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ABSTRACT

Combined sedimentological and palaeontological studies of the vertebrate fossil-bearing
deposits of the Upper Devonian, Upper Famennian Ketleri Formation have provided new data
on the sedimentary environment of the deposits, as well as on taxonomic and taphonomic
peculiarities of the fossil assemblage. Data from numerical modelling of the Baltic Devonian
Basin demonstrate that the sandy deposits of the Pavari and Varkali members form a fan-
shaped area resembling a wide delta developed in shallow-marine settings. Fluvial channels
and bars with strong tidal influence were identified in a sedimentological study of the Pavari
site, suggesting a tide-influenced fluvial environment. Taphonomic studies indicate that the
sedimentary concentrations of well-preserved vertebrate remains were formed under the
influence of fluvial and strong tidal processes in a shallow-water environment, most likely in
tide-influenced deltaic settings. Trace fossils recognised in the Ketleri and Pavari-1 sites
suggest a brackish-water or marine environment, and thus support the hypothesis. The
analysis of rhizocretes from the Varkali Member suggests the strong influence of a seasonal
climate. Well-preserved plant macroremains have been discovered for the first time during
this study in the Ketleri Formation.

Introduction and geological setting

The Ketleri Formation (Fm) is a stratigraphic unit corresponding to the upper part of
the Devonian Famennian Stage. Based on its position above the Snikere, Svete, and
Zagare formations, which yield conodonts of the postera Zone (from the Svete Fm),
the Ketleri Fm was preliminarily correlated with the Upper postera or probably
expansa conodont zone (CZ; LuksSevics 2001; LukSevi¢s and Stinkulis 2018).
However, this formation has sometimes been correlated with the expansa CZ
(Esin et al. 2000). A precise dating of the Ketleri Fm is difficult due to the lack of
conodonts or stratigraphically important spores. This formation was first named by
P. Liepin$ (1951), who replaced the index ‘h,’ used by previous authors (e.g. Delle
1937; index ‘h’ in Gross 1942) for the sandy deposits of the uppermost Upper
Devonian strata in Latvia.

The Famennian deposits of Latvia have been known for vertebrate palacontology
for almost a hundred years; e.g. the Ketleri locality has been known for almost a
century for its fossil fishes (Gross 1933), and is particularly well known because the
Ketleri Fm yields the remains of one of the best-preserved and most reconstructible
Devonian tetrapods, Ventastega curonica Ahlberg, Lukseviés et Lebedev, 1994.

The deposits of the Ketleri Fm are distributed in southwestern Latvia and
northwestern Lithuania (Fig. 1). In the northern and eastern parts of the area, the
Ketleri Fm forms the bedrock surface in a 3—17 km wide band; outcrops occur on the
banks of the rivers Venta, Malupe, and Ciecere and their tributaries, e.g. the River
Pakstte. Liepins (1964) chose the Ketleri outcrop on the right bank of the River Venta,
near the abandoned Ketleri farmhouse, as the stratotype of the formation. However,
since only about 15 m of the upper part of the formation crops out in this locality,
later the 109.5—148.5 m interval of the Priekule-27 borehole was assumed to represent
the typical section of the Ketleri Fm (Savvaitova 1995). The Ketleri outcrop is now
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Fig. 1. A - distribution of deposits of the Famennian Stage (yellow) and Ketleri Formation (orange) in Latvia and Lithuania; B — location of
the 907 boreholes used for the models; C — thickness model of the Ketleri Formation (m); D — thickness model of sandstone deposits of
the Ketleri Formation (m). Coordinates used in graphs C and D are in the LKS-92 system. Yellow stars designate the studied localities:

1-Pavari-1; 2 — Pavari-2; 3 — Ketleri outcrops.

treated as the stratotype of the uppermost part of the forma-
tion, the Varkali Member (Mb; Gailite et al. 2000).

