

Suursaar, U., Luik, K., Rosentau, A.,
Alexanderson, H., Rivis, R., Vaasma, T.
et al. 2026. Morphostratigraphy and

chronology of depositional and erosional

events at the Jarve scarp (Saaremaa,

western Estonia) over the past 2000 years.
Estonian Journal of Earth Sciences, 75(1),

35-52.
https://doi.org/10.3176/earth.2026.03

© 2026 Authors. This is an open
access article distributed under the
terms and conditions of the Creative
Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0).

Morphostratigraphy and chronology
of depositional and erosional events
at the Jarve scarp (Saaremaa,
western Estonia) over the past
2000 years

Ulo Suursaar@®, Katre Luik?, Alar Rosentau¢,

Helena Alexandersond, Reimo Rivis?, Tiit Vaasma?,
Egert Vandel?, Kadri Vilumaa?, Donatas Pupienis® and
Hannes Tonisson?

2 Institute of Ecology, School of Natural Sciences and Health, Tallinn University,
Narva mnt 29, 10120 Tallinn, Estonia

b Estonian Marine Institute, Faculty of Science and Technology, University of Tartu,
Maealuse 14, 12618 Tallinn, Estonia

€ Institute of Ecology and Earth Sciences, Faculty of Science and Technology,
University of Tartu, J. Liivi 2, 50409 Tartu, Estonia

d Department of Geology, Lund University, Sélvegatan 12, 22362 Lund, Sweden

€ Institute of Geosciences, Faculty of Chemistry and Geosciences, Vilnius University,
M. K. Ciurlionio g. 21, 03101 Vilnius, Lithuania

ABSTRACT

Influenced by climate warming and sea-level rise, seacoasts in many parts of the world are
undergoing regime shifts, including increased coastal erosion in the southeastern Baltic Sea.
The aim of this study is to reconstruct the depositional and erosional history of the Jarve
coastal scarp using sediment stratigraphy, new luminescence and radiocarbon dates, ground-
penetrating radar, and LiDAR data. The seaward ridge, where the 3.5-m-high sandy scarp is
located, began to form around 1600 years ago, in front of a 3500-4000-year-old palaeospit
system that developed through sediment accumulation and postglacial uplift. The lower
section of the outcrop was deposited in the shallow nearshore zone, where underwater
sandbars acted as nuclei for spit formation. Darker sediment layers and variations in lamination
patterns reflect changes in sediment sources and storm activity. Above the marine-deposited
sandy layers lies a thin aeolian unit, which is only weakly developed at the Jarve outcrop. Dune
features occur only in a few blowouts, likely associated with the Little Ice Age (~1300-
1850 CE) and anthropogenic vegetation disturbance, such as logging or slash-and-burn
agriculture. Over the past ~100 years, the formerly emergent system of beach ridges and spits
has shifted to an erosional regime. The earlier relative sea-level fall has ceased, seasonal sea
ice is diminishing, the impacts of winter storms are intensifying, and the scarp is retreating.
This study demonstrates how global changes are manifested on seacoasts at a local scale
and highlights methodological difficulties in using seashells for coastal stratigraphic dating.

1. Introduction

Coastal accumulation landforms, such as spits, beach ridges, and foredune plains, serve
as morphological and sedimentary archives of past climatological and oceanographic
conditions (Buynevich et al. 2004, 2023; Tamura 2012; Dougherty 2014; Clemmensen
et al. 2015; Kalinska et al. 2024). Using various stratigraphic and chronological
methods, GIS-based analysis of LIDAR elevation data, and ground-penetrating radar
(GPR) surveys, it is possible to reconstruct the successive stages of the development
of these landforms in response to forcing conditions and sediment availability
(Rosentau et al. 2013; Muru et al. 2018; Suursaar et al. 2022; Luik et al. 2025).
Deciphering signs of environmental change in coastal landscapes is especially
important in the current era of rising sea levels, changing climate, and their extensive
impacts on society (e.g. IPCC 2021; Costas 2022; Rozynski 2023).

In many parts of the world, the coastal stretches that until recently experienced
a net seaward progradation, either due to sediment accretion or uplift-driven land
emergence, may now be entering a phase of coastal erosion (e.g. Morton et al. 2004;
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Weisse et al. 2021). Such shifts can occur due to relative sea-
level rise or a sediment deficit of variable origin. For instance,
on the coasts of the southern and southeastern Baltic Sea,
adverse effects of coastal erosion and dune destruction have
been reported since at least the 1990s (Eberhards and
Saltupe 1995; Furmanczyk and Musielak 2002; Rozynski
2023; Uscinowicz et al. 2024). On the seacoasts of Estonia,
the present-day isostatic postglacial uplift component (1.3—
3.5 mm/a; Suursaar and Kall 2018; Vestel et al. 2019) has so
far mostly exceeded the eustatic global sea-level (GSL) rise
component (~1.7 mm/a during the 20th century; IPCC 2021).
However, according to recent satellite-based estimates, the
GSL has accelerated to ~3.4 mm/a between 1993 and 2024
(Willis et al. 2024). Consequently, Estonia’s land surface area
is no longer increasing as it did throughout the Middle and
Late Holocene (over the past ~7000 years). In combination
with changing storminess and decreasing ice cover (Jaagus
and Suursaar 2013; Suursaar et al. 2015; Tnisson et al. 2024a),
the seacoasts are becoming increasingly erosional. Such coas-
tal systems offer a unique opportunity to study past climate
events (e.g. storms) and regime shifts by juxtaposing relict
accretional landforms with recent erosional evidence (e.g.
Buynevich et al. 2023).

The Jérve coast in southern Saaremaa (Fig. 1) is an il-
lustrious example of such shifts, where a system of palaeo-
spits emerged from the sea ~3500 years ago. Over time, the
barrier gradually grew and fused with the main part of
Saaremaa due to postglacial uplift and sediment accretion,
eventually becoming erosional on its southern side. This
transition likely occurred by the 1940s—1950s, as the local
relative sea level began to rise at Jarve and the duration of
seasonal ice cover significantly decreased (Luik et al. 2024a;
Tdnisson et al. 2024a; Suursaar et al. 2025). A photo (fig. 10B
in Luik et al. 2025) shows the 4-m-high Jérve scarp streaked
with several near-horizontal dark layers, which could hypo-
thetically reflect shifts in the formation of the palacospit, and
possibly past storm events. However, the age, origin, and
lithological characteristics of these streaks were not analysed
in detail in that otherwise extensive study. Based on previous
dating from the Jérve interior (Luik et al. 2025), it was sug-
gested that the age of landforms that run along the present
day coastline is ~2000 years at Jarve (Fig. 1). However, there
was at least a 1500-year-long gap in dating due to a more
recent transition from accretion to coastal erosion.

To fill the gap revealed by previous studies (Orviku 2006;
Luik et al. 2025), additional fieldwork was conducted in
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Fig. 1. Location of Saaremaa Island in the Baltic Sea with the present-day isobases (mm/a) according to the NKG2016LU_lev land uplift
model (Vestal et al. 2019). Coastal hydrometeorological stations (A): R — Ristna, V = Vilsandi, S — Sérve, K — Kihnu, P — Parnu. LiDAR-based
elevation map of Saaremaa (B) with the Jarve area (see Fig. 2) marked with a rectangle. MSL — Mullutu-Suurlaht Lagoon.



December 2024 to further investigate the geomorphic history
revealed by the Jarve outcrop. The aims of this study are:
(1) to reconstruct the depositional and erosional events of
the Jarve palacospit based on new optically stimulated lumi-
nescence (OSL) and radiocarbon ('*C) dates, as well as a
lithological description of the outcrop; (2) to interpret the
occurrences of different layers (streaks) in the outcrop in
relation to possible climatic and oceanographic shifts or
extreme events; and (3) to discuss the processes related to the
transition from coastal progradation/accretion to erosion,
which is expected to occur at an accelerating pace in many
areas around the world.

2. Materials and methods
2.1. Geological and climatological setting of the study area

The study area, located along the Jarve coast in Saaremaa,
Estonia, is a dynamic coastal system that has been shaped by
postglacial land emergence, coastal progradation, and sedi-
mentary processes over the past 4000 years (i.e. roughly the
Limnea Sea stage of the Baltic Sea; e.g. Hang et al. 2020).
Saaremaa, the fourth largest island in the Baltic Sea, is part
of the West Estonian Archipelago and currently covers an area
of ~2673 km?. Geologically, Saaremaa lies at the edge of the
Fennoscandian Shield, where the crystalline basement con-
sists mainly of metamorphic rocks and granite (Kalm 2006).
This basement is covered by Silurian limestone and a
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relatively thin Quaternary sediment layer. The area’s sub-
sequent geological evolution was closely related to the de-
velopment stages of the Baltic Sea basin following the Late
Weichselian glaciation and subsequent shoreline changes
driven by eustatic sea-level fluctuations, postglacial rebound,
and alteration between oceanic and dammed-up limnic con-
ditions (Kalm 2006; Rosentau et al. 2009, 2020; Andrén
et al. 2011). In the study area, falls in water level were inter-
rupted by the Lake Ancylus and Littorina Sea transgressions
(~10700-10200 and ~8500—7300 years ago, respectively;
Saarse et al. 2009; Hang et al. 2020; Harff et al. 2020). Filling
a buried ancient valley, the Quaternary cover below the Jarve
area is relatively thick (2040 m). Serving as a local depot
for sandy sediment, it is overlain by more recent moraine
and laminated Littorina sediment (Suuroja et al. 2020). Sub-
sequently, this sedimentary complex has been raised by
glacio-isostatic uplift to the zone of active coastal processes
and ultimately above sea level.

Throughout the Middle and Late Holocene, the surface
area of Saaremaa has been increasing, with smaller islands
and shoals gradually emerging from the sea and merging with
one another. The retreating ice sheet left behind extensive
deposits of morainic and glaciofluvial sediments, which were
subsequently reshaped by wave action, currents, and wind,
giving rise to various accretional landforms (Raukas 2000).
The Jérve region (Fig. 1) is characterised by a sequence of
elevated accretional palacospits (Fig. 2), primarily composed

Suur Katel Bay
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Fig. 2. LiDAR-based digital elevation model of the Jarve study area (a few elevation marks are added). Locations of fieldwork:
MO - master outcrop, SR — scarp rim, AO — additional outcrop; GPR profiles run between the MO and SR. LJ - Lake Jarve, Q — quarry.
Elevation at the main blowout near the AO is 10.8 m relative to the EH2000 datum. Arrows point towards the Salme and Nasva locations.
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of marine sands interspersed with thin gravel layers, reaching
heights of 1011 m above present sea level (Luik et al. 2025).
The Jéarve study area, located ~10—15 km west-southwest of
Kuressaare, the island’s largest town, borders a shallow bay
in the Gulf of Riga known as Suur Katel. Coastal waters here
are relatively shallow, with depths of less than 5 m extending
2-3 km from the shoreline. The area features a sandy beach,
~20-30 m wide, backed by sandy ridges and foredunes
stretching ~8 km in length. The seaward ridge is predomi-
nantly 4-5 m high, with its highest point reaching 10.8 m above
sea level at a blowout (Fig. 2). At Jarve, wave action has
eroded a scarp into earlier coastal sediments.

Although south-westerly and westerly winds dominate in
Estonia, with an average wind speed in Saaremaa of ~6 m/s
(Tarand et al. 2013), the Jarve coast is currently predomi-
nantly influenced by winds and waves approaching from the
south, and to a lesser degree from the southwest or southeast.
Winds from the west—northwest—north—northeast sector,
which is sheltered by land, practically do not excite waves at
Jérve. Due to the shallowness of the Suur Katel Bay and rela-
tively short fetch distances (50 km to the south; the potentially
up to 150 km fetch to the southeast is considerably hindered
by Abruka Island), the long-term mean significant wave
height near Jarve is less than 0.4 m, and the maximum is up
to 1 m (Najafzadeh et al. 2024). Hence, the Jarve coast is a
relatively well-sheltered, tideless, low-energy coast, where
storm surges can occasionally reach heights of up to 1.6 m
during extreme winter storms, such as the cyclone Gudrun on
9-10 January 2005 (Suursaar et al. 2006). The long-term
annual mean temperature at the meteorological station in
Sorve (Fig. 1) is 7.5 °C, and it has increased by 0.037 degrees
per year between 1951 and 2020 (TOnisson et al. 2024a).
The long-term average annual precipitation is ~590 mm,
which slightly exceeds potential evaporation. Consequently,
the foredunes and beach ridges become vegetated relatively
fast, which is also favoured by relatively modest amounts of
shifting sands. Due to the warming climate, the duration of
both snow and ice cover has considerably declined in the area
over the past seventy years. One consequence of this is that,
particularly in winter, wave and hydrodynamic loads on the
coastal zone have increased (Najafzadeh and Soomere 2024;
Suursaar et al. 2025). Secondly, coastal sediment tends to
persist for a shorter period in a frozen and more solid state
(Tonisson et al. 2024a).

The development of the Jarve shoal, which soon evolved
into an island, began ~4000 years ago. As the sea level fell,
sediments from the emerging sea floor were reworked by
waves from various directions into beach ridges and spits
(Luik et al. 2025). About 3000 years ago, the expanding spit
system had connected with Saaremaa. The gradual emergence
of the Sorve Peninsula and the ultimate closure of the Salme
Strait (Nirgi et al. 2022) sheltered the Jarve area from
westerly wind and wave forcing. Sediment accumulation
gradually shifted eastward, infilling shallow marine areas at
Maindjala and extending the coastal barrier, which contributed
to the isolation of the Mullutu-Suurlaht Lagoon by ~1600 CE
(Suursaar et al. 2024). At the same time, intensification of dune
formation occurred, likely influenced by the Little Ice Age

(LIA; usually considered to be between 1300 and 1850 CE)
and anthropogenic factors such as deforestation (Jackson
et al. 2019; Tonisson et al. 2020; Luik et al. 2025). However,
since the end of the LIA, rising air temperatures, reduced
seasonal ice cover, and accelerating global sea-level rise have
increasingly affected coastal processes (TOnisson et al. 2024a).
Although the Jérve area is still undergoing postglacial iso-
static rebound, with current geocentric uplift rates estimated
at 2-2.3 mm/a (Suursaar and Kall 2018; Vestel et al. 2019),
this is compensated for, and even exceeded by, the ongoing
sea-level rise (Luik et al. 2024a). Local relative sea-level
(RSL) rise has caused a shift towards sediment deficit at
Jarve, as there is insufficient sediment being supplied from
the nearshore sea bottom. However, during extreme storms,
such as those in 1990, 1999, 2005, and 2007, the scarp erodes
at rates of ~1-5 m per event, and the released sediment is
transported eastward towards Méindjala and Nasva Port
(Tonisson et al. 2008; Suuroja et al. 2020; Luik et al. 2025).
For a while, the cleaned-up scarp reveals some darker, grav-
elly streaks. Afterwards, the sandy scarp usually becomes
levelled until the next erosion event forces it to steepen and
migrate landward again (TOnisson et al. 2024a).

2.2. Fieldwork, sedimentological analysis and
chronology
This study builds upon fieldwork conducted between the
1990s and 2024, the results of which were partially presented
in an earlier publication (Luik et al. 2025) and a data re-
pository (Luik et al. 2024b). In this study, we present new
results specifically focused on describing the Jérve scarp,
including new luminescence and radiocarbon dates obtained
in December 2024 (Fig. 3). Another main aim was to docu-
ment the apparent streaks in the scarp (Fig. 4) and to relate
them to the development stages of the Jarve coast and to
varying forcings.

Fieldwork at the study site (Figs 2 and 3; 58° 11’ 53" N,
22° 17" 14" E) was conducted on 4—5 December 2024. During
excavation, the scarp talus was cleared of debris, and a near-
vertical outcrop was exposed at elevations ranging from
~0.8 m to 3.6 m (in the EH2000 height system, relative to the
Normaal Amsterdams Peil). The outcrop’s lithology was
described visually on-site, with sediment structure and grain
size determined according to the Udden—Wentworth grade
scale. The stratigraphic sequence was documented by mea-
suring the thickness of each layer and recording the absolute
elevation of stratigraphic boundaries and surfaces using a
Leica GS09 RTK-GPS.

A total of 16 sand samples were collected for subsequent
granulometric analysis in the laboratory using a Fritsch
Analysette 3 PRO sieving apparatus. Before processing, the
samples were dried at 60 °C. A set of standard mesh sizes
(2000, 1000, 500, 250, 125, 63, and 36 um) was used for
fraction separation. After weighing and calculating the weight
percentages of each fraction, statistical grain-size parameters
were determined using the arithmetic method of moments in
the GRADISTAT 8.0 software (Blott and Pye 2001).

An additional outcrop (AO in Fig. 2; 58° 11’ 25" N,
22° 16" 16" E), located ~1.2 km southwest of the master
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Fig. 3. Setting of the master outcrop (the sea-facing profile, marked with a red dashed line, is partly obscured); GPR instrument shown on
the left. Fallen trees in the background indicate recent scarp erosion. Photo by U. Suursaar, 4 December 2024.

B Dec 2024

C Jan 2005
A Jan 2005

Fig. 4. Correlation of the storm or regime shift streaks (interbeds) on photos taken on 25 January 2005 (A, C; two different locations near
the master outcrop, exact locations unknown) and on 4 December 2024 (B). Photos by K. Orviku (A), U. Suursaar (B), and H. Ténisson (C).
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Table 1. Radiocarbon ('#C) and luminescence (OSL) samples taken at the Jarve scarp area. SE — sample elevations in the EH2000 system.

Short codes R1* and L1* correspond to R1 and L1 in Luik et al. (2025)

Type | Code | Lab code | SE, m | Material | Reference
MO — master outcrop (58°11'53" N, 22°17'14" E)
4C |cC1 FTMC-XK54-1 0.80 Shells This study
“c |2 FTMC-XK54-2 1.69 Shells This study
HCc |3 FTMC-XK54-3 2.05 Shells This study
4C |C4 |FTMC-XK54-4 2.45 Shells This study
4C |C5 FTMC-XK54-5 2.90 Shells This study
OSL |L1 25003Q 1.78 Sand This study
OSL |L2 25004Q 231 Sand This study
SR — master outcrop scarp rim (58°11'56" N, 22°17'11" E)
14C  |R1* |Poz-114329 4.01 Charcoal Luik et al. (2025)
OSL |L1* |SJ15-OSL1 3.01 Sand Luik et al. (2025)
AO — additional outcrop (58°11'25" N, 22°16'16" E)
14C |C6 FTMC-HC21-2 5.35 Charcoal This study
OSL |L3 25001Q 5.13 Sand This study
OSL |L4 25002Q 5.57 Sand This study

outcrop (MO), was partially cleaned and examined. From this
secondary exposure, one radiocarbon and two OSL samples
were collected. In total, four samples for luminescence dating
were collected from sand deposits at the two outcrops (Table 1)
using opaque PVC tubes (30 cm in length, 5 cm in diameter),
which were inserted horizontally into the outcrop. Sampling
depths were chosen to capture the point at which sand grains
were likely no longer exposed to direct sunlight. Once ex-
tracted, the tube ends were sealed with duct tape and stored
in darkness until analysis.