The Ketleri Fm consists mainly of sandstone, clay, silt-
stone, and dolomitic marl. In Latvia, it was divided into three
parts, at that time called ‘subformations’, by Lyarskaya and
Savvaitova (1974). Savvaitova (1977) named these three
parts as the Nigrande, Airites, and Varkali ‘sedimentary
rhythms’, which later were transferred into the Nigrande,
Pavari, and Varkali members (Gailite et al. 2000; Stinkulis
2003; Fig. 2). These three units are used in the stratigraphic
chart of the Devonian deposits of Lithuania as ‘subforma-
tions’ (Sidaravi¢iené et al. 1999). The lower part of the sec-
tion (Nigrande Mb) consists of clay, clayey siltstone, and
dolomitic marl, the middle part (Pavari Mb) of dolomitic
marl, siltstone, clay, and sandstone with conglomerate
interbeds, and the upper part (Varkali Mb) of similar sedi-
mentary rocks but without conglomerates (LukSevic¢s and
Stinkulis 2018).

All three members are characterised by various vertebrate
taxa, but the most significant and well-preserved fish and

tetrapod fossils have been reported from the Pavari and
Varkali members (e.g. LukSevi¢s and Zupins 2004; Lebedev
and Luksevi¢s 2017, 2018). The Pavari Mb crops out in
several places along the rivers Ciecere and Paksite; the
Pavari-1 locality on the left bank of the River Ciecere, op-
posite the vanished Pavari farmhouse, has been studied since
the early 1970s, and the sedimentary environment, taphon-
omy, and composition of the vertebrate assemblage were
reported in detail (e.g. LukSevics and Zupins 2004).

The Varkali Mb is best exposed in the Ketleri locality,
situated on the right bank of the River Venta close to the
former Ketleri farm. The geological section of the Varkali Mb
and the composition of the vertebrate assemblage have also
been recently reported (Lebedev and LukSeviés 2017).
However, regular field collecting in the fossiliferous sites of
the Pavari and Varkali members during the last decade has
resulted in the discoveries of other fossil groups, e.g. trace
fossils, rhizocretes, and plant macroremains. These finds were
reported at conferences (e.g. Luksevics et al. 2015, 2017,
Meskis and Luksevics 2018; Luksevi¢s and Stinkulis 2024),
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but, except for the rhizocretes (LukSevics 2023), have never
been published before. The sedimentological, environmental,
and taphonomic context of the Pavari site (LukSevic¢s and
Zupins 2004) was significantly enhanced during the field
seasons of 2011 and 2013. A new study concerning the same
context of the Ketleri site was carried out in 2014 and 2016,
when trace fossils and, for the first time, rhizocretes were
recognised there (LukSevics et al. 2015; Luksevic¢s 2023).
A new fossiliferous locality on the left bank of the River
Ciecere, close to its confluence with the River Paksite, was
discovered in 2019 (Lukseviés et al. 2022) and excavated
annually during the 2019-2025 field seasons, providing ex-
tensive vertebrate material, including new taxa, and the first
plant macroremains from the Ketleri Fm.

The main aim of this article is to describe the geological
section of the newly discovered fossil site Pavari-2 and to
provide an interpretation of the sedimentary environment of
the deposits of the Pavari and Varkali members based on the
combined sedimentological, taphonomic, and palacontological
analysis of the deposits and fossils from all three fossiliferous
sites where the Ketleri Fm crops out. New palaecontological
material obtained at the Ketleri site in 2014 and 2016 (trace
fossils and rhizocretes) and at the Pavari sites during the 2013
and 20192025 field seasons (trace fossils and vertebrates)
is briefly described here.

Material and methods

Detailed logging of the Pavari Mb succession was carried out
for the outcrop at the Pavari-2 locality, situated on the left
bank of the River Ciecere, about 100 m upstream from the
mouth of the River Paksite, by G. Stinkulis in 2022 and 2023
(Figs 2 and 3). Facies analysis was performed by G. Stinkulis.
Vertebrate remains were gathered by the team of participants
of the summer schools in field palacontology, led by
E. Lukseviés in 2019 and 2022, and by V. Alksnitis in 2021,
2024, and 2025. Plant macroremains were discovered for the
first time in 2023 during a joint expedition with the par-
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Fig. 2. Famennian stratigraphy of Latvia. Based on Luk$evi¢s and
Stinkulis (2018).

ticipation of P. E. Ahlberg (Uppsala University, Sweden) and
R. Gess (Makhanda, South Africa). Taphonomic data on the
spatial distribution, sorting, and azimuthal orientation of
skeletal elements of vertebrates from the Pavari-2 locality
were collected in 2019, 2021, and 2022. A total of 86 mea-
surements of the azimuth dip of elongated skeletal elements
were taken.