The luminescence analyses were conducted at the Lund
Luminescence Laboratory, Lund University, Sweden. Sample
preparation included sieving, treatment with 10% HCI, 10%
H,0,, 10% and 40% HF, and density separation at 2.62 and
2.58 g/cm? (LST Fastfloat; Murray et al. 2021). Small (2 mm)
single aliquots of quartz and K-feldspar grains were analysed
in Riseg TL/OSL readers, model DA-20, using single aliquot
regeneration (SAR) protocols. Post-IR blue stimulation with
220 °C pre-heat and 180 °C cut-heat temperatures was used
for quartz (Murray and Wintle 2000, 2003; Roberts and
Wintle 2001), and a post-IR, IR, protocol was used for
K-feldspar (Buylaert et al. 2009). Doses were calculated
using the Riso Analyst 4.57 software with exponential curve
fitting; the first 0.48 s of the signal were integrated for the
peak, and the last 4 s for background. Aliquots with a recy-
cling ratio within 10% of unity, a test dose error <10%, and a
relative dose error <30% were accepted. Sediment dose rates
were determined with a dual o/p scintillator pDose instrument
(Tudyka et al. 2018), and total environmental dose rates and
ages were calculated using the DRAC online calculator v1.2
(Durcan et al. 2015). Average water content was assumed to
be similar to or slightly higher than that at the time of sam-
pling. Ages were calculated based on the mean dose and the
central age model (CAM; Galbraith et al. 1999) using the
function calc_CentralDose v.1.4.1 (Kreutzer et al. 2025).

For comparison and verification of the dates, five seashell
samples were taken from the MO and one charcoal sample

from the AO (see Fig. 5A; Table 1) for radiocarbon dating.
The analyses were conducted at the Vilnius Radiocarbon
Laboratory, Lithuania, using a single-stage accelerator mass
spectrometer (SSAMS; NEC, USA) and automated graphit-
isation equipment AGE-3 (Ionplus AG, Switzerland). Follow-
ing chemical preparation, the samples were treated with
phosphoric acid and subsequently graphitised. Reference ma-
terials IAEA C2, SIRI K, and NIST-OXII were used through-
out the process. The calculated '“C ages were calibrated into
calendar years using the IntCal20 calibration curve (Reimer
et al. 2020) in the OxCal v.4 online software, and presented
alongside with their 68.3% probability limits. Table 1 also
includes two earlier samples taken from the scarp rim (SR in
Fig. 2), located a few dozen metres inland from the MO,
previously presented by Luik et al. (2025).

Providing additional data on layering in the deposits, two
GPR profiles were taken along a 50 m transect across the
scarp, ~10 m west of the outcrop, and parallel to the scarp on
top of its rim. The two GPR profiles cross each other ~15 m
northwest from the outcrop (roughly between the MO and
SR; Fig. 2) at 58° 11" 53" N, 22° 17’ 13" E. An ImpulseRadar
(model CO730) was used with transceivers operating at 70
and 300 MHz, featuring ranges up to 400 ns and a trace spac-
ing of 0.02 m (for details, see Muru et al. 2018). The digital
GPR data were post-processed and visualised using GPR-
SLICE software.

To assess heavy mineral concentration (HMC) in sand
sediments, vertical profiles of low-field magnetic suscepti-
bility (MS) were determined using two devices. Twenty-nine
samples were collected across the entire profile at 10 cm
intervals and later analysed in the laboratory for MS using a
Bartington MS3 meter with MS2K surface scanning sensor
(Pupienis et al. 2017). The measurements were performed at
constant room air temperature; each sample was measured
three times, and the final MS value represents the average of
three readings. After every nine measurements, the instrument
was reset and calibrated using a calibration sample provided
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Fig. 5. Photo of the Jarve outcrop (A) showing the locations of radiocarbon (C1-C5) and OSL (L1, L2) dates, as well as enumerated inter-
beds or storm layers (1-14; see also Fig. 4). Note that the vertical scale varies slightly in the slant photo (A). Sediment stratigraphy (B) and
granulometry (C-F) of the Jarve scarp are based on sand sample analyses. The boundaries of the sedimentary units (1-4) are marked with
thick grey lines. The obtained dates are shown in B; the radiocarbon ages C4-C5 are not reliable (see Discussion) and therefore appear in
parentheses. Magnetic susceptibility (MS, values in 1076 Sl units) is presented in G and H (log scale in G). Photo by U. Suursaar, 4 December 2024.

by the manufacturer (Dearing 1999). Bulk MS serves as
a reliable indicator of allochthonous mineral matter in sedi-
ments and thus probable storm layers (Pupienis et al. 2017,
Buynevich et al. 2023). Measurements were also taken on-
site using a magnetic susceptibility meter SM-30 (ZH instru-
ments, Czech Republic). Readings were taken every 5 cm in
the lower half of the pit, at elevations ranging from 1 to 2.2 m
(in EH2000).

2.3. Auxiliary elevation and forcing data

The general evolution of the study area has been previously
analysed in our recent article (Luik et al. 2025). In the present
study, we narrow our focus to the development of the Jarve
scarp along the current erosional section, which spans ~2—3 km
along the shore. To establish the background setting, a digital
elevation model (DEM) was constructed utilising LiDAR
elevation data provided by the Estonian Land Board (ELB
2025b; Fig. 2). The elevations are given in the EH2000
system. Through cartographic analysis using GIS, we exam-
ined the present-day landforms — such as individual beach
ridges and spits, erosional scarps, and the beach face — and
evaluated changes in the coastline linked to various forcing
factors.

Historical maps (ELB 2025c) and field photos taken at
various times (1990, 2004, 2005, and 2024; ELB 2025d) were
compared. In discussing our results, we considered data par-
tially presented in the data repository (Luik et al. 2024b), as
well as findings from our previous studies on Late Holocene
relative sea-level changes (Nirgi et al. 2022; Suursaar et al.
2024), potential shifts in wind and storm regimes (Suursaar
et al. 2015; Suursaar 2023; Tonisson et al. 2024a), ice con-
ditions (Suursaar et al. 2025), and sediment dynamics over re-
cent decades (Orviku 2006; Suuroja et al. 2020; Luik et al. 2025).

3. Results and interpretation
3.1. Lithological description of the sediments in the
Jarve outcrop

During the fieldwork, the water line was ~10 m seaward from
the exposed outcrop. The base of the outcrop was at an
elevation of 0.8 m, and its cleaned-up top reached 3.6 m in
the EH2000 system. No long-term sea-level measurements
exist for Jarve, but based on interpolated statistics from
nearby coastal stations (mainly Pérnu and Ristna; Fig. 1A),
the current mean sea-level height in this area is around zero
in the (old) BK77 system, or 0.2 m in the EH2000 system
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(Tonisson et al. 2024a). As a result of southerly winds (5—
8 m/s), the sea level varied between 0.2 and 0.4 m on
4-5 December 2024 (EWS 2025). Several fallen tree trunks
in the surrounding area indicated erosion events during
previous winter storms (Fig. 3). At the scarp, the groundwater
table was recorded at 0.8 m.

The visual assessment of the outcrop revealed that the
deposits consisted predominantly of sand with some gravel
and very little silt. There were some darker layers (interbeds)
consisting of coarser sand fractions and seashells (Figs 4
and 5). When juxtaposing the outcrop photo with older photos
taken roughly from the same location, the patterns of inter-
beds appeared partly similar. We identified and correlated
14 interbeds (Fig. 4), which were provisionally called ‘storm
layers’. Although layers 1-14 should be the same in all pho-
tos, the darkness and thickness varied somewhat, probably
due to differences in moisture conditions and the natural
variability of the layers. Some were darker layers with coarser
material (e.g. 10 and 11 in Fig. 4), whereas others appeared
as erosional surfaces between cross-bedded and laminated
layers; these layer indicators were drawn just above the
erosional surface (e.g. 2 and 5 in Fig. 4).

According to granulometric analysis (Fig. 5C—F), the
sediment was sandy in all layers. It was mostly moderately
or poorly sorted, as the threshold for well-sorted sediment
was approximately <90-110 um, and >230-360 um for poorly
sorted sediment (Fig. 5F). Seashell fragments occasionally
occurred throughout most of the outcrop and were sometimes
abundant, e.g. between layers 10 and 11 (Fig. 4). Based on
lithological and structural characteristics, the entire sequence
can be divided into four main sedimentary units (Fig. 5B).
In general, longshore transport prevailed in units 1 and 2,
cross-shore transport in unit 3, and aeolian input in unit 4.
Unit 1 (elevation from 0.8 to 1.55 m, ~75 cm thick; Fig. 5)
consisted of greyish-beige medium- to fine-sand beds (layers),
for which four granulometric analyses were performed. The two
lowermost beds were cross-laminated (with shore-parallel
dip), composed primarily of poorly to moderately sorted me-
dium sand with interlaced dark mineral laminae, occasional
shells, and gravel grains. Mean grain size reached 422 pm
and median 359 um in the 1.0-1.1 m sample (Fig. 5C-E).
The two upper beds in this interval were horizontally lami-

nated, consisting of well-sorted very fine to fine sands with
occasional shell fragments. The lowest mean (163 pm) and
median (126 pm) grain-size values of the entire profile were
found there. The lower boundaries of these beds were sharply
marked by ~10 cm thick layers of coarser sand and gravelly
sand, possibly representing storm deposits.

Unit 2 (1.55-2.45 m, 90 cm thick; Fig. 5) consisted of beige
medium- to fine-sand beds, from which five granulometric
samples were collected. Moderately to poorly sorted fine
sands dominated. The two lowermost beds in this unit were
high-angle cross-laminated (up to 29° towards east—northeast,
i.e. shore-parallel) fine to medium sands. In the middle
(2.0-2.1 m), a poorly sorted fine-sand layer with a multi-
modal distribution consisting of 10.2% coarse sand was
found. The three upper beds were horizontally laminated,
composed of fine sand, with organic laminae present at 2.2
and 2.4 m. The lower boundaries of these beds were also
defined by coarser deposits (6—10 cm thick), forming an
erosional base and interpreted as storm deposits.

Unit 3 (2.45-3.3 m, 85 cm thick; Figs 5 and 6A) comprised
subhorizontally laminated sand beds that contained five
sandy—gravelly sub-layers, interpreted as storm deposits.
The beds consisted of fine to medium sand that was reddish
brown to beige and subhorizontally laminated. The lower
boundaries of these beds were marked by layers of coarse
sand and gravelly sand deposits (1-5 cm thick). Four to five
shell layers between 2.4 and 2.6 m (Fig. 5) were present in
the basal part. Shells were exceptionally well preserved and
occurred in distinct, continuous layers. Seven granulometric
samples were analysed. In general, the samples contained
larger proportions of coarse fractions and were poorly sorted.
The sample immediately above the lower unit (at ~2.5 m) was
poorly sorted very coarse sand with a trimodal, skewed
distribution, with a mean of 499 pum and a median of 846 pm.
It included 19.4% of coarse sand. On top of this layer, several
strata of poorly sorted fine to medium sands occurred, with
occasional shells.

Unit 4 (3.30-3.50 m, ~20 cm thick; Fig. 5) comprised
massive fine- to medium-grained light brown humus-rich
sand with roots and pebbles. The sand in this unit was likely
modified by aeolian and paedogenic processes. Aeolian
influence was weak at this location, but the thickness of the

Fig. 6. Close-up views of cross-bedding at the Jarve scarp from 4 December 2024 (A; elevation ~1.4-2.0 m) and from 25 January 2005
(B, C; close to the land surface at ~3.5-4 m, although the exact elevation, scale, and location are unknown). Dates were available for A
(see Fig. 5) but not for B and C. Photos by U. Suursaar (A) and K. Orviku (B, C).
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Fig. 7. GPR profile fragments taken alongshore (A) and cross-shore (B) in December 2024. Note that layering is unreadable in the steep
outcrop section (B). AE — aeolian facies (sand); SS — spit sediment (sand with gravel and pebbles, wave-transported, longshore-dipping
increments); SB — underwater nearshore sandbar (cross-bedded); DS - deeper sea/glaciofluvial sediment (reworked from submerged
glaciofluvial sand and clayey moraine deposits); Gwt — groundwater table (red dashed line); MO — master outcrop, the cleaned scarp.
Parabolic features visible at elevations ~3 m (horizontal distance 3-9 m in A) are artefacts. The profiles cross each other at ~20 m (A) and

~2m (B).

aeolian layer varied between 0—1 m in the very proximity of
the outcrop and reached up to ~5 m (at the 10.8 m absolute
elevation mark; Fig. 2) at the blowout site 1.5 km to the
southwest.

The MS values (Fig. 5G, H) showed higher values in the
lower part of the pit (0.8—1.0 m), at the lower boundary of
unit 2 (around 1.6 and 2.5 m), and in the upper zone affected
by paedogenic processes (unit 4). Smaller maxima were also
found at around 2.0, 2.8, and 3.1 m (note the logarithmic scale
in Fig. 5G). Most of these maxima coincided with the enu-
merated (1-14) storm (or regime-shift) layers, though not
universally because some interbeds included only some strata
of coarser fractions without erosional surfaces.

The GPR profiles obtained at the MO location also
showed some distinct layering (Fig. 7). In general, facies of
sub-horizontally layered sea-bottom sediment (DS), marine-
built underwater sandbar (SB) and spit sediment (SS), and
aeolian deposits (AE) can be identified (Fig. 7). The slant
layers in the SS facies indicated spit elongation, where each
stronger storm or stormy season likely resulted in a new
tongue-like increment. These longshore-dipping reflectors
(visible in Fig. 7A) were not well differentiated on the cross-
shore profile (Fig. 7B). Due to the inherent vertical resolution
(~20 cm) of the GPR imagery, the sub-parallel streaks

(between 2—4 m in Fig. 7B) cannot be individually correlated
with the streaks visible in Fig. 4. Moreover, some of the
streaks in Fig. 4 showed only insignificant granulometric
differences and therefore did not necessarily create a reflector
on the GPR image. Several reflectors occurred in the DSs
around —1.5 m (Fig. 7A), likely originating from gravelly sub-
layers or lenses within the older buried valley. Some appeared
only as discontinuous or short reflectors. This glaciofluvial-
type sediment is also observed, for example, in the Qua-
ternary cover maps (ELB 2025a) and in the quarry near Lake
Jarve (Fig. 2). The groundwater table undulated around 1.5 m
in the interior of the spit; it descended steeply in the scarp
area (0.8 m) and reached zero near the shoreline. In general,
the layers were undulated (by up to 1 m) in height, which
also explains the variations and differences in layers visible
in Fig. 4. It is also important to note that over the past 19
years, the scarp has receded by ~5 m at that location (Luik
et al. 2024a), hence the layers cannot lie in exactly the same
positions as in Fig. 4A and B. Nevertheless, the layered,
varying nature of the outcrop is obvious (Figs 4, 5 and 7).

3.2. OSL and '4C dates

Though the luminescence signal from the quartz was rela-
tively weak, it had a strong or dominant fast component, and
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the excellent dose-recovery ratio (1.00 + 0.04, n = 19) showed
that the analytical protocols can accurately recover a given
dose. Only a few aliquots of K-feldspar were measured, and
due to relatively high residual doses (0.4-7.6 Gy) compared
with the equivalent doses (1.9-8.8 Gy), as well as fading, the
quartz ages (Table 2) were preferred for age determination.
Additional information on quartz and feldspar analyses (not
used in the article) is provided in the Supplementary material
(Tables S1-S3).

The ages obtained from the middle part of the MO, 53 cm
apart, differed by ~220 years (970 CE and 750 CE; Table 2).
In the AO, near the blowout, although samples L3 and L4
were vertically only 44 cm apart (depths of ~1.1 and 0.7 m
from the outcrop rim; Fig. 8), their ages differed considerably.
As in the MO, the lower dating clearly corresponded to the
original landward ridge, built entirely by the sea. The upper
sample was probably formed at a later stage by a combination
of aeolian and marine processes, when the ridge gained height
and lateral width. The dark palacosoil streak between these
two samples marked a significant regime shift. The upper-
most acolian-facies age (1630 +310 CE; Table 2) corres-
ponded to our earlier dates for the Jarve dune. According to
Luik et al. (2025), the radiocarbon sample R1* (Table 1) gave
an age of 1460 +30 CE for the dune facies just behind the
MO scarp, and an OSL sample (code L2b in Luik et al. 2025)
yielded both U-pIRIR and pIRIR dates at ~1400+100 CE.

In Table 3, calibrated years based on the IntCal20 curve
are presented in three different versions. The first one (R(0)),
which is valid for the charcoal sample C6, is not appropriate
for the seashell samples C1-CS5. It is well known that radio-
carbon dating of seashells can be compromised by the so-
called marine reservoir effect (e.g. Long et al. 2012). This
effect is highly variable, and its exact values are not known
for the Gulf of Riga. As an assumption, we rely on fig. 6 in
Lougheed et al. (2013), which indicates that the effect may
vary from about 400 radiocarbon years at the Danish Straits

to 25-50 years at the bottom of the Bothnian Bay. The study
did not provide estimates for the interior of the Gulf of Riga,
but the regression-based estimate for the Baltic Proper, near
the West Estonian Archipelago, was 200-250 years. Decreas-
ing alongside salinity from the open sea to the bay, this effect
can be tentatively estimated at about 200 '*C years in our
study area. Therefore, for the second set of dates (R(200) in
Table 3), 200 years were subtracted from the '“C ages before
calibration with IntCal20. In addition, the coastal sea south
of Saaremaa is marked as a hard-water-prone area in Lougheed
et al. (2013), which can add more than 500 '“C years to
the correction (R(?)). Silurian limestone is widespread on
Saaremaa and occasionally outcrops along coasts and streams.
The hard-water correction was determined empirically by
comparing OSL ages with 4C dates (Tables 2 and 3). Conse-
quently, the third set of dates is presented in Table 3, with the
total correction applied (200 + 500 = 700 years).

Fig. 8. Locations and ages of two luminescence dates (L3, L4;
grey sampling tube ends visible in the outcrop) and one "“C date
(C6) near the blowout (AO in Fig. 2; Table 2). Photo by U. Suursaar,
5 December 2024.

Table 2. Luminescence (quartz) dates from the master outcrop (L1, L2; Table 1; Fig. 5) and the additional outcrop (L3, L4;
Fig. 8). SE — sample elevation; WC — sample water content; CAM - Central Age Model (weighted mean) age (ka = 1000 years);

MD - mean dose; n — number of aliquots

Code |Lab code Lund |SE, m |WC, % |CAM age, ka |MD, Gy n, accepted/total | Dose rate, Gy/ka Age, CE
L1 25003 1.78 |12 1.28+0.07 2.54+0.07 |27/48 1.98£0.10 750 £ 70
L2 25004 2.31 8 1.06+0.08 2.23+0.11 |23/39 2.06+0.12 970 + 80
L3 25001 5.13 8 1.44£0.12 2.65+0.16 [17/24 1.86+0.10 590 + 120
L4 25002 5.57 8 0.39+0.31 0.69+0.05 |21/48 1.78+0.10 1630 + 310

Table 3. Radiocarbon dates ('C, years BP), calibrated years (min and max at the 68.3% probability level), and median values (Med),
expressed in CE (-CE = BCE). Results are presented in three different versions using IntCal20: no correction (R(0)), marine reservoir
effect correction (R(200); Lougheed et al. 2013), and empirical reservoir + hard-water correction (R(700)). SE — sample elevation

R(0) R(200) R(700)
Code |[SE 14C Lab code Min Max Med Min Max Med Min Max Med
Cl 0.80 |2165+29 [FTMC-XK54-1 | -360 -160 -210 10 120 60 580 640 610
C2 1.69 [2162+30 [FTMC-XK54-2 | —360 —150 —200 20 120 60 580 650 610
C3 2.05 1883 +30 [FTMC-XK54-3 120 210 160 260 420 380 880 890 850
C4 245 |2155+30 [FTMC-XK54-4 | —350 -110 -190 20 120 70 590 650 610
C5 290 |4215+33 [FTMC-XK54-5 (-2900 |-2700 |-2790 |-2580 |-2470 |[-2530 |-1900 ([-1770 |-1830
C6 5.35 740+28 |[FTMC-HC21-2 | 1260 1290 1270




4. Discussion
4. Mismatch between OSL and 'C dates; marine
reservoir and hard-water effect

In comparison with the OSL samples, the radiocarbon
samples, except for C6, appear to be offset to varying degrees
(Tables 2 and 3). The uppermost two dates in the MO (C4 and
C5) are older than those below (C1-C3) and are therefore
highly questionable, but even the lower samples (C1-C3)
remain problematic. In the non-corrected version (Table 3:
R(0)), the offset from the OSL dates is ~900-1200 years.
After applying the reservoir effect correction (Table 3:
R(200)), the offset decreases to ~700-900 years. Finally,
when applying both the reservoir and hard-water corrections
(R(700)), the C1-C3 dates become comparable with the OSL
ages (Table 4). By contrast, the charcoal sample (C6 from
the AO), taken between OSL samples L3 and L4 (Table 3;
Fig. 8), does not require any correction and aligns well with
the OSL results (Table 4).

Unfortunately, the proper quantification of these effects
is not well established, which considerably reduces the re-
liability of seashell-based dates. The marine reservoir effect
arises because terrestrial organisms obtain '“C directly from
the atmosphere, whereas marine organisms, such as molluscs
and fish, may incorporate older carbon from seawater (e.g.
Long et al. 2012). As a result, radiocarbon ages are typically
(i.e. globally) offset by ~400 years, but the magnitude of
this effect is highly variable in space and time (Ascough
et al. 2005; Alves et al. 2018). Several estimates exist for the
Baltic Sea region. For example, Hedenstrom and Possnert
(2001) reported variations ranging from ~750 years to near
zero within a single sedimentary sequence from Lake Lilla
Harsjon (an isostatically isolated basin in Sweden) spanning
about 7000 years. In this study, the correction R(200) was
adopted from fig. 6 in Lougheed et al. (2013). That study also
indicated that the so-called hard-water effect can add more
than 500 years to radiocarbon ages in areas underlain by

Table 4. Vertical sequence (from lower to higher elevation) of
luminescence and radiocarbon dates from the main outcrop
(MO), additional outcrop (AO), and scarp rim (SR, codes R1* and
L1*; Luik et al. 2025; Fig. 5A; Tables 1-3). The strongly offset
age of the probably relocated sample C5 is discarded here;

C4 is also questionable. SE — sample elevation; age includes
reservoir and hard-water effect corrections in C1-C4);

FE — formation elevation of deposits, calculated considering

the present-day elevations (SE), the 2.2 mm/a uplift rate, and
corrected ages

Location |Code |SE, m |Age, CE |FE, m
AO L4 5.57 [1630 4.7
AO C6 535 [1270 3.7
AO L3 5.13 590 2.0
SR RI1* [4.01 |1522 3.1
SR L1* |3.01 620 0.0
MO C4 245 610 -0.7
MO L2 2.31 970 0.0
MO C3 2.05 850 -0.5
MO L1 1.78 750 -1.0
MO C2 1.69 610 -1.5
MO Cl 0.80 610 2.4
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limestone. The empirically estimated correction used here
(Table 3) roughly corresponds to this suggestion by Lougheed
et al. (2013). However, these corrections remain tentative and
are not yet supported by direct on-site measurements.

A third effect is the possible relocation of seashells,
meaning that they may not have died and been buried at their
present location. This process can be even more variable than
the effects mentioned above. It may occur on a relatively
small scale through the displacement of shells during dep-
osition in the coastal marine environment. For instance,
a 200-250-year discrepancy in ages can arise from merely
50 cm vertical misplacement of shells. Freshly dead and
unmineralised seashells contain voids and organic matter,
making them less dense (~1 g/cm? or even less) than the sur-
rounding sand (~2.7 g/cm?®). When sifted back and forth by
waves on the shallow seabed near the coast, seashells can
remain on the sediment surface for longer, while grains of
sand settle downward. Storm waves can also toss clams and
seashells onto the beach, forming so-called shell ridges. When
buried under the sand, these shells are apparently ‘older’ than
the surrounding sediment indicates. For example, if the shell
ridges occur up to a metre above the usual waterline, this
would mean a potential age difference of up to 450 years at
2.2 mm/a uplift.

However, for the upper two samples in the MO (C4 and
C5), the obtained ages are ~1000-3500 years older than ex-
pected. The most plausible explanation is the reworking and
relocation of previously buried material that was later eroded
and redeposited. It is well established that the Jarve palaeospit
developed through sediment accretion and postglacial uplift
over ~4000 years (Luik et al. 2025). After the closure of the
Salme Strait, the alongshore supply of new sediment from the
west diminished, and the Jarve coast was increasingly sub-
jected to erosion for various reasons.

It was not possible to determine the precise provenance
of the shells in samples C4 and C5. Unlike luminescence
samples, which are reset with each episode of bleaching and
redeposition, radiocarbon ages reflect the time of death of the
organism and not the location of redeposition. Consequently,
the radiocarbon ages of C4 and C5 likely do not provide
reliable information in the stratigraphic context of this study.
Regrettably, shells were the only datable organic material
available at the Jarve MO.

It can be concluded that, unlike the charcoal-rich humic
layer (the dark layer dated to 1270 CE in Fig. 8), seashells
cannot be considered reliable dating material in coastal
stratigraphic studies at accretional—erosional seacoasts (see
also e.g. Long et al. 2012). Seashells are subject to reservoir
and hard-water effects and may also be displaced by waves,
deposited and eroded multiple times, transported alongshore,
and ultimately redeposited in new locations. All these effects
may be present at the Jarve study site, but their separate roles
cannot yet be estimated. To accurately determine these effects
in the Gulf of Riga, further localised studies are necessary.
These would require either paired terrestrial and marine
samples from the same context or the parallel use of different
dating methods.
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4.2. Possible provenance of the sub-layers in the
outcrop

According to the stratigraphic and granulometric analyses
(Figs 5 and 7) and the obtained or estimated dates (Table 4),
the lowermost unit 1 was deposited in a shallow (-2.5...—1.5 m)
nearshore sea ~1300—1500 years ago. The sediment consisted
mostly of sub-horizontally laminated marine (Limnea Sea)
sand (Suuroja et al. 2020; Tdnisson et al. 2022) and included
a few strata of slightly coarser material, seashells, and cross-
bedding. As a rule, sets of underwater sandbars developed
along sandy shores in Estonia (e.g. Tonisson et al. 2024a,
2024b, 2024c). Such sub-parallel ridges are also visible on
aerophotos along the Jirve—Mandjala coast, especially closer
to Nasva Harbour (ELB 2025d; Luik et al. 2025). The relative
height of underwater bars is ~0.5 m, and those situated closer
to shoreline sometimes appear above the water surface in low
sea-level conditions. The sediment in the lowermost part of
the studied outcrop is not necessarily from the crest of the
bar, but more likely from the trough (Fig. 7). However, the
layers vary spatially and appear at slightly different elevations
as the scarp retreats. On emerging coasts, underwater bars
quite often (but not necessarily always) form a core for future
beach or foredune ridges.

Unit 2, between present-day elevations of 1.55 and 2.45 m,
is also of marine origin and likely formed just below or close
to the water surface (—1.0...0.0 m; Table 4) ~1300—-1100 years
ago, whereas unit 3 (the layer between 2.45 and 3.3 m),
judging by its elevation and internal layered structure
(Fig. 7A), formed above the sea surface. The ridges grew
both lengthwise and sideways, subsequently merging into
larger spits. The lengthwise elongation of the spit is also
traceable on the GPR image (Fig. 7A). Unit 2 includes several
cross-bedded zones that indicate storms arriving from dif-
ferent directions (i.e. basically either southwest or southeast)
and varying hydrodynamic regimes. Sediments of units 2
and 3 (Figs 5 and 6) also exhibit distinct layers of coarser
material (due to combined cross-shore and longshore trans-
port), which must have been eroded by storm waves from the
nearby sea bottom and tossed onto the shoreface. Since the
Salme palaeostrait between Saaremaa and Sorve (Figs 1B
and 2) must have been practically closed by that time (Nirgi
et al. 2022), no additional material from the hydrodynami-
cally more energetic Baltic Proper side (Najafzadeh et al.
2024) could have entered the Suur Katel Bay from the west.

Unfortunately, the sediments of the layers of units 3 and 4
in the MO remain without direct dating results so far. Still,
considering the stratigraphy and granulometry (sub-layers of
coarse sand; some cobbles and seashells; Fig. 5), the sedi-
ments of unit 3 were likely formed by a combination of ma-
rine and aeolian processes and deposited before the onset of
dominant aeolian activity (unit 4) during the LIA. Consider-
ing the 2.2 mm/a uplift rate, unit 3 (2.45-3.3 m layer in the
MO) is probably 700-1000 years old. On top of that, the
aeolian layer (unit 4) is very thin and intertwined with
paedogenic processes. Considering the present-day elevation,
the material cannot be younger than the dune (1400-1600 CE;
Luik et al. 2025). A previously obtained radiocarbon age from

approximately the same location, but 20-25 m inland and
closer to the land surface, was ~1450 CE (Luik et al. 2025).
This indicates that, before the recent erosion stage began,
beach ridges (spits) gradually grew seaward, with older ones
located inland and younger ones closer to the sea. Due to the
relatively humid climate and moderate wind conditions,
foredunes and beach ridges normally become fixed by veg-
etation relatively fast in Estonia (e.g. Ratas et al. 2011;
Vilumaa et al. 2017; Suursaar et al. 2022). However, the
younger marine-built ridges are now missing (eroded away)
on the seaside, which makes it impossible to obtain the
corresponding dates in the scarp. Although the dune part is
also missing in the upper part of the present-day outcrop, the
0.2-1.0 m thick (and 400-600 years old) aeolian cover
reappears the score of metres inland (Fig. 7B) and also
occurs in the AO (Fig. 8; Table 4).

The sporadic aeolian layer is essentially composed of
reworked spit sand that has been reblown from its initial
elevation of 2—4 to 6-10 m. After the dune formed, it began
to roll landward, gradually feeding on itself. Today, only the
younger part of this dune has survived, as material from the
‘older’ (original) part of the dune has either been blown
landward or eroded away from the seaward side.

4.3. Development stages, shifts, and storm layers over
the past 2000 years

Currently, the most seaward part of the Jarve palacospit,
where the studied scarp is located, likely emerged from the
sea ~1400-1600 years ago (Luik et al. 2025). It grew in height
and volume through both sediment accretion and post-
glacial uplift (amounting to ~3.5 m in height over the past
1600 years). As revealed by the granulometric—stratigraphic
analysis, the lower part (nowadays 0.8—1.4 m) of the exam-
ined outcrop was formed by accumulation on the shallow
nearshore sea bottom, possibly on top of the underwater bar
(Fig. 9A). The shore-parallel, cross-bedded laminae indicate
rapid spit growth both in width and length towards Méndjala
(Fig. 9B). Several darker (coarser) streaks and variations
between different lamination regimes indicate changes in
forcing conditions (i.e. storminess) and sediment provenance.

The 14 identified streaks (interbeds or storm layers;
Fig. 4) occur between 0.8 and 3.2 m and correspond to ages
from 610 CE (Table 4) to ~1300 CE, yielding on average
a period of ~50 years per stripe. The distances between the
streaks are uneven. Between C1 and L2 (Table 4), for in-
stance, there are nine streaks covering ages between 610 and
970 CE. A roughly 50-year periodicity suggests that the
interbeds formed during exceptionally strong storms (e.g.
storms such as those in 1967 and 2005), which were capable
of accreting material that differed from routinely accumulated
material — either coarser fractions or darker material with
higher heavy-mineral content and MS values (Buynevich
et al. 2023, 2024). In that sense, interbed 10 (Fig. 5)
prominently features both in granulometry and MS values.
Its formation time was ~1000-1100 CE (Table 4). The inter-
face between units 1 and 2 (events between 610 and 790 CE)
and the layer around interbeds 2 and 3 in the lower part of
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SD

Fig. 9. Conceptual model illustrating the developmental phases of the Jarve coast over the past ~2000 years, shown as cross-sections
(left panel) and views from above (right panel). Emergence of a spit due to uplift and initial beach ridge accumulation followed by
stabilisation by vegetation (A-B); activation of aeolian processes due to vegetation destruction and/or the colder climate of the LIA (C);
and activation of coastal erosion due to relative sea-level stabilisation or rise, cessation of fresh marine sediment accumulation at Jarve,
and increasing storm impacts during ice-free winter conditions (D). SA-SD denote shoreline positions in stages A-D, and LA-LD denote
sea levels in stages A-D. In the left panel, the orange line represents an incremental change compared to the yellow line representing the

previous stage. A few storm layers are indicated (in C and D).

unit 1 (610 CE) are also more distinct. Some interbeds were
probably not exactly accretional storm layers but erosional
surfaces between cross-bedded and laminated layers (i.e.
evidence of storm erosion) or just marked particular periods
in the gradual accumulation process under varying sedi-
mentary conditions. Because these former underwater forma-
tions — although buried — are now elevated above sea level,
we can study storminess shifts in the Jarve scarp through
these formations. This is rarely feasible elsewhere, as com-
parable work typically requires underwater sampling.

An obvious shift in the development of the raised Jarve
coast was the onset of LIA dune formation (Fig. 9C). This
process has been noted in many locations along the Estonian
coast (Tonisson et al. 2020), as well as in other areas in
Europe (Clemmensen et al. 2015; Jackson et al. 2019). A sharp
charcoal-rich humic layer, dating to ~1270 CE, separates
sandy layers dating to 590 and 1630 CE (Fig. 8). It indicates
that, at least at the AO site, a forest fire may have destroyed
vegetation and facilitated the development of the aeolian layer
sometime between 1270 and 1630 CE. Quite possibly, the
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blowout visible in the background of Fig. 8 occurred later.
However, the extent and wider impact of the event marked
by the charcoal date at ~1270 CE remain unknown. Forest
fires of this kind likely occurred repeatedly during the Late
Holocene (e.g. Kuosmanen et al. 2018). An earlier acolian
sand influx (ASI)-based storminess reconstruction from a bog
near Lake Jarve (Fig. 2) showed higher ASI values around
200 BCE-50 CE, 900-1000 CE, 1100-1300 CE, and during
the last 500 years (Vandel et al. 2019; Vaasma et al. 2025).
Although it is difficult to directly compare studies conducted
using different methods and resolutions, the periods of
increased storminess around 1000-1300 CE and during the
LIA appear to align.

It has been widely discussed that the LIA resulted in large-
scale transgressive coastal dune behaviour and manifested
in a relocation of sand in coastal zone throughout Europe
(Jackson et al. 2019). Several mechanisms may have been
intertwined, including those of climatic and anthropogenic
background. Specifically, in the Baltic Sea area, the large
dune ridge on the Curonian Spit (Lithuania) formed only from
the 16th century onwards, largely due to destructive human
practices and forest fires (Dobrotin et al. 2013). Quite simi-
larly, the removal of some vegetation from the frontal
dunes at Skagen Peninsula (Denmark) by local inhabitants
during the early and middle part of the LIA made the dunes
vulnerable to remobilisation. It is also known that King
Christian III of Denmark promulgated a law in 1539 CE for-
bidding the removal of vegetation from the dunes, implying
that dune vegetation may have been partly destroyed during
the LIA (Clemmensen et al. 2015).

In Estonia, it has been suggested that anthropogenic de-
forestation in the Jarve area, driven by population growth, the
construction of the nearby Kuressaare Episcopal Castle
(~1380 CE), and increased marine transport, may have con-
tributed to dune formation (Luik et al. 2025). The need for
additional firewood to cope with the cooling climate could
have further accelerated forest cutting. In addition, slash-and-
burn agriculture, which frequently resulted in widespread
forest fires, was a common technique in medieval Europe,
including Estonia (Jédts et al. 2010). Rapid deforestation is
evidenced, for instance, by a 1297 law prohibiting coastal
forest cutting near Tallinn (Etverk 1997). Fire cultivation and
extensive forest cutting only declined considerably in Estonia
by the 19th century (Jéits et al. 2010).

As previously discussed, although the ridges along the
Jéarve coast are sandy, wind-blown dunes are practically miss-
ing at the Jarve outcrop (MO) location. Aeolian contributions
to the landscape are sporadic. Despite traditional names found
in the area — Jarve dunes (Jdrve luited in Estonian) or
Maindjala dunes (Mdndjala luited) — the landform is pre-
dominantly not of aeolian origin. The Jarve spit (or coastal
barrier) system is mainly marine-built. The difference be-
tween the gently bending palaeospits shaped by marine pro-
cesses and the ‘rougher’ aeolian landforms is noticeable on
the digital elevation model (Fig. 2). The aeolian layer is
relatively thin, and the impression of dunes occurs only in a
few reblown locations near the current coastline, where
(marine) sand has been reworked and blown upwards (on top

of a 4-5-m high marine ridge), reaching 10.8 m above mean
sea level. Another blowout at Méndjala (7.6 m elevation;
Fig. 1) contributed 2—-3 m in thickness.

Finally, the past ~100—150 years (Fig. 9D) have been
characterised by a growing sediment deficit at the Jarve site
(Luik et al. 2025). The Jarve barrier, now mostly 4-5 m high,
is eroding along its seaward side (Orviku 2006; Tdnisson
et al. 2024a). The eroded material has been transported north-
east towards Mindjala and Nasva (Fig. 2). A similar long-
shore sediment transport pattern, generally directed from
southwest to northeast by prevailing winds, waves, and coast-
line configuration, can also be observed on the Latvian
side of the Gulf of Riga (Soomere et al. 2025). It is difficult
to assess the total recession (i.e. the extent of land loss), but
in total it may reach ~100-200 m at Jarve. Aerial photos
document up to 75 m of shoreline recession between 1956
and 2023, and 20 m of scarp recession (Luik et al. 2025).
The erosion-prone, scarped coastal section is currently 2—
3 km long at Jarve, but it is expected to lengthen as relative
sea level rises and the duration of protective seasonal sea-ice
cover continues to diminish.

5. Conclusions

1. The seaward section of the Jarve palaecospit, where the
studied scarp is located, began to emerge approximately
1600 years ago in front of the older spit system dating
back 35004000 years. It has grown in height and volume
due to both sediment accretion and postglacial uplift,
which alone has raised it by ~3.5 m over the past 1600 years.

2. A comparison of OSL and radiocarbon (**C) dates from
the scarp revealed that seashells are not reliable for dating
in coastal stratigraphic studies, particularly on shores with
prevailing longshore sediment transport. Shells may be
displaced by storm waves and reworked through cycles
of deposition and erosion. In addition, the obtained ages
can be influenced by the marine reservoir effect and the
hard-water effect. These influences may act simultane-
ously at the Jéarve site and point to a more general issue.
Further site-specific studies are needed to better quantify
these effects or to avoid seashell-based dating altogether.

3. Stratigraphic and granulometric analyses showed that the
lower part of the examined outcrop (now at 0.8—1.4 m
elevation) was formed by sediment accumulation in a
shallow (1-3-m deep) nearshore seabed, possibly atop an
underwater bar. Cross-bedded laminae indicated fluctuat-
ing energy conditions and a rapid expansion of the spit
in both width and length, extending towards Méndjala.
The elongation of the raised sandy spit is also visible in
the GPR imagery. Darker or coarser material streaks and
variations in lamination patterns point to changes in sedi-
ment provenance and environmental forcing, including
storm activity. Above the marine-deposited spit layers,
a thin aeolian layer is present, though it is intermixed with
paedogenic processes at the Jarve site. Owing to the
raised-beach setting, it was possible to detect changes in
forcing conditions even within the underwater formations
at Jarve.