Data on 907 boreholes from the well database maintained
by the Latvian Environment, Geology and Meteorology Agency,
and similar records kept by the Lithuanian Geological Survey,
have been used for the maps of distribution of the Ketleri Fm.
Models were produced by J. Luksevics using Golden Software
Surfer v.26, LKS-92 coordinate system, and LAS-2000.5
height system.

A complex sedimentological and palaeontological study
of the deposits of the Varkali Mb was carried out in 2016 in
the framework of the summer school in field palacontology.
During the fieldwork, outcrop No. 5, containing rhizocretes,
was described by E. Luksevic¢s. The 5 m-long sandstone wall
was cleared along the shore, about 5 m above the River Venta
water level, to study the rhizocretes. The rhizocretes were
photographed, and their length, diameter, as well as the angle
and azimuth of dip, were measured. Some samples were
collected for further studies in the Mineralogical and
Palaeontological Laboratory (MinPal) of the University of
Latvia.

All collected vertebrate specimens were prepared me-
chanically by V. Alksnitis, E. LukSevics, and T. Visotina under
an optical microscope (ZEISS KL 1500 LCD) using a steel
needle and a brush in the MinPal. Rhizocretes were me-
chanically prepared by E. LukSevics. One sample was sawn
cross-sectionally and mapped for chemical element dis-
tribution using a Phenom ProX tabletop electron microscope
with an X-ray energy dispersive analyser (EDX) belonging
to Hydrox Ltd. Five carbonate samples were analysed for
carbon and oxygen stable isotopes composition at the De-
partment of Geology, University of Tartu, Estonia. A stable
isotope mass spectrometer, Thermo Delta V Advantage,
coupled with GasBench II universal gas preparation and
injection system, was used. The samples were dissolved in
99% orthophosphoric acid (H,PO,) for at least 8 hours at
70 °C. The results of the analyses are presented in d notation
relative to the Vienna Pee Dee Belemnite standard.

Results

Facies analysis and interpretation of sedimentary
environments

As a result of sedimentological logging of the three studied
sections, six facies (F1 to F6) and two facies associations
(FA1 and FA2) were distinguished. Data on their lithology,
structures, geometry, and interpretations are summarised in
Table 1. Logged geological sections with data on facies, facies
associations, and current directions are shown in Fig. 3.

The oldest deposits documented are very fine- to fine-
grained sandstones (with a large cross-bed) in section 1 (Fig. 3).
They probably belong to a bar without obvious tidal influence
and can be conditionally included in facies 2 (F2).
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Table 1. Facies identified in the Ketleri Formation, Pavari-2 site

vertebrate bones in silty
to sandy matrix. In one

case (0.35 m-thick bed),
F1 grades upward to F2.

material.

visible evidence of
erosion.

Facies (F) Bed (cross-set) thickness, | Structures Geometry, Interpretation

lithology, and fossils bounding surfaces
F1: Clay and Beds and cross-sets 0.05— | Low-angle cross- Scoured, in some Channel lag deposits (Pontén
vertebrate fossil 0.25 m thick, clay clasts |stratification, rarer cases irregular base. | and Plink-Bjorklund 2007;
conglomerate (up to 8 cm long) and poorly sorted In some cases, no | Nichols 2009). Vertebrate

bones transported and
accumulated in rapid currents.

F2: Trough cross-
stratified sandstone

Cross-sets 0.05-0.2 m
thick. Very fine-grained
to fine-grained, rarer
medium-grained
sandstone. Vertebrate
bone debris and clay
clasts are present in some
cases.

Trough cross-
stratification.

Scoured bases,
lateral thinning and
thickening of cross-
beds.

Accumulation of sand,
vertebrate bone debris, and clay
clasts in linguoid or lunate
subaqueous dunes, which
migrated in water currents
(Allen 1968; Ashley 1990).

F3: Trough cross-
stratified sandstone
with tidal bundles

Cross-sets 0.03-0.33 m
thick. Very fine-grained
to fine-grained sandstone,
in some cases clay clasts
up to gravel-size.

Trough cross-
stratification with
mud/mica drapes and
tidal bundles.

Scoured bases,
lateral thinning and
thickening of cross-
beds.

Migrating linguoid or lunate
subaqueous dunes (Allen 1968;
Ashley 1990). Influence of tidal
processes on sedimentation
(Davis 2012).

F4: Sandstone with
current ripple-
lamination

Beds 0.07-0.55 m thick.
Very fine-grained
sandstone, rarer silty
sandstone and fine-
grained sandstone. The
thickest beds are fining-
upwards.

Current ripple-
lamination, in some
cases combined with
cross-stratification.
In places, the ripples
are slightly climbing,
in one case with
rhythmic changes of
climbing angle.

Non-erosive bases.
In some cases,
gradual
transformation to
cross-beds in lateral
and vertical
direction.

Accumulation of sand in low-
energy water currents (Reineck
and Singh 1980). Gradual
transition to cross-beds
indicates the change of energy
with no erosion. This and the
changes of ripple climb angle
point to tidal processes.

F5: Laminated
sandstones to clays

Beds 0.03—0.37 m thick.
Usually clayey-silty
material alternates with
very fine-grained sand. In
some cases, only sandy or
clayey material is present.

Fine, rhythmic
lamination.
Thickness of the
laminae is some mm,
often <1 mm. Tidal
bundles are present in

Non-erosive,
usually sharp bed
boundaries. In some
cases, gradational
boundaries with F6.

Rhythmic variation from low to
rather high-energy environment
due to tidal processes, probably
also seasonal changes.

the section in 2023, the
clays are 1.5 m thick, but
deformed and mixed by
glacial and landslide

boundaries. In some
cases, gradational
boundaries with F5.

30% of the beds.
F6: Homogeneous |Beds 0.10-0.18 m thick. |Homogeneous Non-erosive, Low-energy environment.
clayey deposits In the uppermost part of | structure. usually distinct bed

processes. From clayey
siltstone to clay.

FA1 - tidally-influenced channel

The lower part of the succession consists of facies F1, F2, F3,
and F4, with also F5 present in the upper part. The lowermost
part of the channel infill consists of conglomeratic to sandy
deposits of F1, at least 0.8 m thick. The number and size of
clay clasts and vertebrate debris decrease upwards. These de-
posits likely represent the basal part of channel infill, ac-
cumulated in rapid currents (Pontén and Plink-Bjorklund
2007).

The next part of the succession is represented by F2, F3,
and F4: fine- to very fine-grained sandstones with cross-strat-
ification (also sigmoid cross-stratification), current ripple-
lamination, including climbing ripples. The sedimentary
structures are well-preserved, with minimal influence of ero-
sion. In section 1, this part of the succession is represented
by two fining-upwards (also shallowing-upwards) cycles,

each likely representing one bar. The total thickness of the
bars in sections 1 and 3 is 1.2 m. The bar surface is smooth
and gently inclined. In section 3, the bar is at least 8 m long
(across the whole width of the exposure). The correlation of bars
documented in 2022 (sections 1 and 2) and 2023 (section 3)
is unclear.

Interpretation: the general structure and fining-upwards of
the succession indicate that the deposits represent an infill of
a channel (Allen 1968). The rather abundant tidal bundles,
occasional climbing ripples on cross-beds, and variable cur-
rent directions indicate the influence of tidal processes. The
fining-upwards cycles in section 1 have well-preserved sedi-
mentary structures and shallowing-upwards trends; therefore,
their thickness could approximately correspond to a water
depth of 0.4—0.8 m.
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Fig. 4. Photo of the Pavari-2 site (28 July 2023) showing the position of the documented sections. The position of sections 1 and 2
(documented in 2022) is approximate, because a large part of the deposits was removed by landslides and outcrop cleaning.
Photo by G. Stinkulis.