4. The activation of aeolian processes and sand redistribu-
tion during the Little Ice Age (~1300-1850 CE), a phe-
nomenon observed along many European coasts, had only
a limited impact at Jarve. Despite traditional place names
such as Jarve dunes and Méndjala dunes, the coastal
landforms are predominantly of marine origin. The Jarve
coastal barrier system was primarily built by marine pro-
cesses, whereas the upper aeolian layer is thin and patchy,
with dune-like features appearing only in a few isolated
blowout areas. In one such location, marine sand was re-
blown into a dune reaching a height of 5 m (10.8 m above
sea level). These blowouts were attributed to the colder
climate of the Little Ice Age and anthropogenic dis-
turbances to vegetation, such as logging or slash-and-burn
agriculture.

5. Over the past 100-150 years, the Jarve coast has ex-
perienced an increasing sediment deficit. The emergent
barrier system — composed of older beach ridges and spits,
some up to 10 m high — has become erosional. Apparent
sea-level lowering has ceased, and both the duration and
extent of seasonal sea ice have declined. While it is
difficult to quantify the total extent of coastal recession
(i.e. the amount of ‘lost’ land), it may have reached
several hundred metres at Jarve. The eroded sediments
have been transported northeast towards Méndjala and
Nasva, where the coastline continues to advance due to
ongoing accretion.

6. In addition to the methodological insights regarding sea-
shell-based dating, the broader significance of the study
is that it demonstrates how global environmental changes
are manifested at a local scale on seacoasts.
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Akumulatsiooni- ja erosioonisiindmuste morfostratigraafia ning
kronoloogia Jarve rannajarsakul (Saaremaal, Laane-Eestis) viimase
2000 aasta jooksul

Ulo Suursaar, Katre Luik, Alar Rosentau, Helena Alexanderson, Reimo Rivis,
Tiit Vaasma, Egert Vandel, Kadri Vilumaa, Donatas Pupienis ja Hannes Tonisson

Kliimamuutuse ja meretaseme tdusu koosmdjul toimuvad paljudes maailma paikades mererannikutel reziimi-
nihked, nditeks Ladnemere I8una- ja kaguosas on suurenenud rannikuerosioon. Uuring rekonstrueerib Jarve
rannajarsaku setete ladestumise ja erosiooni ajaloo, kasutades uusi luminestsents- ja radiosusiniku vanuse-
maaranguid, georadari ja LiDARi kdrgusandmeid ning paljandi litoloogilist kirjeldust. Merepoolne rannavall, kus
praegu asub uuritud 3,5 meetri kdrgune liivadesse tekkinud jarsak, hakkas kujunema jaaajajargse maakerke ja
setete kuhjumise tulemusena 3500-4000 aasta vanuse maasaare ette umbes 1600 aastat tagasi. Paljandi alu-
mine osa settis madalas rannavddndis rannabarridele. Tumedamad settekihid ja litoloogilise koostise variee-
rumine peegeldavad muutusi settimistingimustes ja tormide aktiivsuses. Mereliste protsesside tagajarjel kuh-
junud liivakihtide Ulaosas asub 8huke eoolne kiht, mis on konkreetses paljandis ndrgalt arenenud. Luitelised
pinnavormid esinevad Jarve-Mandajala piirkonnas vaid ménes lksikus nn imberpuhutud kohas, mis on tée-
naoliselt seotud véikese jadaja (~1300-1850 AD) kiilmema kliima ja inimtekkelise taimestiku kahjustamisega,
nagu metsaraie voi alepdllundus. Viimase ~100 aasta jooksul on varem kerkinud ja laienenud rannavallide ja
maasaarte slisteem muutunud erosiooniliseks. Varasem suhtelise meretaseme langus on peatunud, talvist
merejaad on Gha vahem ning seetdttu on talvetormide mdju tugevam ja jarsak taandub. Uuring demonstreerib,
kuidas globaalsed muutused avalduvad mererannikul kohalikul tasandil, tuues Uhtlasi esile merekarpide kasu-
tamisega seotud metodoloogilised raskused rannikualade stratigraafilisel dateerimisel.
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ABSTRACT

Sequence stratigraphic analysis of the Nabala-Porkuni regional stages (RSs; upper Katian-
Hirnantian) of Estonia clarifies the Late Ordovician evolution of the Estonian Shelf-Livonian
Basin. The integration of depositional facies, biostratigraphy, carbon isotope chemostra-
tigraphy, karst surfaces, and hiatuses indicates seven sequences: (1) Nabala (Paekna and
Saunja Formations (Fms)); (2) Vormsi (K&rgessaare, Tudulinna, and Fjacka Fms); (3) Lower
Pirgu (Moe and Jonstorp Fms); (4) Middle Pirgu (most of the Adila and Halliku Fms, and Jelgava
and Parovéja Fms); (5) Upper Pirgu (Kabala Member (Mb), part of the Halliku Fm); (6) Lower
Porkuni Sequence (most of the Arina Fm); and (7) part of the Upper Porkuni-Juuru Sequence
(Kamariku Mb and Saldus Fm). A lowstand systems tract is only identified in the uppermost
sequence. Transgressive units are marked by onlapping depositional packages. Highstands
consist of one or more shallowing-upward shelf packages (notably in the Vormsi, Lower Pirgu,
and Middle Pirgu sequences). The sequences record the progradation of shallow-to-middle
ramp facies as sediment infilled the northern edge of the Livonian Basin, leading to an open
shelf (Porkuni RS). Eustasy was the major factor in sequence boundary formation with larger
amplitude sea level oscillations associated with Hirnantian (Porkuni) glaciations. A shift to more
strongly differentiated ramp facies at the Nabala-Vormsi transition coincides with the initial
collision of Baltica and Avalonia.

Introduction

This study describes the depositional facies and stratigraphic sequences of the upper
Katian—Hirnantian (Upper Ordovician) strata of Estonia, and interprets the evolution
of the Estonian Shelf of the East Baltic region. Sequence stratigraphy provides a
method for interpreting facies patterns and stratigraphic relations within a chro-
nostratigraphic framework. A sequence-by-sequence facies analysis can reveal the
detailed history of relative sea level changes and basin-scale depositional patterns
that can clarify tectonic history. This report builds on our prior study of western
Estonia (Harris et al. 2004) in three ways. First, it uses additional core data to extend
the stratigraphic analysis to include mainland Estonia. Second, the integration of core
coverage with recent biostratigraphic and chemostratigraphic studies clarifies the
position and temporal resolution of facies changes, stratigraphic hiatuses, and stratal
relationships at a systems tract level. Third, the expanded geographical coverage
reveals the evolution of the Estonian Shelf from a carbonate ramp to an open shelf at
the end of the Ordovician, and subtle tectonic influences on depositional patterns.

Geological setting and stratigraphy

The study area lies along the north flank of an epicontinental basin on the paleo-
continent of Baltica that formed during the late Precambrian and that was influenced
by the collision with the Avalon microcontinent during the Late Ordovician (Torsvik
and Rehnstrom 2003; Cocks and Torsvik 2005). It straddles the transition between
the Estonian Shelf and the Livonian Basin, an embayment of the Scandinavian Basin


https://doi.org/10.3176/earth.2026.04
http://www.eap.ee/earthsciences
mailto:mtharris@uwm.edu
https://doi.org/10.3176/earth.2026.04
http://creativecommons.org/licenses/by/4.0

54 M. T. Harris et al.

A -1 //Present erosional
L 0 Finland limit of
L Ordovician strata
Sweden o> e o® o o —
% ) %SQ z’ ]
. ° /7
. ) 5
ASCIR SRS - 7
\‘\ B EPASY, - /
== . o ramP—
, \:_sto“& middle
== e -
- B
Scandinavian ,7 - ~<___ Estonia RS
Basin ,»~ / / v
/ :
) . 335“\
.qo(\\a“
Yoo . W /" Russia|
/ Aizpute 41 ) \
I 3‘ o D) R, R Lithuanian
100 km - e
7 —— / . B
N
q
t .
0 Kkm 50 >
B . W - 4?:
’/
Qutcrop belt
o - Ui uts =t :
23 Birimae 350 Oostriku 36 v
A Valgu 99 _ ;.
Valgu 365Pihla 361 ,‘ 9 Jégeva 7 CQ ‘
Séru 400 Kirikukula Alamaa Ruskavere 451
@ Poltsamaa 39 v
\
PAmU 6 Laeva 18
D Viljandi 91 Tarty/453 \
}Kaugatuma 509
: Ohesaare ) BN
Iklad -~
’
aRuhnus00 (B
A Aizpute 41

Fig. 1. Location map of the study area. A — major paleogeographic
features of the Baltic region during the late Katian (Vormsi-Pirgu
RSs). The location of the Aizpute core in northwestern Latvia is
shown. The boxed area indicates the location of B. Modified from
Ainsaar and Meidla (2001). B - locations of studied cores and the
lines of cross sections A-A' to D-D’ used in Figs 4-7.

(Jaanusson 1973, 1976; Bassett et al. 1989; Kaljo 1990;
Raukas and Teedumie 1997; Fig. 1A). The northern Estonian
outcrop belt nearly parallels depositional strike and exposes
a section of shallow-ramp and middle-ramp carbonates
(Fig. 1B). The section deepens southward across the central
Estonian deep-ramp zone into deep-water shales of the
Livonian Basin in southern Estonia, western Latvia, and
northwestern Lithuania. The Lithuanian Shelf forms the
southeastern edge of the Livonian Basin in eastern Latvia,
southeastern Lithuania, and northwestern Belarus.

The stratigraphic nomenclature of the study area is com-
plex, reflecting the location along an environmental gradient
and resulting in the use of different formation names for shal-
low and deep sections (Fig. 2). Within the East Baltic, regional
stages provide a consistent framework (Bassett et al. 1989;
Minnil 1990; Minnil and Meidla 1994; Raukas and
Teedumée 1997 and references therein) based on biostrati-
graphic work on conodonts (Ménnik and Viira 1990), chiti-
nozoans (Nolvak and Grahn 1993; Nolvak 1999), ostracodes
(Meidla and Sarv 1990; Meidla 1996), graptolites (Méannil
1976; Minnil and Meidla 1994), brachiopods (Hints 1990),
bentonite correlations (Kiipli et al. 2004), and, most recently,
carbon isotope chemostratigraphy (Ainsaar et al. 2010, 2015;
Meidla et al. 2020; Hints et al. 2023). These stratigraphic
studies are also the basis for correlations of the Baltic regional
stages with global stages (Hints et al. 1994; Goldman et al. 2023;
Meidla et al. 2024). This study addresses the upper Nabala,
Vormsi, Pirgu, and Porkuni regional stages (RSs), and is
equivalent to the upper Katian and most of the Hirnantian
Global Stages. This study’s lithostratigraphic nomenclature
follows general usage with more recent updates (Raukas and
Teedumde 1997; Hints et al. 2005; Meidla et al. 2024; Fig. 2).
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Fig. 2. Late Ordovician (Nabala to basal Juuru RSs) stratigraphy. Abbreviations: Hirn. — Hirnantian, Rhu. — Rhuddanian, BCIZ - Baltic carbon
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This paper uses the absolute time scale currently in use by the
Estonian Geological Survey (Goldman et al. 2020, 2023;
Meidla et al. 2024), pending consideration of ongoing
research (Zhang et al. 2025).

Materials and methods

This study is based on a detailed, centimeter-scale description
of 23 cores distributed from the Estonian Shelf to the Livonian
Basin (Fig. 1B). The cores were described on sedimento-
logical logs at a 1:50 scale that summarized depositional tex-
ture, sedimentary structures, grain size, ichnofabric index,
clay content, color, and fossil content. The cores are held
at the core storage facilities of the Geological Survey of
Estonia and the Department of Geology of Tallinn University
of Technology. Twenty-two of the cores were drilled in
Estonia, and one in Latvia. Most cores penetrated the entire
study section (upper Nabala through Porkuni RSs). The cores
do not include the type sections of the stratigraphic units
studied because most formations were defined in outcrop
sections, and others are in cores that we did not examine.
Our major criteria were to select cores that are relatively
complete, provide coverage across the facies belts, and in-
clude useful biostratigraphic and chemostratigraphic data.
We have also made use of stage-level thickness maps that
incorporate data from numerous additional wells (Raukas
and Teedumie 1997).

A critical factor in the analysis of these sections is the
identification of stratigraphic hiatuses using biostratigraphy,
bentonite correlations, and carbon isotope chemostratigraphy.
The study spans eight Baltic carbon isotope zones (BCIZ),
seven chitinozoan zones, and five graptolite zones. Four co-
nodont zones occur within the studied section, with the
Amorphognathus ordovicicus Zone dominating the lower
three-quarters. Three key bentonite beds correlated by phe-
nocryst chemistry provide additional chronostratigraphic
horizons in the Pirgu RS (Kiipli et al. 2004; Hints et al. 2005).
Multiple studies of the BCIZ and chitinozoan zones in key
cores have clarified the age relationships among these chro-
nostratigraphically useful horizons (Bauert et al. 2014; Hints
et al. 2014; Ainsaar et al. 2015; Meidla et al. 2020; Hints
et al. 2023), resulting in an integrated chronostratigraphic
framework (Fig. 2).

Depositional facies

The studied cores extend from the Estonian Shelf to the
northern edge of the Livonian Basin, and are characterized
by five interfingering facies. These facies shifted north and
south across the profile, reflecting transgressions and regres-
sions (Jaanusson 1973, 1976; Einasto 1986, 1995; Bassett
et al. 1989; Nestor 1990a, 1990b; Nestor and Einasto 1997;
Harris et al. 2004; Dronov et al. 2011).

Grain-supported facies

The grain-supported facies consists of packstones and grain-
stones with a diverse marine fauna and common sedimentary
structures indicative of wave and current activity. Four sub-
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facies occur: (1) Packstones containing physical structures
(ripples, wavy and cross laminations) overprinted by burrow-
ing and bioturbation indicate depositional conditions at or
above fairweather wavebase. These are widespread in updip
Vormsi, Pirgu, and Porkuni RSs. (2) Ooid grainstone with cross-
beds and wavy, flat, and cross lamination styles is restricted
to the Porkuni RS. (3) Algal grainstone beds adjacent to lower
Pirgu algal mounds are dominated by the calcareous algae
Palaeoporella. (4) Intraclastic floatstone beds (1-3 m thick)
occur at the base of some channel fills in the Porkuni RS
(Jogeva and Oostriku cores).

The grain-supported facies is interpreted as a shallow-
water deposit that accumulated above fairweather wavebase.
In the Vormsi and Pirgu RSs, it typically occurs at the top of
shallowing-upward facies successions in updip locations.
In the Porkuni RS, the grain-supported facies occurs across
the shelf and includes ooid grainstones. Quartz sand is wide-
spread in Porkuni RS strata, reaching up to 40% in the basal
parts of the Saldus Formation (Fm) in some cores. In the most
basinward core (Aizpute, northwestern Latvia), a 3-m bed of
rippled ooids and quartz sand occurs.

Mixed facies

The mixed facies primarily consists of two subfacies: (1) the
interbedded packstone and wackestone subfacies that are
marked by abundant burrows, a diverse marine biota, and
a high level of bioturbation, and (2) the argillaceous wacke-
stone subfacies with a higher clay content that occurs as thin
beds within this subfacies. The absence of physical sedi-
mentary structures and the interlayering of grain-rich and ar-
gillaceous deposits suggest deposition at intermediate depths
between fairweather and storm wavebase.

The mixed facies occurs in middle ramp settings through-
out the Vormsi and Pirgu RSs, and in the most updip facies
preserved in the upper Nabala RS (Saunja Fm).

Mud-supported facies

The mud-supported facies includes several subfacies differ-
entiated based on faunal and clay content; all are well bur-
rowed. (1) The main part of the Saunja Fm consists of the
mudstone subfacies with echinoids, bryozoans, gastropods,
ostracodes, and other fossil fragments with marly interbeds.
(2) The fossiliferous wackestone subfacies contains a diverse
marine fauna (echinoderms, tabulate corals, rugose corals,
brachiopods, calcareous algae, etc.) with argillaceous and/or
mudstone interbeds. It predominates in deep-ramp zone areas
of the Vormsi (Tudulinna Fm) and Pirgu RSs (Halliku and
Jonstorp Fms) and also occurs in the lagoon in northern
Estonia (Pirgu RS). (3) The argillaceous mudstone-marl sub-
facies contains up to 40-45% clay and fine fossil fragments.
It occurs in the Tudulinna Fm (Vormsi RS) in the deep-ramp
zone and in the Pirgu RS along the edge of the Livonian Basin.

These subfacies all record quiet-water deposition. The
mudstone subfacies is limited to the Saunja Fm, whereas
the wackestone subfacies accumulated widely during the
Vormsi—Pirgu time. The argillaceous mudstone-marl sub-
facies records the increased clay influx that characterizes the
Vormsi RS.
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TST - transgressive systems tract, LST — lowstand systems tract.

Shale facies

Basinal sections of the Vormsi RS consist of laminated to
bioturbated black, dark gray, and green shales with horizontal
burrows. The sparse fauna predominantly consists of grapto-
lites. These shales are assigned to the Fjacka Fm, a unit that
occurs throughout the central Livonian and Scandinavian
basins.

Mud mound facies

Two mud mounds occur in the studied cores in the lower
Pirgu RS. (1) The Moe Fm in the Kaugatuma core contains
a 5.7 m-thick unit of the stromatactis subfacies. The mound
is red to pink in color and consists of four 1-2.6 m-thick stro-
matactis beds interbedded with 20-cm-thick beds of skeletal
packstone. It is overlain by a 90-cm-thick bed of skeletal
packstone. (2) The Jogeva core penetrated a 25.3 m-thick
algal mound dominated by Palaeoporella algae (Perens 1995).
This subfacies contains abundant algae, crinoid clasts, and
vugs; it is highly dolomitized. Both mounds initially formed
in middle-ramp settings; the Jogeva mound was more updip
and persisted into shallow-ramp conditions.

Mud mounds consisting of stromatactis, Palaeoporella,
or a combination of both subfacies are widespread in Pirgu
sections of the East Baltic (Kroger et al. 2017). The thickest
(52 m) mud mound occurs in the Vohma core, 24 km west of
Poltsamaa, and includes both subfacies (Kroger et al. 2017).

Although not encountered in the described cores, patch
reefs and biostromes are reported from the Pirgu and Porkuni
RSs in shallow-ramp sections. These are up to 3 m thick and
consist of a core with abundant stromatoporoids and tabulate
corals flanked by pelmatozoan grainstone (Kroger et al. 2017).

Facies model

The Nabala to Pirgu strata were deposited on a broad homo-
clinal ramp; the depositional facies reflect an energy gradient

related to fairweather and storm wavebase (Read 1983;
Burchette and Wright 1992; Fig. 3A). The grain-supported,
mixed, and mud-supported facies belts represent progres-
sively deeper and lower-energy settings of shallow, middle,
and deep ramp environments, respectively. The distribution
of the shale facies is limited to the deep basin. Within the
middle ramp settings, the Palaeoporella bioherms and stro-
matactis mud mounds form local shoals and patch reefs. Pirgu
sequences include a zone of updip mud-supported facies that
represents a lagoon landward of the shallow ramp shoal and
patch reef environments. Thicker shallow- and middle-ramp
facies accumulations resulted in shallowing and progradation
of the facies succession.

Porkuni age facies are similar but are interpreted as
representing an open shelf setting with shallow shelf and
basin facies separated by an erosional/bypassing slope (James
et al. 2010; Fig. 3B). Grain-supported facies delineate an ex-
tensive zone of shallow-water deposition; basinal marls and
mudstones are interbedded with grain-supported beds with
abundant quartz, small lithoclasts, and redeposited ooids.
The intervening stratigraphic gap between these facies and
the deposits in the Livonian Basin is interpreted as due to
slumps, slides, and erosion associated with a major hiatus in
a slope setting.