FA2 —small, tidally influenced, abandoned channels

The upper part of the succession (the dominant part) in all
documented sections is represented by an alternation of fine-
and very-fine-grained sandstones (F2, F3, and F4), laminated
clays to very fine-grained sandstones (F5), and red clayey
deposits (F6). The deposits form up to four units (section 3),
0.3-1.2 m thick, which cover each other slightly obliquely,
in various directions. Each unit is usually composed of sandy
deposits (F2, F3, and F4) in the lower part and sandy to
clayey deposits (F5 and F6) in the upper part. The proportion
of the clayey deposits gradually increases downdip, towards
the axial parts of the channels. Obvious features of tidal
influence on sedimentation are found in an up to 4.2 m-thick
interval in section 3, but probably the laminated clays to very
fine-grained sandstones (F5) in all cases are rhythmic tidal
deposits.

Interpretation: the deposits of FA2 likely formed in small
channels, which is indicated by their small-thickness, shal-
lowing-upwards successions, and oblique contacts. At some
stage of their development, the channels became separated
from active distributaries and were filled by suspended clayey
material (F6), probably transported there by high-tide cur-
rents. The rhythmites (F5) likely indicate the transition from

active to abandoned stages of the channels. It is also possible
that the deposits of FA2 are crevasse-splay or tidal-gully
deposits (Pontén and Plink-Bjorklund 2007).

Interpretation of sedimentary environments

Analysis of sedimentary environments has limits due to the
small size of the studied outcrop (Fig. 4), as well as problems
in precisely correlating the sections documented in 2022
and 2023. The deposits were accumulated under a high- to
low-energy current regime. Tidal processes considerably in-
fluenced the development of sandy deposits of FA1 and the
lower part of sandy to clayey deposits of FA2. Their role in
the development of the upper part of FA2 is not clear. Larger,
higher-energy channels (FA1) transitioned into smaller, lower-
energy, abandoned channels (FA2). The vertebrate fossils
were transported and accumulated in the channel thalweg
(Pontén and Plink-Bjorklund 2007) and in bar deposits of
FAT1, whereas plant remains accumulated in the suspended
clay infill of abandoned channels (FA2). The variable current
directions (Fig. 3) could point to rapid channel migration, as
well as to the opposite directions of fluvial and tidal currents.
The analysis of the studied succession aligns well with the
interpretation of a tidally-influenced delta environment.
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Fossil vertebrates

Excavations in 2014 and 2016 provided more than 7000
specimens of fossil fishes and primitive tetrapods from the
Ketleri site, as well as several samples of trace fossils and
rhizocretes (Fig. SI-N). The list of identified fossil taxa from
the Ketleri site includes at least 19 vertebrates and two trace
fossil ichnogenera, as well as rhizocretes, evidencing the ex-
istence of plants (Table 2). The list of vertebrate taxa from
the Ketleri site is the longest. The assemblage from this site
is dominated by the remains of Holoptychius, followed by the
scales of Ventalepis and Glyptopomus, contrary to the Pavari-1
and Pavari-2 sites, which are dominated by Bothriolepis.
Most of the remains are fragmented, and almost each speci-
men shows traces of wear, sometimes to a very high degree.
Almost all vertebrate remains from the Ketleri site are
represented by fully disarticulated plates of antiarchs, sep-
arate teeth, scales, or rarely bones of sarcopterygian fishes
and tetrapods, with only occasional articulated portions of the
head or lower jaw of sarcopterygian fishes.

Vertebrate remains from the Pavari-1 and Pavari-2 local-
ities are usually represented by fully disarticulated skeletons
(Fig. 5C-H), but articulated portions of placoderm head
shields (Fig. 5B), trunk and pectoral fin armour, complete
lower jaws, or portions of skulls of sarcopterygians and
tetrapods (Fig. 5SA) have also been often found. The list of
identified vertebrate taxa is almost identical for both localities
(see Table 2); however, ‘Dipterus’ cf. expressus Krupina
(Luksevic€s et al. 2022) and a possible new species of tetrapod
(Luksevics et al. 2024) were found for the first time in the
Pavari-2 locality within the deposits of the Ketleri Fm.