Stratigraphic hiatuses

Well-documented stratigraphic hiatuses occurring within the
studied Estonian Shelf sections are marked by missing bio-
stratigraphic and/or carbon isotope zones (Einasto 1995; Nestor
and Einasto 1997; Ainsaar et al. 2010; Meidla et al. 2024).
These occur at the top of the Nabala RS, at the top of the
Vormsi RS, in the middle of the Pirgu RS (at the top of the
Moe and Jonstorp Fms), in the upper Pirgu RS (at the base of
the Kabala Member (Mb)), at the top of the Pirgu RS, and in
the middle of the Porkuni RS (below the Kamariku Mb of the
Arina Fm and the Saldus Fm; Fig. 2). In updip cores, hiatuses
are marked by missing biozones and the absence of trans-
gressive beds (found in more basinward cores).

The most extensive hiatuses occur in two specific posi-
tions in the profile. At the outer edge of the Porkuni shelf,
erosion along the shelf margin and slope locally removed all
or most of the Pirgu RS, probably augmented by sliding and
slumping as the ramp prograded and built an open-shelf
platform with a steepened outer slope (Figs 4-6). Shallow
open-shelf sections are marked by local erosional channels
cut into deposits of the Pirgu and Porkuni RSs (Fig. 7).

Sequences

Placing the facies distribution into a sequence stratigraphic
framework reveals the three-dimensional facies architecture
and depositional history of the Estonian Shelf (Figs 4-8).
The NNE-SSW orientation of the Livonian Basin results in
facies trends slightly oblique to the outcrop belt, resulting in
a transition into slightly deeper environments to the east
(Figs 1 and 7).



Upper Ordovician facies and sequences of Estonia

57

A
Ma| & Stages Biostratigraphy B e - Lithostratigraphy
o . . - o ] Oh
G | Baltic Graptolite | Chitinozoan | @ | @ | »  [pihia Valgu Séru Viki Kaugatuma eslaarﬁuflmu Aizpute)
S
< Akidog. ascensus
= Juuru 9. Varbola Staciunai
—— (lowest) Upper
Met ot Porkuni- \_'(
) et. persculptus G scabra 17 Juuru Saldus
— £ . . Saldus
T | Porkuni Met.
extraordinarius Lower - Kuldiga
445 — S. taugourdeaui 16 Porkuni Arina \
B. gamachiana Upper
: Kabala
_ T. anticostiensis 15 Pirgu
' 14 Blll
c ) nDc’: < Middle N
] Pirgu P C. rugata BIl | pirgu TOostriku Parovéja
= 9 Adila %
Q | Halliku
113
L?wer Moe Jonstorp Jonstorp
T. bergstroemi Bl | Pirgu
Dic. complanatus 12
Vormsi - Vormsi Korgessaare Tudulinna
_| P. linearis F. spinifera
450 Nabala Upper caun
(upper) 10 Nabala aunja
B
Facies Boundaries

®

Sequences
Lower
Porkuni
Upper /

Pirgu

Vormsi

Adila

Saldus

e ———

CIm

ixed

[ 1Sh
[ IReef

Saldus

\

~

n

[_1Grain-supported _— Sequence boundaries
- - Maximum flooding

-lg/lucli—supported — Facies boundaries
ale

Pirgu

M.iddle Oo§triku Saldus Lower

Pirgu Porkuni
Moe -

Lower Upper Pirgu

_m

Sequences
Up. Pork.—Juuru

Middle Pirgu

Lower
Pirgu

Vormsi
Upper Nabala

[ I
Pihla Va

Ilgu  Soéru

[
Viki

I
Kaugatuma

T
Oh
esaare o L,

|
Aizpute
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see Fig. 2.

The facies patterns, erosional features, and stratigraphic
gaps provide the basis for dividing the studied section into
five complete sequences and two partial sequences. Ideally,
sequences consist of onlapping transgressive systems tracts
(TST) overlain by a maximum flooding surface, which is the
base of a shallowing-upward highstand systems tract (HST)
capped by an exposure surface (Fig. 3). In practice, some
transgressive units cannot be resolved (in downdip sections)

or are missing (in updip sections), and some highstands are
eroded. A lowstand systems tract (LST) is only clearly re-
solvable in the Upper Porkuni—Juuru Sequence.

Nabala Sequence

The Nabala Sequence consists of the laterally equivalent Packna
and Montu Fms, and the overlying Saunja Fm. They are within
the Fungochitina spinifera chitinozoan biozone; the lower
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units are in BCIZ 9, whereas the Saunja Fm forms the Saunja
Carbon Isotope Excursion (BCIZ 10) (Ainsaar et al. 2010).
The Packna and Montu Fms were not studied in detail in
this study. They consist of packstones in the northwestern part
of the study area and grade into mixed wackestones and
mudstones toward the south. The overlying Saunja Fm varies
in thickness between less than 5 and 20 m (Fig. 8A) across
the study area, but thins to less than 1 m in northwestern
Latvia (Calner et al. 2010) and is locally absent in the Aizpute
core. The unit consists of the mud-supported facies (mudstone
subfacies), except in the Pihla core, the most northwesterly
location, where the mixed facies occurs; evidence of pro-

gradation is absent. The lower boundary is a marine flooding
surface marked by a sharp contact with the underlying units.
The upper boundary is a regional karst surface documented
by Calner et al. (2010), who attributed some of the thickness
variations to karst-related erosion. Seismic studies in the Baltic
Sea west of the studied wells indicate that this horizon is also
marked by erosional channels (Tuuling and Flodén 2000).
The absence of the Saunja Fm in the Aizpute core is attributed
to erosion along the sequence boundary.

The Paekna and Montu Fms are interpreted as shallow-
and middle-ramp facies of the TST, overlain by a marine
flooding surface. The deep-ramp facies of the Saunja Fm
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form the HST capped by the regional exposure surface. There
is no evidence for highstand progradation within the study
area.

Vormsi Sequence

The Vormsi Sequence consists of the time-equivalent
Korgessaare, Tudulinna, and Fjacka Fms. The sequence is in
BCIZ 11 and the F spinifera chitinozoan zone (including the
Acanthochitina barbata chitinozoan subzone in its upper part).

Grain-supported facies and mixed facies comprise the
updip Korgessaare Fm; mixed facies and mud-supported
facies comprise the Tudulinna Fm; and the Fjicka Fm con-
sists of shale facies. The thickness of the sequence varies
from less than 5 m in the basin to over 20 m in shallow-
ramp areas (Fig. 8B). The facies and thickness patterns de-
fine a typical ramp-to-basin profile.

The basal boundary of the sequence is the regional karst
surface above the Saunja Fm. In shallow-to-middle ramp set-
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northern part of the study area. The upper boundary coincides
with the stage boundary. Hints et al. (2007) attributed thick-
ness variations in northern and central Estonia to erosion. The
Vormsi RS is unusually thin in some outer-ramp cores (0.3 m
in Ohesaare, 1.2 m in Kaugatuma), and the Acanthochitina

tings, this surface is overlain by a thin (~2 m) shallowing-
upward parasequence, which forms the TST, although it is
absent in the northwest, indicating a subtle hiatus. A thick
(10-13 m) shallowing-upward, prograding HST capped by
grain-supported facies (shallow ramp) extends across the
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barbata chitinozoan subzone is missing in some southern
cores (Kaugatuma, Ikla, and Viljandi; Nolvak, unpublished
data), indicating erosion along the upper boundary.

The Vormsi Sequence is bounded by erosional uncon-
formities, and consists of a thin onlapping TST and a thick
prograding HST. In contrast to the underlying Nabala Se-
quence, the full suite of ramp facies is present.

Lower Pirgu Sequence

The Lower Pirgu Sequence consists of the Moe and Jon-
storp Fms, and is in the Tanuchitina bergstroemi chitinozoan
biozone and BCIZ 12 and the lower part of BCIZ 13.

The Moe Fm consists of a shallowing-upward succession
that consists of mixed facies (middle ramp) overlain by grain-
supported facies (shallow ramp). The algal bioherm in the
Jogeva core formed in the middle ramp and extends upward
into the shallow shelf, where it is capped by a karst surface
(Perens 1995; Fig. 7). To the northeast, an area of mud-sup-
ported facies occurs, representing a lagoon north of shallow-
ramp deposits (Fig. 8C). The Jonstorp Fm primarily consists
of mud-supported (deep ramp) facies with some mixed (middle
ramp) facies along its northern extent. In the Kaugatuma core,
the lower part of the formation includes a stromatactis bio-
herm within the mixed facies (Fig. 4).

The base of the sequence is locally marked by erosion at
the top of the Vormsi RS. The sequence is generally 20-30 m
thick in shallow-to-middle ramp sections, and thins to less
than 10 m in deep ramp settings (Fig. 8C). In the extreme
southwest (Ohesaare), the sequence is missing due to pre-
Saldus erosion. A TST consisting of a shallowing-upward
parasequence is recognizable in the northern two-thirds of the
area but cannot be differentiated in southern cores. The base
of the HST is marked by a maximum flooding surface along
which the Kaugatuma bioherm terminated. The overlying
HST records the progradation of high-energy shallow ramp
deposits and the development of a lagoon to the northeast.

Middle Pirgu Sequence

The Middle Pirgu Sequence consists of the Adila (excluding
the Kabala Mb), Oostriku, Jelgava, and Parovéja Fms, and
most of the Halliku Fm. The sequence is in the Conochitina
rugata chitinozoan biozone and BCIZ 13 and 14.

Across northern Estonia, the base of the sequence consists
of grain-supported (shallow ramp) facies (lower Adila Fm)
capped by a flooding surface, which is overlain by mixed
and mud-supported (middle and deep ramp) facies of the
Halliku Fm. At the top of the sequence, grain-supported facies
(Adila and Oostriku Fms) delineate up to four shallowing-
upward packages (Péarnu core; Fig. 5); to the northeast, mud-
supported facies delineate a lagoon. The upper part of the se-
quence (including all of BCIZ 14) is missing in northwestern
cores (Figs 2 and 8D). South of the grain-supported belt,
mixed and mud-supported facies (Halliku Fm) and argil-
laceous mud-supported facies (Jelgava Fm) record middle
and deep ramp environments. The most basinal deposits are
the argillaceous mudstones and marls of the Jelgava and
Parovéja Fms (Valga and Aizpute cores).

The thickness of the Middle Pirgu Sequence ranges from
10 to over 40 m (Fig. 8D). The thickest accumulations are
across the middle of the study area, along the southern edge
of the shallow ramp deposits of the underlying Lower Pirgu
Sequence. In the southwest, the area of missing section due
to pre-Arina and pre-Saldus erosion expanded to include the
Ruhnu and Ikla core locations.

The sequence overlies a sharp surface marked by karst
(Jogeva core). In the north, the TST is dominated by high-
energy shallow ramp facies that grades into deeper ramp
facies to the south and southeast. The HST sits above a major
flooding surface, but it is missing, presumably eroded, in
western and northwestern cores, an area with a relatively thin
section. In contrast, the Pdrnu core has a thick section of
multiple prograding ramp packages. This pattern of sediment
accumulation resulted in a thick section in the west-central
part of the study area (with a maximum exceeding 40 m).

Upper Pirgu Sequence

The Upper Pirgu Sequence consists of the Kabala Mb of the
Adila Fm, part of the Halliku Fm, and the Kuili Fm. It falls
in BCIZ 15 and includes the Tanuchitina anticostiensis and
Belonechitina gamachiana chitinozoan biozones.

This sequence is a relatively thin (<10 m except to the
southeast) package of argillaceous, mixed, and mud-sup-
ported facies that extends into shallow ramp settings (Figs 4,
5 and 8E). This is overlain by a grain-supported (shallow
ramp) facies that separates an expanded lagoon (mud-sup-
ported facies) from the deep ramp settings toward the south
(Halliku and Kuili Fms). The lower boundary is a flooding
surface that overlies the eroded Lower Pirgu Sequence. The
upper boundary is a sharp surface that marks the stage bound-
ary above. The Upper Pirgu Sequence is missing in several
northern mainland cores due to updip erosion or non-deposi-
tion (Kirimée, Valgu), or erosion below pre-Saldus channels
(Jogeva, Ruskavere, Laeva; Perens 1995). The sequence is
also missing in the southwest (Ikla, Ruhnu, Ohesaare) due to
pre-Arina erosion.

Systems tracts are difficult to identify in this thin package;
it appears to be primarily an HST initiated by rapid flooding.
The thickest section (Tartu core) indicates more accumulation
in deep ramp settings to the southeast.

Lower Porkuni Sequence

The Lower Porkuni Sequence consists of the Arina (except
the Kamariku Mb) and Kuldiga Fms. The sequence sits in the
Spinachitina taugourdeaui and lowest Conochitina scabra
chitinozoan zones, and in BCIZ 16 and (probably) the lowest
BCIZ 17.

A notable gap divides the sequence into a northern zone
and a southern zone (Fig. 8F). In northern sections, the Arina Fm
is composed of 2—6 m of grain-supported facies and is divided
into four interbedded members (below the Kamariku Mb) that
include patch reefs and oolitic shoals (Hints et al. 2000).
Southern sections consist of thicker (10—16 m) mud-sup-
ported facies (Kuldiga Fm); the lower part of one core (Valga)
consists of grain-supported facies. A limited area of mixed



facies to the east (Tartu core) overlies the thickest section of
the underlying sequence. Across both zones, quartz sand is a
significant constituent (<15%) in some sections.

The sequence is bounded by erosional surfaces that are
recorded by a widespread stratigraphic gap between the north-
ern and southern zones, erosive fluvial channels, and influxes
of quartz sand. The most extensive erosional surface occurs
between the northern and southern zones based on litho-
stratigraphic and biostratigraphic data; in places, the entire
Pirgu RS is absent (the Saldus Fm overlies a very thin
Vormsi RS bed at Ohesaare). It appears to be a composite
unconformity surface with truncation occurring below both
the Lower and Upper Porkuni sequences (Figs 4-6). The
stratigraphic gap is interpreted as the result of slumping and
erosion along a margin steepened by the progradation of
earlier ramps; the preserved mixed facies may be due to
a lower slope to the east due to the thicker Upper Pirgu Se-
quence accumulation. In northern sections, the pre-Arina
surface truncates the Kabala Fm, which is thin or absent in
some cores (Figs 7 and 8F). The upper sequence boundary
is marked by numerous channels that cut into the Lower
Porkuni, Upper Pirgu, and Middle Pirgu sequences (Perens
1995).

The two Porkuni sequences record the development of an
open-shelf profile, which is attributed to the accumulation of
a wedge of Vormsi and Pirgu ramp deposits (Figs 4 and 5).

Upper Porkuni-Juuru Sequence (LST and lower TST)

The Ordovician section contains the lower part of the Upper
Porkuni—Juuru Sequence, including the Saldus Fm and the
Kamariku Mb of the Arina Fm. The Ordovician part of this
sequence (LST and lower TST) is in the Conochitina scabra
chitinozoan zone and in BCIZ 17.

The Porkuni part of this sequence consists of two
components. The lower Saldus Fm in the basin and shelf
channel fills consists of conglomerates and quartz-rich (up to
40-50%) rippled packstones. The upper Saldus Fm and
Kamariku Mb are grain-supported facies with wavy ripples
and normal marine fauna, whereas equivalent mud-supported
facies (wackestones) occur in basinal areas (Fig. 8G).

The lower Saldus strata are interpreted as LST deposits
that bypassed the exposed shelf (except for local channel fills)
and accumulated in basinal areas. The TST is recorded in the
shift to more normal marine deposits in the basin (Saldus Fm),
shelf channel fills (Saldus Fm), and open-shelf (Kamariku
Mb) settings. The full extent of the shelf deposits outside the
channels is unclear because the Kamariku Mb is lithologically
similar to the underlying Lower Porkuni Sequence beds; in
the absence of typical basal Saldus Fm features (conglom-
erates and abundant quartz sand), paleontological and carbon
isotope data are needed to identify the TST of this sequence
(Ainsaar et al. 2015; Hints et al. 2023; Ménnik and N&lvak
2023). The TST continues into the uppermost Ordovician beds
of the lower Juuru RS in updip (Koigi Mb of the Varbola Fm)
and downdip (Puikule Mb of the Ohne Fm) positions (Bauert
et al. 2014; Ainsaar et al. 2015).
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Discussion
Comparison to prior sequence interpretations

Our sequence interpretation is similar to prior East Baltic
studies, although it differs from Nielsen (2004, 2011) in some
details (see discussion in Simmons et al. 2020). The first de-
tailed sequence interpretation of the East Baltic Ordovician
by Dronov and Holmer (1999, 2002) included three sequences
across the Vormsi, Pirgu, and Porkuni RSs. Subsequent work
(Harris et al. 2004; Dronov et al. 2011) included finer subdivi-
sions; the scheme presented here is similar (Fig. 2). The pri-
mary differences involve the interpretation of the Pirgu RS.
(1) Harris et al. (2004) interpreted the Moe—Jonstorp section
as consisting of two sequences; here the lower unit is in-
terpreted as the transgressive systems tract, making the
Lower Pirgu Sequence equivalent to Sequence XI of Dronov
et al. (2011). (2) This paper follows Harris et al. (2004) in
dividing the Adila—Halliku section into two sequences based
on the facies, stratigraphic gaps (erosion below the Kabala
Mb in the western wells), and the karst feature at the top of
the reef mound in the Jogeva core, splitting Sequence XII of
Dronov et al. (2011) into the Middle and Upper Pirgu se-
quences.

Facies and sequences
Nabala, Vormsi, and Pirgu facies delineate a series of deposi-
tional sequences of shallow-to-middle ramp sections that
thin basinward across deep ramp and basin settings. Porkuni
facies record two thin open-shelf sequences. While each se-
quence has its unique features, some general patterns emerge.
(1) While onlapping TSTs occur in most ramp sequences
(Nabala to Middle Pirgu), thinner sequences lack clear TST
accumulations. (2) HSTs have a more consistent facies pattern
marked by one or more shallowing-upward packages in outer
shelf sections with limited erosion (most notably, the Middle
Pirgu Sequence in the Pérnu core). (3) Sequence boundaries
are characterized by hiatuses detected by biostratigraphic
and/or chronostratigraphic gaps, and by sedimentological
features such as karst and incised channels. In some cases,
ramp sequence boundaries are represented by facies offsets.
(4) Pre-Porkuni-age algal reef mounds occur in middle ramp
positions and may reach considerable thickness (25-50 m).
In contrast, the high-diversity Porkuni-age reef fauna forms low-
relief biostromes within shallow ramp grain-supported facies.
The shift in sequence boundary style from the Nabala—
Pirgu ramp sequences to the Porkuni sequences occurs in
response to higher-amplitude sea-level changes associated
with Hirnantian glaciations on an open-shelf profile. Despite
these differences, the sequences align with global eustatic
records (Haq and Schutter 2006; Cooper and Sadler 2012).

Sequences and basin development

Variations in sequence architecture document the devel-
opment of the north flank of the Livonian Basin. (1) The Nabala
Sequence lacks significant lateral facies differentiation
across the study area and is capped by a regional karst surface
(Calner et al. 2010). (2) The Vormsi Sequence is marked by
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a well-developed facies zonation from shallow ramp to deep
basin. The onlapping TST and prograding HST indicate sig-
nificant variations in lateral facies and depth, which resulted
in thicker accumulations along the updip northern part of
the study area. (3) The prograding ramps of the Lower and
Middle Pirgu sequences built an updip sediment wedge with
maximum accumulation in the Middle Pirgu Sequence across
central Estonia. This led to the formation of a low-energy
lagoon north of the high-energy deposits of the shallow ramp
and a broadening of the shallow ramp. (4) The thin Upper
Pirgu Sequence flooded over the shallow ramp but was trun-
cated by a sharp exposure surface. (5) The Porkuni sequences
record the development of an open shelf characterized by
sequence boundaries marked by updip channels, stratigraphic
hiatuses, and an LST at the base of the Upper Porkuni—Juuru
Sequence.