The Pavari-2 outcrop yields most of the well-preserved
vertebrate fossils in poorly consolidated sandstones and silty
clayey deposits (facies F1). Most of the articulated speci-
mens belong to the placoderm Bothriolepis, the porolepiform
Holoptychius, and the tetrapod Ventastega. Acanthodian spines
are relatively rare elements; however, microscopic acan-
thodian scales were found in some samples in great quantities,
reaching 10 scales per 1 gram of sandstone. The degree of
preservation varies from small fragments representing only
10% of the whole bone to skeletal elements such as whole
skull shields, many anterior ventral lateral bones connected
to pectoral fin armour, and even a whole ventral wall of the
trunk armour of Bothriolepis, the mandible of Cryptolepis,
the mandibles and the interconnected cleithrum and scapu-
locoracoid of Ventastega, and others.

Broken bones constitute about 17% of all 564 measured
specimens at the Pavari-2 site, but only a few show traces of
wear. Separate bones or articulated elements are frequently
cracked and deformed. Fossil azimuth measurements of elon-
gated small bones (Fig. 6C) and slightly elongated convex
bones (e.g. anterior median dorsal and posterior median
dorsal plates of Bothriolepis; Fig. 5A) show a relatively well-
defined orientation in the NNE-SSW direction. The orienta-
tion of trunk shield bones consisting of two laminae (e.g.
posterior ventro-lateral bone of Bothriolepis) is almost per-
pendicular, in the SE direction (Fig. 6B).

Specimens with pathologies are often found among ver-
tebrate fossils. Pathologies include predator bite marks both
on placoderm bone plates (Fig. SE, F) and sarcopterygian

scales (Fig. SH), as well as possible parasite attachment traces
on the bones (Fig. 5G). A few skeletal elements of Ventastega
with healed injuries have been found at the Pavari-2 locality
for the first time in the Ketleri Fm.

Trace fossils

Trace fossils, represented by two ichnotaxa, Planolites
Nicholson isp. and Palaeophycus Hall isp., are distributed
sporadically in a thin interval within the fish-fossiliferous
sandstone bed from the Ketleri site (LukSeviés et al. 2015).
Burrow systems are filled with fine-grained sandstone with
mica, strongly cemented by fine- to medium-crystalline
dolomite. Occasionally, burrows contain small vertebrate re-
mains, such as scales of Glyptopomus or acanthodian spines.
Palaeophycus burrows are about 12 mm in diameter, some-
times bifurcate, forming a horizontal net (see Fig. 5J, K).
In places, these large burrows occur together with systems of
meandering burrows of smaller diameter (3—5 mm), oriented
horizontally or inclined against the bed surface, which have
been determined as Planolites isp. (Fig. SL-N).

Vertical cylindrical burrows of Skolithos isp., 1-2 cm in
diameter and up to 35 cm long, were traced in clayey-silty
deposits at the Pavari-1 site for the first time in 2013 (Meskis
and Luksevics 2018). In places, the burrows are completely
filled with fine sand. A structure of both horizontally and
vertically arranged passages, interconnected like a grid, was
found between the deep burrows of Skolithos. These can be
interpreted as three-dimensional living caves (domichnia).
The three-dimensional network of feeding burrows and pas-
sages consists of both simple tunnel-like traces and more
complex passage structures resulting from combined sedi-
ment feeding and movement. This is also evidenced by the
presence of knots at the junctions of the passages, which
exceed the average diameter of the burrows; it is likely that
the animal lingered in such places, either to form a temporary
living chamber or to perform a turning manoeuvre.

Plant remains and rhizocretes

Sandstone about 5 m above the main fish fossil-bearing bed
of the Ketleri locality is heavily cemented by dolomite and
represents a dolocrete. Subvertical tubes of dolomitic crusts,
altogether 16 specimens, were found in four thin beds (Nos
8—11) just below the dolocrete and were interpreted as
rhizocretes (Luksevics 2023; Fig. 5I). Most of the samples
showed areas of downward branching, probably in whorls.
The diameter of the primary axes (4—12 cm) and branches
(0.8-1.2 cm) differs significantly, clearly supporting their
interpretation as rhizocretes. The diameter of the primary axes
and secondary branches decreases distally.