Superimposed on the gradual accumulation of the sedi-
mentary wedge, two subtle tectonic influences can be identi-
fied. The first relates to changes in ramp deposition between
the Nabala and Vormsi sequences across the study area.
The facies belts narrowed, deep basin shales appeared, and
prograding HSTs developed. This change coincides with the
widespread karst surface across Baltoscandia documented by
Calner et al. (2010). This shift occurred at a time of changing
tectonic geometries; Southwest Baltica (current orientation)
was subducting under Avalonia during the oblique closure of
the Tornquist Ocean (Winchester et al. 2002; Torsvik and
Rehnstrom 2003; Cocks and Torsvik 2005). Mazur et al. (2017)
indicated that the initial collision occurred at 450 Ma, the
estimated date of the Nabala—Vormsi boundary. This suggests
that the Nabala—Vormsi facies change was due to regional
subsidence changes related to tectonics. A second tectonic
signal emerges from the pattern of updip stratigraphic hi-
atuses. During most of the study interval, the accommodation
minimum was toward the Fennoscandian Shield to the north.
However, the Middle Pirgu HST is missing from the updip
cores in the western and northwestern areas of Estonia, in-
dicating that regional subsidence patterns were not uniform
across the study area.

Conclusions

The main results of this study involve sequence architecture,

stratigraphic gaps, and basin development.

1. The Nabala—Porkuni RSs can be divided into seven se-
quences (or partial sequences) based on the integration of
facies patterns, stratigraphic gaps, and varied chronologi-
cal data. Within these sequences, systems tract analyses
provide insights into the internal architecture of the
sequences and patterns of deposition.

2. The identification of stratigraphic gaps is critical to any
sequence stratigraphic interpretation. While many gaps
are widespread across the study area, others are more
local. Thus, the duration and position of gaps had to be
established in each core.

3. Nabala—Pirgu facies are a composite of carbonate ramp
sequences with thin TSTs overlain by thicker prograd-
ing HSTs. These built a broad platform characterized by

a landward lagoon. By Porkuni time, the ramp developed
into an open shelf with sufficient relief, allowing local
erosion and/or slumping along its basinward margin.

4. The sequence framework highlights the pattern of basin
development that responded primarily to eustatic sea-level
changes. Against this background, two subtle tectonic in-
fluences are detectable. The termination of the Nabala-age
ramp by a regional karst surface and the narrowing of the
profile may have been related to a plate-tectonic recon-
figuration. In addition, updip hiatuses indicate that re-
gional subsidence patterns varied through time.
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Eesti Ulem-Ordoviitsiumi faatsiesed, jarjendstratigraafia ja basseini areng

Mark T. Harris, Leho Ainsaar, Linda Hints, Peep Mannik, Tonu Meidla, Jaak Ndlvak,

Tory Schultz ja Peter M. Sheehan

Eesti aluspdhja Ulem-Ordoviitsiumi Nabala kuni Porkuni lademete (Ulem-Katy-Hirnanti) jarjendstratigraafiline
anallls aitab selgitada paleobasseini karbonaatsete settekomplekside levikut ja settimise arengut, muutusi
fauna ja susiniku stabiilsete isotoopide koostises ning kivimkehi piiritlevaid settellnki. Eri tlilipi tunnuste in-
tegreerimine vdimaldab eristada settebasseini arengus seitset etappi ehk sekventsi: (1) Nabala (Paekna ja
Saunja kihistu), (2) Vormsi (Kérgessaare, Tudulinna ja Fjacka kihistu), (3) Alam-Pirgu (Moe ja Jonstorpi kihistu),
(4) Kesk-Pirgu (suurem osa Adila ja Halliku kihistust, Jelgava ja Parovéja kihistu), (5) Ulem-Pirgu (Adila kihistu
Kabala kihistik, osa Halliku kihistust), (6) Alam-Porkuni (suurem osa Arina kihistust) ja (7) Ulem-Porkuni-Juuru
sekvents (Arina kihistu Kamariku kihistik ja Salduse kihistu, Koigi ja Puikule kihistik). Meretaseme siigavaim ma-
dalseis kajastub ainult kdige Ulemises sekventsis. Sekventside transgressiivseid etappe iseloomustab vanu-
seliselt nooremate setendite levik ranniku suunas. Sekventside kérgseisu kulg koosneb Uhest v6i mitmest
lilespoole madalduvast settetsiiklist. Settejarjestused kajastavad nii madal- kui ka siivaveeliste faatsieste
nihkumist basseini keskosa suunas, mis jatkus kuni Liivi basseini pohjaosa settimisruumi téitumiseni setetega
Porkuni eal. Maailmamere taseme eustaatilised langused, mis olid peamised sekventsipiire markeerivate set-
tellinkade tekitajad, olid suurima amplituudiga Hirnanti mandrijadtumise episoodi ajal Porkuni eal. Faatsieste
sligavusliku diferentseerumise stivenemine Nabala ja Vormsi ea vahetusel langeb ajaliselt kokku Baltika ja Ava-

loonia mandrilaamade kollisiooni algusega.
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ABSTRACT

This study focuses on the description and interpretation of the origin of dolocretes and their
siliciclastic host rocks in the upper part of the Amata Formation (Fm) in four exposures in
Latvia. The dolocretes occur in at least four intervals. The composition and structure, as well
as stable oxygen and carbon isotope data of the two upper dolocrete intervals, suggest that
they developed in soils. The dolocretes correspond to an episode of climate change from
warm, moist to drier and hotter conditions, which started in the Late Givetian and continued
to the Early-Middle Frasnian. They formed during a short-lived sea-level fall, which took place
after a longer sea-level rise trend. The diversity of vertebrate fossils decreases from the lower
to the upper part of the Amata Fm, which is consistent with the sea-level fall and gradual
climate change marked by the studied dolocretes in the upper part of the Amata Fm.

Introduction

The Amata Formation (Fm) of Latvia and Estonia corresponds to the lowermost part
of the Frasnian (Fig. 1). In terms of lithologic composition, it belongs to the upper-
most part of a dominantly siliciclastic succession representing the Lower Devonian
to the lowermost Upper Devonian. The sites studied here are in the Main Devonian
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Fig. 1. Lithology and fossils of the Givetian and Lower-Middle Frasnian deposits in Latvia
(modified from Luk$evi¢s and Stinkulis 2018). 1 - sandstone, 2 - siltstone and clay, 3 - grey
very fine clay, 4 - limestone, 5 — dolostone, 6 - clayey dolostone, 7 — dolomitic marl,

8 — clayey dolomitic marl, 9 — quartzose sandstone, 10 — quartz gravel and pebbles,

11 — dolocretes, 12 — gypsum rocks, 13 — unconformity surfaces, 14 — algae and plant
macroremains, 15 — spores of algae, 16 — stromatopores, 17 — ostracods, 18 — conchostracans,
19 — eurypterids, 20 - bivalves, 21 - gastropods, 22 — cephalopods, 23 - articulate
brachiopods, 24 - lingulate brachiopods, 25 — echinoderms (crinoids), 26 — agnathans,

27 - fishes, 28 - trace fossils.
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Field (MDF), which covers the territory of the Baltic States
and the Pskov, Leningrad, and Vologda oblasts of Russia.
The western part of the MDF (WMDF) was a shallow epeiric
basin in the southeastern part of the Euramerica continent
(Luksevics et al. 2012; Scotese 2014). The Amata Fm is com-
posed of fine-grained sandstones and clayey deposits, and is
considered as a transgressive unit (Kurss 1992) and inter-
preted as tidally dominated estuarine deposits (Pontén and
Plink-Bjorklund 2009).

Carbonate formations in the upper part of the Amata Fm
of Latvia were noted (Kurss et al. 1981a; Kurss 1992), but
the conditions of formation of carbonate nodules were usually

not interpreted. However, such nodules were never reported
from the Amata Fm of Estonia (Kleesment and Mark-Kurik
1997) or from the upper part of the Sventoji Fm of Lithuania
(Narbutas 1981, 2004). Recently, such carbonate nodules and
layer-like bodies interpreted as dolocretes were found at al-
most every site in Latvia where the upper part of the Amata Fm
is exposed, suggesting that the dolomitic formations dis-
cussed here were probably formed over an area of hundreds
to thousands of square kilometres. Dolocretes were docu-
mented in the western part of Latvia, the historical region of
Kurzeme (Stinkulis and Spruzeniece 2011; Fig. 2), and at
several levels in the upper part of the Amata Fm in Vizuli

e Sites with dolocretes B
in the Amata Fm

Meltufi

Fig. 2. Study area and sites. A - location of Latvia in northern Europe. The blue dashed line marks the distribution limit of the Upper Devonian
deposits in the western part of the Main Devonian Field. B - location of the study area and sites with dolomite concretions in the upper
part of the Amata Formation (contours from Eurostat). C — location of the study sites (LiDAR of Latvia; kartes.geo.lu.lv). Coordinates of the
study sites: Tjaki Rock 57°13'29.2" N, 25°13'33.4" E; Vizuli Rock 57°13'30.4” N, 25°13'24.2" E; Dolomite Cliffs 57°13'39.8" N, 25°13'26.4" E;

Ainavas Cliffs 1 57°14°08.8” N, 25°11'38.7" E.



Rock (Pipira et al. 2015) in the historical region of Vidzeme.
Detailed field and laboratory studies in the upper part of the
Amata Fm in Vizuli Rock allowed us to suggest that ground-
water processes most likely influenced dolocrete formation
in the lower part of the outcrop, while soil processes and
subaerial exposure influenced the formation of massive and
nodular dolocretes in two intervals in the upper part of the
outcrop section (Pipira et al. 2015). The features of soil pro-
cesses testify to a regressive development in the upper part
of the Amata Fm. The general interpretation of the Amata Fm
as tidally dominated estuarine deposits (Pontén and Plink-
Bjorklund 2009) and the occurrence of dolocretes in the upper
part of the formation (Pipira et al. 2015) make the situation at
the end of the Amata time controversial, as to when and how the
transgressive development turned into regressive development.

Dolocretes are carbonate crusts composed mainly of dol-
omite of groundwater-related or pedogenic origin. Calcretes
or caliche, which consist mainly of calcium carbonate min-
erals, are the better known, more frequently documented, and
more widespread analogues of dolocretes. However, both
types of carbonate crust form near the Earth’s surface due to
the influence of phreatic (groundwater calcretes and dolo-
cretes) or vadose (pedogenic calcretes and dolocretes) con-
ditions, and the precipitation of authigenic calcium carbonate
in the host rock (Wright and Tucker 2009). The identification
of the origin of a carbonate crust — groundwater or pedogenic —
is often not an easy task. Pedogenic calcretes can be identified
by several features, mostly their pattern of vertical changes
in the soil profile (Goudie 1973), as well as by abundant
biogenic features (Wright and Tucker 2009). Groundwater
calcretes are often of massive fabric. They lack internal
horizons and biogenic features but have sharp boundaries
(Wright and Tucker 2009).

Subsequent diagenetic processes may preserve the orig-
inal mineral composition of the calcretes or transform them
into dolocretes, e.g. due to fast precipitation of calcium car-
bonate, which causes a systematic decrease in the Ca/Mg ratio
in groundwater and the progressive replacement of calcite
by dolomite (Dixon 2010). Nowadays, calcretes usually form
in arid to semiarid climates with a mean annual precipitation
of less than 500—600 mm (Alonso-Zarza 2003). During the
Pleistocene, dolocretes developed even as far from the equator
as southern Australia (Dixon 2010), where the climate cycled
rapidly between icehouse phases with cold, dry conditions
and greenhouse phases with warmer and wetter conditions.
The presence of calcretes and dolocretes indicates possible
breaks in sedimentation and subaerial exposure over time;
they are thus important indicators of certain palacogeographic
and palaeoclimatic conditions (Wright and Tucker 2009).
However, the causes of dolocrete formation at the end of the
Amata Regional Stage (RS) still remain poorly understood.

The composition of deposits within the WMDF changes
from mainly sandy sediments of the Middle Devonian
section, including the Gauja Fm, and quartz sands of the
Sietini Fm, to gypsum-rich deposits of the Salaspils Fm
(Fig. 1), obviously indicating a climate change from humid
to arid. The dolocretes of the Amata Fm formed just before
the basin-wide conversion from siliciclastic to carbonate
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deposition, and their study can help to understand the reasons
for these changes. The aim of this study is the interpretation
of the conditions of dolocrete formation and the sedimentary
environment of their siliciclastic host rocks in the upper part
of the Amata Fm. Data on the sea-level and global climate
changes close to the Givetian—Frasnian boundary are also
briefly discussed. The distribution of fossils in the Amata Fm
is analysed as well. This study should allow the identification
of the transgressive or regressive development trends during
the formation of the deposits of the Amata Fm and the trends
of climate changes during the same time.

Geological setting

The Amata Fm in Latvia and Estonia forms the upper unit in
the Lower Devonian to lowermost Upper Devonian domi-
nantly siliciclastic succession, cropping out in a relatively
narrow belt known as the MDF, in the northwestern part of
the East European Platform. This area of exposed Devonian
deposits consists of two parts separated during the post-
Visean denudation. The WMDF continues through Estonia,
Latvia, Lithuania, the eastern part of the Baltic Sea floor, and
the northern part of Belarus, which is sometimes referred to
as the Devonian Baltic Basin (Pontén and Plink-Bjorklund
2009) or the Baltic Devonian Basin for convenience (LuksSevics
et al. 2012). The eastern part corresponds to the territory of
the Leningrad, Pskov, Novgorod, and Vologda regions of
northwestern Russia (e.g. Luksevics et al. 2018). The Devonian
succession in the WMDF is represented by various silici-
clastics, dolomites, limestones, gypsum rocks, and mixed-
type deposits. There are distinct changes in the composition
of deposits from the upper Givetian to the Lower-Middle
Frasnian in the WMDF.

The deposits corresponding to the Gauja RS, upper Givetian,
are represented by fine- to coarse-grained sandstones, as well
as siltstones and clays (Kurss et al. 1981c). Three formations
correspond to the Gauja RS in Latvia (Fig. 1). The Gauja Fm
(western and central part of the WMDF) is composed of quartz-
feldspar sandstone, illite clays, and siltstones. The Sietini Fm
(lower part of the Gauja RS in the northeastern part of
the WMDF) is represented by white quartzose sandstones.
High quartz content in the light mineral fraction, as well as
dominance of zircon, tourmaline, and staurolite in the heavy
transparent mineral fraction, indicates that the deposits were
influenced by strong chemical weathering (Kurss 1992).
The Lode Fm (upper part of the Gauja RS in the northeastern
part of the WMDF) is composed of clays and siltstones. The con-
tent of kaolinite is higher in the clayey deposits in comparison
with other intervals of the Devonian siliciclastic succession
of the WMDF, which also indicates the influence of continen-
tal chemical weathering (Kurss 1992). The deposits of the
Gauja RS formed in delta plain to delta slope settings (Pontén
and Plink-Bjorklund 2007). Both the Gauja and Amata Fms
of Latvia correspond to the undivided Sventoji Fm in Lithuania,
which consists of sandstones, siltstones, and clays deposited
in a lagoonal environment (Narbutas 2004).

The Amata Fm corresponds to the Amata RS, which in
Latvia is attributed to the lowermost Frasnian, just above the
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Table 1. Stratigraphy of the Givetian to Middle Frasnian in the Main Devonian Field (based on Narbutas 2004; Ivanov et al. 2012; Mark-
Kurik and Poldvere 2012; LukSevi¢s and Stinkulis 2018; LukSevics et al. 2018; Plax and Zaika 2020)
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Givetian—Frasnian boundary (Luksevics and Stinkulis 2018).
Deposits corresponding to the Amata RS are widely dis-
tributed in the Baltic countries and the northwestern part of
Russia. Several formations correspond to the Amata RS in
the territory of the MDF (Table 1).

The overlying Plavinas Fm (Lower—Middle Frasnian) in
Latvia is composed of dolomites, dolomitic marls, and clays
(Fig. 1). Dolomite pseudomorphs after halite are present in
dolomitic marls of the lower part of the Plavinas Fm (Sorokin
1981), indicating at least episodic development of a hyper-
saline environment. The dominant part of the formation is
composed of pure dolostones, rather often containing stroma-
toporoid, gastropod, and brachiopod fossils. These deposits
formed in a marine basin with normal salinity (LukSevics
et al. 2012).

The Plavinas Fm is followed by the Salaspils Fm (Middle
Frasnian), represented by carbonate deposits, clays, and gyp-
sum rocks (Fig. 1). The composition of sedimentary rocks
varies significantly both in individual sections and across the
distribution area. The gypsum-rich deposits likely accumu-
lated in restricted hypersaline lagoons or bays, which devel-
oped among the parts of the basin with less saline water.
The association of organisms is much poorer than in the
Plavinas Fm (Sorokin 1981; LukSevicCs et al. 2012). After the
accumulation of deposits of the Salaspils Fm until the end of
the Frasnian, the composition of the deposits changed several
times from carbonate to sandy and clayey, and back. During
the Famennian, the epicontinental basin retreated to the south-
west, but the composition of the deposits changed several
times from predominantly carbonate to mainly siliciclastic
(Luksevics et al. 2012).

The factors that influenced such repeated, considerable
changes in the composition of deposits during the devel-

opment of the WMDF basin have not been studied in detail.
Nevertheless, the above-mentioned changes from sandy
sediments of the Gauja Fm and quartz sands of the Sietini Fm
to gypsum-rich deposits of the Salaspils Fm obviously indi-
cate a climate change from more humid to arid. The dolo-
cretes of the Amata Fm formed just before the basin-wide
conversion from siliciclastic to carbonate deposition, and
their study can help to understand the reasons for these
changes.

Due to the lack of conodonts in the siliciclastic deposits
of these formations and the impossibility of precisely cor-
relating miospore and regional vertebrate zones with standard
conodont zonation, the age of the Amata RS in the territory
of the MDF is still controversial (Luksevics et al. 2012,
2018). At least four versions of the position of the boundary
between the Middle and Upper Devonian in the MDF have
been proposed in the past: between the Burtnieki and Gauja
RSs, between the Gauja and Amata RSs, within the Amata
RS at the base of the Podsnetogorskie beds, and at the base
of the Snetnaya Gora beds of the Plavinas RS (for a detailed
discussion see Esin et al. 2000; Mark-Kurik and Poldvere
2012; Luksevics et al. 2018).

In the most recent studies, the base of the Amata RS
has been usually accepted as the boundary between the
Middle and Upper Devonian. The deposits corresponding to
the Amata RS — the Amata Fm in Latvia and Estonia, the
upper part of the Sventoji Fm in Lithuania, the Zhelon beds
and Degtyarevo Fm in Belarus, and the Staritsa and Podsneto-
gorskie beds in northwestern Russia, or at least their upper
part — have most commonly been treated as the earliest
Late Devonian in age (Kruchek et al. 2001; Luksevics et
al. 2012, 2018; Mark-Kurik and Pdldvere 2012; Glinskiy and
Mark-Kurik 2016; Plax and Zaika 2020).



All these lithostratigraphic units are characterised by
a moderately diverse fossil fish assemblage corresponding to
the Bothriolepis prima and B. obrutschewi vertebrate zones
for the lower and upper parts of the Amata RS, respectively
(Esin et al. 2000; Luksevics et al. 2018). At least 21 vertebrate
taxa were reported from the Amata RS (Esin et al. 2000),
but only 18 of them were recorded in the Amata Fm in Latvia
(Lyarskaya and Luksevics 1992). Invertebrates have not
been found in the deposits of the Amata Fm; there are only
rare records of conchostracans in the upper part of the
formation (Lyarskaya 1981).