Two morphotypes were distinguished: elongated un-
branched rhizocretes (morphotype A) and branched rhizo-
cretes (morphotype B). The length of the rhizocretes varies
greatly, ranging from 3.5 to 22.0 cm. The length—width
(diameter) index varies from 3 to 11 for morphotype A and
from 1.6 to 2.7 for morphotype B. The concentric structure
of the axial part and the branches in cross-section is well-
expressed visually in all sawn samples. It is also identified in
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Fig. 5. Fossils from the Ketleri Formation. A-H - variously preserved vertebrate fossils from the Pavari-2 locality on the left bank of the
River Ciecere close to its confluence with the River Paksite. A — complete lower jaw of the tetrapod Ventastega curonica MP 2-160 in
lingual view; B — almost complete head shield of the placoderm Bothriolepis ciecere MP 2-1; C - disarticulated lacrimal bone of the
porolepiform sarcopterygian Holoptychius; D — disarticulated B bone of an undetermined lungfish; E-H - fish fossils with pathologies
(yellow arrows): fragmentary anterior dorso-lateral bone of B. ciecere MP 2-55 (E-F), fragmentary scale of Holoptychius MP 2-280 with
parasite attachment pits (G), scale of the osteolepiform sarcopterygian Cryptolepis grossi MP 2-281 (H). | - Ketleri outcrop No. 5, right
bank of the River Venta, 200 m downstream from the Ketleri outcrop No. 1, showing rhizocretes of two morphotypes: black arrows point
to morphotype A (unbranched) and white arrows to morphotype B (branched). J-N - trace fossils from the Ketleri outcrop No. 1, right
bank of the River Venta close to the abandoned Ketleri farm: J-K — Palaeophycus isp., with small scales of sarcopterygian fish (K);

L-N - Planolites isp.: network of passages around the Palaeophycus burrow (L), network of burrows (M), individual burrow (N). All scale
bars equal 10 mm, except for | (50 mm). Photos by V. Alksnitis and E. LukSevics.
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Table 2. Distribution of fossils and rhizocretes in the three localities of deposits of the Ketleri Formation

Ketleri* |Pavari-1** |Pavari-2
Placodermi Bothriolepis ciecere Lyarskaya + + +
Acanthodii ‘Devononchus’ tenuispinus Gross + + +
‘D.’ ketleriensis Gross + + +
Haplacanthus? sp. +
‘Cheiracanthus’ sp. +
‘Acanthodes’ sp. +
Actinopterygii Actinopterygii gen. et sp. indet. + +
Struniiformes Strunius sp. +
Porolepiformes Holoptychius ex gr. nobilissimus Agassiz |+ + +
?Glyptolepis dellei (Gross) + + +
Ventalepis ketleriensis Schultze + + +
Dipnoi Orlovichthys cf. limnatis Krupina + +
‘Dipterus’ arcanus Krupina +
‘D.’ cf. expressus Krupina +
Dipnoi gen. et sp. indet. + +
Osteolepiformes Cryptolepis grossi Vorobyeva + + +
Glyptopomus bystrowi (Gross) + + +
Tristichopteridae gen. et sp. indet. + +
Tetrapoda Ventastega curonica Ahlberg et al. + + +
Tetrapoda gen. et sp. indet. 1 +
Tetrapoda gen. et sp. indet. 2 +
Trace fossils Planolites isp. +
Palaeophycus isp. +
Skolithos isp. +
Rhizocretes +
Plant macroremains +

* Data from LukSevicCs et al. (2015), Lebedev and Luksevics (2017), and Luksevic¢s (2023).
** Data from LukSevic¢s and Zupins (2004) and Meskis and Luksevics (2018).