All four sections described in this study are located on
both banks of the River Amata downstream of the Melturi
settlement and bridge, at a total distance of 2 km from each
other (Fig. 2). This outcrop belt is likely the best exposure
area for the Amata Fm in Latvia, especially its dolocrete-
bearing upper part. Dolocrete samples from Ilaki Rock,
Dolomiti Cliffs, and Ainavas Cliffs 1 were collected for sedi-
mentological, mineralogical, and geochemical analyses, in-
cluding the analysis of stable carbon and oxygen isotopes.
The site Ainavas Cliffs 1 is named differently from another ex-
posure known as Ainavas Cliffs, which is located 300 m to
the northeast of Ainavas Cliffs 1. Dolocretes from Vizuli Rock
were analysed and interpreted in previous studies (Pipira
et al. 2015), and these data are used here for comparison.

Materials and methods

Detailed logging of the Devonian succession was carried out
for four outcrops along the River Amata downstream of the
Melturi settlement and road bridge in northern Latvia (Fig. 2).
During the field studies, the macrostructures, texture, and
bedding of the Amata Fm deposits were studied and geo-
logical sections were compiled. Vizuli Rock was documented
by Daiga Pipira and Girts Stinkulis in 2013, Ainavas Cliffs 1
by Ginta Vasilevska and Girts Stinkulis in 2016, and Ilaki
Rock and Dolomiti Cliffs by Marianna Meire-Karkle in 2017.
The sedimentological logs were constructed for the upper part
of the Amata Fm (5.2-7.9 m thick) and the lowermost part of
the overlying Plavinas Fm. Lower portions of the Amata Fm
were not documented, because the deposits do not contain
notable dolomite nodules, veins, or other features of pedo-
genic or groundwater-related geological processes. The silici-
clastic deposits of the Amata Fm in their whole thickness
have been documented in detail by Pontén and Plink-
Bjorklund (2009).

Vizuli, Ilaki, and Dolomiti sections were sampled for
further analysis of dolocretes in polished specimens, thin
sections, and for geochemical investigation. Samples were
taken from every part of the successions that contain dolomite
concretions and veins. Due to the presence of metres-thick
pure siliciclastic intervals and the irregular distribution of
carbonates, the frequency of sampling varies considerably in
the sections. Dolocretes were documented in polished slabs
and thin sections (11 from Vizuli, 13 from Dolomiti, and 24
from the Tlaki site) prepared at the Department of Geology,
Faculty of Science and Technology (previously the Faculty
of Geography and Earth Sciences), University of Latvia.
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Stable carbon and oxygen isotope compositions (5'%0
and 3'3C) were analysed in the dolomicritic material of dolo-
crete samples. The dolocrete material taken from the I]aki
(24 samples) and Dolomiti (13 samples) outcrops was ana-
lysed by Tonu Martma at the Tallinn University of Tech-
nology. The dolocrete material from Vizuli Rock (11 samples)
was analysed at the University of Tartu. The weight of samples
was 0.4—-1.9 g. Sampling was performed on the surface of
polished specimen slabs, with a drill designed for ceramic
and glass drilling. Veins were mainly sampled, but some
admixture of matrix material may have occurred. The ma-
terial was taken from dolomicrite, possibly also from coarser-
crystalline dolomite, but without admixture of clay or calcite.
In both laboratories (Tallinn University of Technology and
University of Tartu), the samples for stable carbon and
oxygen isotope analyses were powdered to a fine silt size with
a ceramic pestle and mortar and then treated with 99%
phosphoric acid at 70 °C for 2 h in a GasBench II preparation
line connected online to a Thermo Scientific Delta V Advan-
tage continuous flow isotope ratio mass spectrometer.

At the Tallinn University of Technology, the samples
were measured using three standards (for each GasBench row
there were three standards and five samples): laboratory
standard TLNC1 8'3C = 2.2%o, 8'30 =-9.11%0; KH2 (DDR)
313C =1.97%o, 5'30 =-2.96%0; NBS18 (IAEA) '3C =-5.01%o,
8180 = -23.0%0. TLNC1 was calibrated using international
IAEA standards: NBS19 83C = 1.95%0, 8'80 = —2.2%o;
LSVEC §'3C = —46.6%o0, 580 = —26.47%0; NBS18 §'°C =
—5.01%o, 8'30 =-23.0%o. At the University of Tartu, the mea-
surements were performed according to IAEA standards:
NBS19 §3C = 1.95%o, 5'%0 =-2.2%0; LSVEC 8'3C = —46.6%o,
8180 = —26.47%0; NBS18 8'3C = —5.01%o, 8'%0 = —23.0%o.
Analytical precision (26) was 0.1%o. The results are expressed
as per mil deviations relative to the Vienna Peedee Belemnite
(VPDB) scale for oxygen and carbon. The reproducibility
of replicate analyses was better than +0.1%o for 3'%0 and
+0.1%o for 3'3C. In all cases, oxygen isotope values were
corrected for dolomite acid—CO, fractionation; the factor
o= 1.00913 (Rosenbaum and Sheppard 1986).

The geological logging and the results of field and lab-
oratory analyses of Vizuli Rock have been partly published
previously (Pipira et al. 2015). These data are also used for
comparison and additional interpretations, which are provided
in the present study.

Results

Siliciclastic deposits of the upper part of the Amata
Formation

A general fining-upward trend occurs in the studied upper
part of the Amata Fm. The lower part of the documented
interval of the Amata Fm, 1.8-4.2 m thick, is composed of
very fine-grained to fine-grained trough cross-bedded sand-
stones, with 0.1-0.3 m thick cross-beds (Fig. 3). The sand-
stones are light coloured, rich in an admixture of greenish-
grey mica material. Trough cross-bedded sand accumulated
in lingoid subaqueous dunes, which migrate in rapid traction
currents (Pontén and Plink-Bjorklund 2007). More rarely, the
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deposits are parallel-bedded, which indicates either the
existence of low, flat subaqueous dunes, or lower energy
settings.

The mica admixture allows to distinguish well-expressed
tidal rhythmites (tidal bundles), which indicate the influence
of tidal processes on sedimentation (Davis 2012). Greyish
and greenish clay clasts are also present in the sandstone.
In rare cases, the sandstone exhibits current ripple-lamination
structures. Studies of complete successions of the Amata Fm

indicate that such very fine-grained to fine-grained cross-
bedded sandstones with tidal features are typical of this
formation in general (e.g. Pontén and Plink-Bjorklund 2009;
Stinkulis and Upeniece 2011).

Rather homogeneous, very fine-grained, more rarely fine-
grained sandstones, with a few interlayers of clayey to silty
material, follow in the next 1.5-2 m of this succession
(Fig. 3). The siliciclastic material of the uppermost part of the
Amata Fm, 1.5-2.1 m thick, is represented by an alternation



of claystones and siltstones with very fine-grained to fine-
grained sandstones. The lack of sedimentary structures in the
upper part of the Amata Fm complicates the interpretation of
its sedimentary setting; however, the fining-upward trend of
the siliciclastic deposits and the increasing importance of
clayey material indicate a decrease in the energy of the en-
vironment. Tidal bundles or other structures indicating tidal
processes were not found in the upper 4.5-5 m of the suc-
cession. The Amata Fm deposits do not contain any fossils in
the outcrops studied, except for very rare fragmentary verte-
brate bones (Fig. 4B), which are difficult to identify.

Succession of dolocretes and their peculiarities

Dolomitic nodules are rare in the lower part of the Amata Fm
(Kurss 1992), which was not examined in this study. In the
upper part of the formation, 5.2—7.9 m thick, there are up to
four well-expressed intervals of hard dolomite nodules and
rather homogeneous, massive layer-like bodies (Fig. 3),
which have been interpreted as dolocretes (Stinkulis and
Spruzeniece 2011; Pipira 2015). The dolocrete intervals can
likely be correlated by their position in the geological section
of the Amata Fm, lithological properties, and stable carbon
isotope data. The main principles used in the tentative cor-
relation were as follows:
1. Distance of dolocrete intervals from the well-expressed
boundary between the Amata and Plavinas Fms;
2. Vertical distance of dolocrete intervals from each other;
3. Presence of a layer of siliciclastic deposits with prob-
lematic subvertical structures between the dolocrete in-
tervals 3 and 4 (see below).

We would like to point out the existence of at least four
dolocrete intervals in the documented sections. The lower-
most carbonate-rich part of the documented successions
(interval 1) is represented by nodular and vein dolocretes 7 m
(Ainavas Cliffs 1) and 7.5 m (Vizuli Rock) below the top of
the formation (Fig. 3). The dolocrete nodules, more rarely
subvertical and oblique veins, occur in very fine-grained to
fine-grained sandstone. Dolomite nodules are almost absent
in the next 2 m of the succession, then their content increases
upwards until they form a distinct layer-like nodular to rather
homogeneous body, mainly in very fine-grained to fine-
grained sandstones 3—4 m below the top of the Amata Fm
(interval 2). Nodules and their concentrations are present
above this level, but the next considerable dolocrete (inter-
val 3) is 1.7-2.5 m below the top of the Amata Fm. The inter-
val is also represented by nodular to massive dolocrete, which
occurs in clayey siltstone to fine-grained sandstone host rock
(Figs 3 and 4A). Dolomite nodules are almost absent above
this level in Ainavas Cliffs 1 and Dolomiti Cliffs, but one
more nodular dolocrete formation (interval 4) occurs in clayey
to silty deposits 0.2—1.2 m below the top of the Amata Fm in
Vizuli Rock and Tlaki Rock.

The maximum thickness of these dolomitic formations is
0.3 m for the massive layer-like dolocretes in Ainavas CIiffs 1
(intervals 1 and 2) and Vizuli Rock (interval 3). Interval 2 in
most of the studied outcrops (Ainavas Cliffs 1, Dolomiti, and
Vizuli sites) shows a gradual increase in dolomite abundance
in a 1.2 m-thick part of the section. Siliciclastic deposits with
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Fig. 4. Deposits of the upper part of the Amata Fm in Ainavas
Cliffs 1. A — platy formations of dolocretes (mainly interval 3).
B - vertebrate remains (1) and a dolomite pseudomorph after
halite (2) in sandstones at the top of the Amata Fm, just below
the dolomitic marls of the Plavinas Fm. Photos by G. Stinkulis,
September 2014.

separate dolomite nodules grade upwards into a massive,
layer-like dolocrete formation.

A peculiar feature — a dolomite pseudomorph after halite —

was found on the surface of the topmost sandstone layer of

the Amata Fm in the Ainavas Cliffs 1 (Fig. 4B). Dolomite
pseudomorphs after halite are rather typical of the lowermost
part (the Koknese Member (Mb)) of the overlying Plavinas
Fm (Sorokin 1981). The halite crystal remnant on the top
surface of the Amata Fm indicates the existence of an arid or
semiarid climate during that time.

In addition to dolomite as the main mineral of dolocretes,
the Amata Fm contains quite abundant calcite admixture in
the shape of globular and platy formations (Fig. 5). The cal-
cite is usually related to porous, pure sandstones and has
poikilotopic, as well as drusy, equant morphology. The size
of calcite crystals changes from tens of millimetres to
2 x 3 cm. Its relationships with dolomite in thin sections allow
the interpretation that crystallisation of calcite post-dated
even the latest generation of dolomite (Stinkulis 1997). Based
on carbon stable isotope and trace element analyses, the
calcite is interpreted as having crystallised from groundwater
of meteoric origin, most possibly related to palaeokarst events
after the Devonian (Vernera and Stinkulis 2018). The calcite
is not related to the formation of the dolocrete; therefore, we
do not discuss its isotope data in this study.
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Fig. 5. Sandy and clayey dolocrete with secondary calcite.
Dolomite (Dol) is associated with clayey material (Cl) and occurs
as irregular, branched formations. This irregular distribution
indicates that the carbonate material did not precipitate from
basin water, but formed in already accumulated siliciclastic
deposits. Calcite (Cal) is red due to staining of the thin section by
alizarin-S solution. The distribution of calcite in sandstone pores
among quartz (Qz) grains and in vugs of dolocrete indicates that it
is the latest generation of carbonate minerals. Tlaki Rock, interval 3.
Thin-section photomicrograph, parallel polarisers. The image was
created by gluing together several printed photos. Photos and
assemblage by G. Stinkulis, March 1997.

Internal structure and texture of dolocretes

Studies of polished samples and thin sections supplement the
descriptions and interpretations of dolocretes mentioned
above. Under a microscope, it can be seen that dolomite is
distributed as veins in the massive, layer-like dolocretes
(Figs 6A—C and 7A—C). The matrix of massive, layer-like
dolocrete bodies is looser than the veins and is represented
by almost non-cemented to medium-cemented siliciclastic
deposits. The matrix of the dolocretes depends on the host
rock composition. In clay- and silt-dominated deposits, it is
similar to non-carbonate clayey rocks, but sandstones contain
irregularly, patchily distributed dolomite cement. Often the
dolocrete matrix is of mixed clayey to sandy composition,
and then the dolomite cement is mainly associated with the
sand material.

The texture of the veins also depends on the siliciclastic
host rock. In sandstones, they are not pure veins, but parts of
the sandstone matrix with micritic or dense, equant, pore-
filling to poikilotopic cement with crystal sizes up to 1 mm.
In clayey and silty deposits, the veins are of pure dolomitic
composition or contain irregularly distributed inclusions of
the surrounding material. The dolomite is represented by
micrite to crystals up to 0.4 mm in size. The dolomite veins
are irregular, often radially branched (Fig. 6C), but they form
a circumgranular pattern (Figs 6A, 7A, 9A, B). Boundaries
between the veins and the matrix are quite sharp in clayey
deposits (Fig. 7A), but rather gradual in sandy deposits
(Fig. 7B).

Fig. 6. Structures of dolocretes in polished specimens, under the
reflected light microscope (A, B) and in outcrop (C). All samples
are from Vizuli Rock. A —irregular network of dolomite veins with
a tendency towards a downward direction in massive dolocretes.
Circumgranular cracks in the lower part of the figure are indicated
by arrows. B — irregular dolomite veins and roundish honeycomb
structures in massive dolocretes. C — honeycomb structures
developed on the surface of a massive dolocrete layer. Radially
branching dolomite veins are in the upper right corner of the
photo. Photo A modified from Pipira et al. (2015); photos B

and C by D. Pipira, January 2013.

Honeycomb structures are widespread in the dolocretes
of the Amata Fm, especially in intervals 2 and 3 (Fig. 6B, C).
The structures are formed by a network of dolomite veins,
which are usually 1-2 mm wide. Bluish and greenish clayey
material forms infillings ranging from several millimetres to
2 cm wide between the veins. The clayey fraction is domi-
nated by illite with minor chlorite (Pipira et al. 2015); how-
ever, the origin of the colour has not been studied yet. This
is probably related to the presence of Fe (II) oxides in the
deposits, as discussed by Kurss (1992).

The dolocrete intervals 3 and 4 are better developed and
richer in indicative structures than intervals 1 and 2. Thus, do-
locrete interval 3 in the Ainavas Cliffs 1 (Fig. 4A) and Vizuli
Rock shows the well-developed profile:

1. The nodular dolocretes in the lower part;

2. A massive dolocrete horizon in the upper part;

3. Honeycomb structures with poorly pronounced features
of laminar (fine lamination) structures, as well as incipient
laminar structures on the surface of the massive dolocrete.
Dolocrete interval 4 (nodular dolocrete) in Vizuli Rock

also demonstrates honeycomb structures. Microkarst pockets

are recognised on the surface of a dolomite nodule (Fig. 7D).
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Fig. 7. Dolocrete microstructures in a polished specimen (A) and thin sections (B-D). A - relationships between dolomite and clay in
dolocrete: DV - dolomite veins, CN - clay within the network of dolomite veins, RC - rounded, circumgranular veins. Tlaki Rock, interval 3.
The rectangle shows the location of the thin section (B). B - thin, irregular, dolomicrite veins in the matrix of fine-grained sandstone with
dolomite cement. Tlaki Rock, interval 3. Thin section, transmitted light, parallel polarisers. C — network of dolomite veins (a; marked with
yellow dashed lines) within a fine sandy to clayey matrix. Massive dolocretes in Vizuli Rock, interval 3. Thin section, transmitted light,
parallel polarisers. D — microkarst features (indicated by arrows) on the upper surface of a dolomite nodule (hodular dolocretes) in Vizuli
Rock, interval 4. Thin section, transmitted light, parallel polarisers. Photos A and B by M. Meire-Karkle, March 2018; photos C and D from

Pipira et al. (2015).

These are V-shaped depressions in the dolomitic material,
0.5-1 mm wide and 1-2 mm long, which developed in dolo-
mite and are filled with clayey material (Pipira et al. 2015).

Stable isotope data

The stable carbon isotope (8'3C) values for the studied do-
locretes of the Amata Fm range from —8.9 to —5.7 %o, and
the stable oxygen isotope (5'0) values range from —8.8 to
—4.7 %o (Fig. 8). The most negative 3'3C values in the
dolocretes of the Amata Fm are documented in the upper parts
of intervals 3 (Dolomiti and Vizuli outcrops) and 4 (Vizuli
and Tlaki outcrops). This is consistent with evidence of
subaerial exposure found exactly in intervals 3 and 4 (Fig. 3).
Moreover, the dolomite formations of these intervals are
among the best-expressed, most massive ones. Conversely,
the two most positive values of both §'*C (~5.7 to —5.9 %o)
and '30 (4.9 to —4.7 %o) in the Dolomiti Cliffs correspond

to the uppermost part of the section, but the dolomite con-
cretions there are sparsely distributed.

Dolocrete 3'80 values in the documented sections are on
average 1-1.5 %o higher (more positive) than §'3C values.
There is a general covariance between §'3C and §'%0 (Fig. 8);
Pearson’s correlation coefficient is 0.76 (N =49, P = 0.01)
(Fig. 3).

Despite the overall trend, small positive excursions of
oxygen values in several intervals are consistent with small
negative excursions of carbon values. These trends occur in
the following intervals in the studied logs: 2.6.—2.7 m and
2.9-3.0 m in Ilaki Rock, 2.5-3.0 m in the Dolomiti Cliffs, as
well as 3.8-5.4 m and 6.5-6.7 m in Vizuli Rock (Fig. 3). They
correspond to the intervals of the sections where the silici-
clastic deposits are enriched in dolomite concretions and veins,
but not always to the upper parts of these intervals. These
excursions, with a few exceptions, are only about 0.2—0.5 %o,
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Fig. 8. Stable oxygen and carbon isotope diagram of dolomite
from concretions, nodules, and platy formations of the Amata
Formation in all studied sections. Abbreviation: VPDB - Vienna
Peedee Belemnite.

which is close to the precision of the stable isotope analyses.
Furthermore, the samples for the isotope analysis were taken
from carbonate concretions, which are irregularly distributed
in the geological section. Large intervals are composed of
pure siliciclastic rocks. The results of oxygen isotope analyses
may additionally be affected by dolomitisation and other
diagenetic changes; thus, they should be rather interpreted
with caution. This limits the reliability of the interpretations
of isotope data, especially oxygen-isotope data, in this study.

Discussion
Influence of subaerial exposure and diagenetic
changes suggested by stable isotope data

The negative stable carbon and oxygen isotope values for the
studied dolocretes of the Amata Fm are typical of calcretes
and dolocretes described in the literature (Kearsey et al. 2012;
Rameil et al. 2012; Diaz-Hernandez et al. 2013; Casado
et al. 2014): 8'3C from —11 to 1%o in calcretes and from
—8 to 3%o in dolocretes; §'%0 from —14 to —2%o in calcretes
and from —8 to 2%o in dolocretes. As calcretes and dolocretes
form from carbonates supplied either from soil or ground-
water (Tucker and Wright 2009), their stable isotope values
represent these environments.

The negative stable carbon isotope values indicate the
presence of soil, because the decomposition products of plant
material have a relatively high proportion of the light carbon
isotope. This process could be accompanied by the influence
of carbon from meteoric waters, which would also cause a
decrease in the carbon isotope ratio. Both these features point
to subaerial exposure processes (Diaz-Hernandez et al. 2013;
Casado et al. 2014). The most negative stable carbon isotope
values, being lower than —8%., in all studied sections of the
Devonian Amata Fm occur near or at the dolocrete intervals 3
and 4 (Fig. 3), where the features of subaerial exposure were
found, which support this suggestion.

The oxygen values for terrestrial carbonates, including
those formed in soils and shallow groundwaters, usually are
negative, because they form under the influence of meteoric
waters (Sharp 2017). It corresponds well to the results of this

study on the formation of dolomite concretions under the
influence of surface processes.

In contrast to the carbon values, §'80 values may show a
positive trend near subaerial unconformity surfaces, because
the ratio of '30/'°0 there decreases due to evaporation. As a
result, the oxygen isotope curves at unconformity surfaces
reverse the carbon isotope values (Goldstein 1991). This,
however, is not typical of calcretes, which form in non-
carbonate substrates due to rapid downward migration of
meteoric water, protecting the water from evaporation
(Swart 2015). The influence of evaporation might help to
explain the small positive excursions of oxygen values in
several intervals of the Amata Fm, which correspond to small
negative excursions of carbon values in relatively dolomite
concretion-rich parts of the studied sections.

Diagenesis also lowers the 3'%0 value (Swart 2015;
Sharp 2017); therefore the explanation of the 3'30 values
and their variation in the studied sections is more complicated
to explain. Moreover, post-sedimentary processes can in-
fluence 5'30 values to a much larger degree than 3!3C values.
This is related to differences in the sources of oxygen and
carbon. Carbon can be supplied only from organic matter and
CO,, but oxygen is provided also by water molecules (Melezhik
et al. 2004). This means that a much larger water/rock ratio
is necessary to change the primary carbon isotope proportions
than the oxygen isotope proportions. Thus, it is possible that
the carbon values are better preserved than the oxygen values
in the studied deposits of the Devonian Amata Fm.

The general trends of covariance of stable oxygen and
carbon isotope values can be interpreted as linked to meteoric
diagenetic fluids (Sharp 2017).

Origin of studied dolomite concretions, veins, and
layer-like bodies

Layer-like horizons and nodules in the Amata Fm have in
recent years been considered to be dolocretes, indicating sub-
aerial conditions at the time of their formation (Stinkulis and
Spruzeniece 2011; Pipira et al. 2015). However, previous
studies were either rather fragmented or focused on single
exposures. This study allows us to discuss the genesis of do-
lomitic nodules and layer-like bodies along a rather long
outcrop belt, taking into account the results of macro-sample
and thin-section analysis, stable isotope data, and the tentative
correlation of these dolomite formations.

In this study, the dolomite nodules and layer-like bodies
in the Amata Fm are interpreted as dolocretes based on
several facts. Dolomite is always distributed irregularly and
never occurs as layers with definite boundaries, structures,
and textures that could indicate primary sedimentation of the
material. However, there are several intervals in the studied
sites where hard, layer-like, platy bodies enriched in dolo-
mite can be traced for at least 15 m (Fig. 4A), most possibly
for kilometres, as indicated by the tentative correlation.
Carbonate bodies with such structure and distribution are
typical of both soil and groundwater calcretes and dolocretes
(Alonso-Zarza and Wright 2010). It is important to note that
such dolomite formations were recently found in almost every
site in Latvia where the upper part of the Amata Fm is ex-
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Fig. 9. Circumgranular cracks in dolocretes from Vizuli Rock. A — circumgranular cracks partly filled with medium-crystalline dolomite
cement in a matrix of clayey, impurity-rich dolomite. B — circumgranular cracks filled with pure dolomite surrounding sandy to clayey
material. Some dolomite-filled cracks partly enter into the siliciclastic material. Vizuli Rock, interval 3. Thin-section photomicrographs,
transmitted light, parallel polarisers. Photos by D. Pipira, January 2013.

posed (Fig. 2) — in sites from the western to the eastern part
of Latvia, at least 200 km apart from each other (Stinkulis
and Spruzeniece 2011; Pipira et al. 2015).

Macro-sample and thin-section studies allow us to dis-
tinguish such well-expressed and widespread features typical
of calcretes and dolocretes as: 1) irregular, often subvertical,
veiny distribution of dolomitic material with respect to si-
liciclastic material; 2) honeycomb structures. The devel-
opment of veiny structures (Figs 6A—C and 7A—C) is a result
of dissolution, repeated crystallisation, and cementation of
mineral material (Machette 1985; Alonso-Zarza 2003; Zhou
and Chafetz 2009; Alonso-Zarza and Wright, 2010). Irregular,
often radially branched veins (Fig. 6C) indicate migration of
carbonate solutions in radially developed desiccation cracks.
The circumgranular pattern formed by veins in some places
(Figs 6A, 7A, 9) is typical of calcretes and dolocretes of
pedogenic (soil) origin (Theriault and Desrochers 1993; Zhou
and Chafetz 2009).

The honeycomb structures are mentioned in many car-
bonate crust descriptions and classifications (e.g. Alonso-Zarza
and Wright 2010; Pfeiffer et al. 2011; Pipira et al. 2023). They
are not unequivocal indicators of groundwater or pedogenic
carbonate formations; however, Goudie (1973) described
honeycomb calcretes as a transitional form between nodular
calcretes and hardpan calcrete in soil profiles.

The dolocrete interval 3 in the Ainavas Cliffs 1 (Fig. 4A)
and Vizuli Rock shows a profile characteristic of pedogenic
dolocretes (Alonso-Zarza 2003). Furthermore, the combina-
tion of honeycomb and laminar structures present in interval 3
are characteristic of the upper part of carbonate-rich soil hor-
izons (Alonso-Zarza 2003; Alonso-Zarza and Arenas 2004;
Wright and Tucker 2009; Zhou and Chafetz 2009; Pfeiffer
et al. 2011). The karsted dolomite surface (Fig. 7D) in the
dolocrete interval 4 (Pipira et al. 2015) indicates that the de-
posits containing dolomite nodules were subaerially exposed
and influenced by meteoric waters in the vadose zone (Calner
et al. 2010), which also points to a soil horizon.

Further interpretation of the genesis of dolocretes is more
problematic because similar carbonate formations, including
nodules and massive bodies, can develop near the ground-
water level and in soil (Alonso-Zarza and Wright 2010).
There are also intermediate types ranging from more ground-
water-controlled to more soil-water controlled variants (Chen
2002). Groundwater and soil (pedogenic) calcretes lacking
specific structures such as laminar ones, pisoids, rhizoids, or
karst phenomena are difficult to distinguish from one another.
This is also the case for the dolocretes of intervals 1 and 2
in the studied sites. Dolomite concretions and horizons of
massive to platy dolomitic material are present, which could
have developed either in soil or near the capillary fringe zone
due to fluctuations in the groundwater table (Wright and
Tucker 2009).

A gradual increase in dolomite abundance and in the mas-
siveness of dolocrete upwards in interval 2 in most of the
study sites is indicative of pedogenic carbonate soil profiles
(Wright and Tucker 2009); however, there is no further evi-
dence of either groundwater or soil origin in intervals 1 and 2.

Thus, the dolocretes in intervals 1 and 2 could have
formed both in groundwater and soil settings, but the do-
locretes in intervals 3 and 4 developed in soils. The latter
could also have been influenced by groundwater process-
es, but it is complicated to evaluate their role. These soil
(pedogenic) dolocrete features indicate that during the late
stage of accumulation of the siliciclastic materials of the
Amata Fm at least two episodes of subaerial exposure oc-
curred. It was not possible to provide a more detailed in-
terpretation of the origin of the dolocretes in this study. We
suppose that structures and textures indicative of the dolocrete
formation mechanism could be partly obliterated by dolo-
mitisation processes of precursor calcretes or by further dia-
genetic changes. A strong influence of multistage dolomit-
isation processes obliterating the fabrics of earlier formation
stages of carbonate rocks has been suggested for the Plavinas
Fm, which covers the Amata Fm (Kleesment et al. 2013).
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Climate changes during the Givetian-Frasnian transition

The sedimentological logging, studies of polished specimens
and thin sections, as well as data from stable carbon and
oxygen isotope analyses, indicate the formation of dolocretes
during several episodes throughout the accumulation of
Amata Fm deposits. At least two episodes of subaerial ex-
posure occurred before the end of the accumulation of
Amata Fm deposits, as evidenced by the formation of soil
dolocretes. This clearly marks the end of the transgressive
phase characteristic of the Amata RS.

The observed decrease in grain size of siliciclastic de-
posits in the upper part of the geological section, which is
noted in all studied sites, suggests a reduction in the energy
of the sedimentary environment. Since the upper part of the
section lacks well-preserved sedimentary structures — apart
from problematic burrows — it is challenging to precisely
interpret the sedimentary environment of the deposits con-
taining dolocretes. However, no evidence has been found to
contradict a regression at the end of the Amata Fm deposit
accumulation time.

The decrease in grain size is likely due to a climate shift
from wetter to drier conditions and a reduction in freshwater
inflow, which also resulted in a decline in the overall hydro-
dynamic energy of rivers and their mouths.

Calcretes and dolocretes form in semiarid, more rarely in
arid climates (Alonso-Zarza 2003). They are typical of mon-
soonal climate, as carbonate minerals accumulate in soils
(fractures, root channels) during dry seasons, and remain
fixed in the soil during moister conditions (Driese and Mora
2001). The appearance of the dolocretes in the upper part of
the Amata Fm can also be considered an indication of climate
change from moister to drier, more arid conditions at the
beginning of the Frasnian, coinciding with a relatively short
episode of sea-level fall. The same reason — climate change —
likely initiated the overall transition from siliciclastic deposits
with chemical weathering crust products (upper Givetian
Gauja RS, Sietini and Lode Fms) to dolomites and gypsum-
dominated deposits (Middle Frasnian Salaspils RS) in the
WMDF. These longer-time changes likely led from a moist
warm climate to a drier warm or even hot climate. The start
of carbonate sedimentation in the Plavinas RS likely coin-
cided with sea-level rise (Sandberg et al. 2002).

Changes in the fossil assemblages correspond reasonably
well with changes in the geological sections and dominant
deposit types. Fossil fishes from the Amata Fm of Latvia were
previously described in detail only from a few localities, e.g.
from the Pastmuiza site on the right bank of the River Daugava
near Koknese (Klauenstein bei Kokenhusen in Gross 1942;
Lyarskaya 1981), Ainavas Cliff near Karli (Karlsruhe in
Gross 1942), and Kiiki Cliff on the right bank of the River
Gauja in the territory of the Gauja National Park (Lyarskaya
1981). The fossil-bearing beds at the Ainavas Cliff and
Kiki CIiff are located in the lower part of the Amata Fm,
whereas at the Pastmuiza site fossiliferous beds correspond
to the middle part of the formation. Well-preserved but
disarticulated vertebrate remains from the recently studied
Zanderi Ravine near the town of Ligatne also come from the
lowermost Amata Fm. The recently reported section of the
Staritsa beds, cropping out on the left bank of the River
Oredezh near the Borschovo village, Luga District, Leningrad
Region, northwestern Russia, contains a moderately diverse
vertebrate assemblage (13 taxa), plant remains, and trace
fossils; this section is correlated with the lower part of the
Amata Fm in Latvia (LuksevicCs et al. 2018). As a result of
this and previous studies (Stinkulis and Spruzeniece 2011;
Pipira et al. 2015), including five analysed sections, it seems
that the upper part of the Amata Fm contains virtually no
fossils, or only very few. This corresponds well with the
distribution of dolocretes. The pattern of distribution of fossils
within the Amata Fm resembles that in the sections of the
Ketleri and Skervelis Fms corresponding to the terminal
Famennian. The Ketleri Fm, consisting mostly of sandy to
clayey deposits accumulated in a tidal-influenced delta, yields
a rather rich vertebrate assemblage, trace fossils of various
invertebrates, rhizocretes, and macroscopic plant remains
(Lukseviés et al. 2025), whereas the Skervelis Fm, with
strongly developed dolocretes in the same sandy to clayey
host rocks, is practically fossil-free (Pipira et al. 2023).

The comparison of the fossil assemblages from strati-
graphic units close to the Givetian—Frasnian boundary in
Latvia demonstrates the decrease in fossil taxa diversity from
the Burtnieki RS to the Amata RS, and an increase in the
younger units (Table 2). The Amata Fm shows vertebrate
diversity that is slightly larger than that of the Lode Fm,

Table 2. Number of fossil taxa reported from the Middle-Upper Devonian formations of Latvia (data from Kur$s et al. 1981a, b; Lyarskaya
1981; Lyarskaya and Luk$evi¢s 1992; Kleesment and Mark-Kurik 1997; Ahlberg et al. 2000; Esin et al. 2000; Upeniece 2001; Jurina and

Raskatova 2012; Meskis 2013)

Regional stage Number of fossil taxa
Vertebrates |Invertebrates Other remains Ichnotaxa (Meskis 2013)

Salaspils 3 Lingulids, conchostracans, Eurypterus lancmani Chaetocladus Ichnofabrics
Plavinas 20 Stromatopores, Aulopora, rugose corals, conulariids, |Stromatolites (3 kinds), |13 ichnotaxa

annelids, ostracods, conchostracans, 16 mollusc Chaetocladus

taxa, 19 brachiopod taxa, Dactylocrinus
Amata 18 Conchostracans
Gauja 21 Tabulate corals, stromatoporoids (3 taxa), Prototaxites,

brachiopods (3 taxa), platyhelminths, eurypterids, |Svalbardia banksii,

conchostracans, mysidaceans rhizocretes
Burtnieki 24 Brachiopods, conchostracans, ostracods Rhizocretes




significantly larger than that of the Sietini Fm, but smaller
than that of the Gauja Fm; however, the total diversity of
organism fossils from the Gauja RS corresponding to three
formations (Gauja, Lode, and Sietini Fms) is higher than that
from the Amata RS. The overlying Plavinas Fm (and cor-
responding Plavinas RS) is characterised by 20 vertebrate
taxa, which are unevenly distributed within the formation:
17 taxa in the lower, Koknese Mb; 13 taxa in the middle part,
the Selija and Atzele Mbs; and only six taxa in the upper,
Ape Mb (Lyarskaya and LukSevi¢s 1992). Besides verte-
brates, a highly rich invertebrate assemblage, three different
kinds of stromatolites, the green alga Chaetocladus (Sorokin
1981), and various trace fossils (Meskis 2013) have been
reported from the Plavinas Fm. The Salaspils Fm, composed
of rocks of different composition, including clayey dolostone,
dolostone, dolomitic marl, clay, gypsum, gypsum-dolomite,
and various intermediate rocks, contains rather poorly pre-
served and usually difficult-to-determine fossils (Sorokin
1981; Lyarskaya and Luksevics 1992; Meskis 2013).

There are various hypotheses concerning climate changes
and extinctions during the Devonian. For example, the so-
called Devonian plant hypothesis (Algeo et al. 2001) pos-
tulates the influence of trees with deep root systems, and
the first Middle Devonian forests on the acceleration of sili-
cate weathering and/or organic carbon burial, resulting in
several oceanic anoxic events, a decrease in atmospheric CO,
levels, and global climate cooling during the Famennian and
Carboniferous (Chen et al. 2021). However, this hypothesis
does not explain the climate warming in the Givetian and
Frasnian. Another hypothesis connects the cooling of the
global climate close to the Frasnian—Famennian boundary
with the first phase of the establishment of the Viluy traps in
eastern Siberia (Ricci et al. 2013). However, the situation
during the Givetian and around the Givetian—Frasnian bound-
ary is not that clear. In accordance with the reconstruction of
global palacotemperatures for the Phanerozoic (Scotese 2015),
global warming started close to the Emsian—Eifelian bound-
ary, when the global mean annual temperature increased from
24 to about 26 °C, and the ‘hothouse climate’ conditions con-
tinued up to the Middle Frasnian. Recent reconstructions of
seawater temperatures based on oxygen isotope ratios mea-
sured in marine calcitic and phosphatic fossils indicate a short
but significant, 8—10 °C warming of the seawater during the
interval around the Middle to Late Devonian transition (van
Geldern et al. 2006; Joachimski et al. 2009; Chen et al. 2021).
The main cause of the warming is still debated; it could be
related to the injection of huge amounts of CO, that started
about 390 Ma during the Acadian orogeny (Stewart and Ague
2018). If the above-mentioned climate reconstructions are
correct, the climate warming coincided approximately with
the early Eifelian Narva RS. It was earlier than the time of
accumulation of deposits of the Gauja—Dubniki RSs.

Thus, the climate change from moister to drier from the
Givetian to the Middle Frasnian has likely not been docu-
mented before outside the territory of the WMDF. Probably
there are local reasons for the changing climate conditions.
The climate could have been influenced by the Scandinavian
Caledonides, which developed westwards from the WMDF
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and were oriented from north to south (Scotese 2014), per-
pendicular to the climate zones, thus influencing wind di-
rection and moisture distribution. Hypothetically, the tran-
sition to a hotter climate from the Emsian—Eifelian to the
Middle Frasnian (Scotese 2015) could have led to melting of
the Scandinavian Caledonides’ ice cap and cessation of
freshwater inflow in the WMDF. This could also have in-
fluenced the change from siliciclastic to carbonate sedi-
mentation.

Conclusions

Dolocretes in the upper part of the Amata Fm indicate at least
two subaerial exposure episodes, which mark the transition
from a longer sea-level rise trend to a short episode of sea-
level fall in the WMDF during the Early Frasnian.

The dolocrete formation was an indicative episode of an
overall period of climate change from warm, moist to drier
and hotter conditions, which started in the Late Givetian
(Gauja RS) and continued to the Early—-Middle Frasnian
(Dubniki RS). This climate change has likely not been docu-
mented before outside the WMDF and indicates locally
different environmental conditions.

The geological succession of the Amata Fm with tidal
features in its lower and middle parts, their absence in the
upper part, the decrease in the abundance of fossils from the
lower to the upper part of the formation, as well as the pres-
ence of dolocretes only in the upper part of the formation
demonstrate a similar pattern to that of the Upper Famennian
Ketleri and Skervelis Fms. These features in the Ketleri and
Skervelis Fms were interpreted as the result of climate change
and sea-level fall.
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Lati Amata kihistu dolokreedid kui Giveti-Frasnesi tUleminekuaja
ariidsema kliima indikaatorid

Girts Stinkulis, Ervins LuksSevicCs, Daiga Pipira, Marianna Meire-Karkle
ja Tonu Martma

Uuring keskendub nelja Lati paljandi dolokreetide ja nende terrigeensete peremeeskivimite paritolu kirjelda-
misele ja télgendamisele Amata kihistu llemises osas. Dolokreedid esinevad vahemalt neljas intervallis. Kahe
Ulemise dolokreedi intervalli koostis ja struktuur ning hapniku ja siisiniku stabiilsete isotoopide andmed viitavad
sellele, et need tekkisid mullas. Dolokreedid vastavad klimamuutuste episoodile soojast-niiskest kuivemaks-
kuumemaks, mis algas hilis-Givetis ja jatkus kesk-Frasnesini. Need tekkisid parast pikemat meretaseme tdusu-
trendi toimunud lUhiajalise meretaseme languse ajal. Amata kihistus vaheneb selgroogsete fossiilide
mitmekesisus kihistu alumisest osast llemise osani, mis on kooskdlas meretaseme languse ja jarkjargulise
kliimamuutusega, mida naitavad ka Amata kihistu tlemises osas uuritud dolokreedid.
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