.U .m

Fig. 6. Azimuthal orientation of vertebrate skeletal elements from
the Pavari-2 locality. A - rose diagram from measurements of
slightly elongated convex bones; B — rose diagram from measure-
ments of trunk bones of Bothriolepis, consisting of two laminae;
C -rose diagram from measurements of elongated small bones;
D - rose diagram from all measured specimens. Arrow shows the
mean azimuth; N — number of measured specimens.

mineralogical and chemical analyses. In the middle of the
rhizocrete is a void or a fill with poorly cemented sand grains;
this probably corresponds entirely to the diameter of the dead
root, reaching up to 5 mm. A relatively narrow, dolomite-rich
ring surrounds the central part. The second ring consists of
dark pink sandstone enriched in iron oxides and hydroxides,
with a lower dolomite content of less than 30% of the rock.
This outer ring is interpreted as a rhizohalo, and its transition
to the surrounding sandstone mass is gradual, with no clear
boundary, but it differs from the main sandstone mass in
colour and greater mechanical strength. The rhizocrete-con-
taining sandstone is dominated by quartz with an admixture
of mica and clay minerals.

The stable isotope composition in the carbonate material
of the rhizocretes shows values from —2.9 to —4.0 for §'3C
and from —0.34 to 1.39 for 3'%0. Slightly negative carbon
isotope values of the rhizocretes are indicative of weak soil
processes in which the rhizocretes were formed. This could
be caused both by enrichment in '2C from plant decay prod-
ucts and by the influence of meteoric waters (Sharp 2017).
The §'%0 values can be influenced by multiple factors,
including seawater, evaporation, and diagenesis (Goldstein
1991; Melezhik et al. 2004; Sharp 2017), and are difficult to
interpret.

Twelve of the 16 rhizocretes are oriented subvertically,
one vertically, three obliquely (subhorizontally), and only one
horizontally along the bedding plane. The dip angle of the



oblique rhizocretes varies between 32° and 90°, and the azi-
muth between 192° and 282°.

Well-preserved plant macroremains, including branches,
appendages, and possible fertile appendages, were discovered
in 2023 during cleaning of the outcrop wall at the Pavari-2
site. Plant remains are distributed in few centimetre-thick
lenses within the red clay about 1-1.5 m above the main fish-
fossiliferous bed (see Fig. 3). Preparation of these remains is
in progress.

Discussion

The model of the distribution of sandy deposits of the Ketleri
Fm (Fig. 1) shows shapes typical of deltas, as suggested for
the Baltic Devonian Basin (e.g. Pontén and Plink-Bjorklund
2007). During the Ketleri time, sandy and clayey material
dominated significantly in the northern part of the Baltic
Devonian Basin, while the share of carbonate deposits in-
creased to the south, in the central part of the basin. Borehole
data demonstrate the maximum thickness of the Ketleri Fm
reaching 55 m in Lithuania and about 45 m in Latvia. The
thickness of the sandy deposits might reach more than 40 m;
however, thick sandstone beds show a rather uneven dis-
tribution, forming two or three areas, which can be interpreted
as the distributary channels of the delta.

The widely distributed signatures of tidal processes in-
dicate a marine influence on the siliciclastic sedimentation.
Sedimentary structures indicative of tidal processes have
been found in various stratigraphic units in Latvia, Estonia,
and northwestern Russia, from the Eifelian Pdrnu Fm
(Tovmasjana 2013) to the uppermost Famennian Ketleri Fm.
The facies analysis at the Pavari-2 site reveals the devel-
opment of high- to low-energy channels with tidal influence,
whereas the vertebrate remains are accumulated in the lower
part of the tidally influenced channel infill, the channel
thalweg, and bar deposits. The plant remains are associated
with clayey infilling of an abandoned channel. The thickness
of some well-preserved bar successions indicates shallow-
water (<1 m) settings.

The extensive fossil material collected during the last two
decades provides additional insights into the environment and
biogeography of the Baltica part of Euramerica. Placoderms,
diverse sarcopterygian fishes, tetrapods, and other vertebrates,
as well as some invertebrates, judging by the trace fossils,
inhabited the Ketleri basin. However, the deltaic environment
was not favourable for the most typical marine invertebrates,
such as corals, echinoderms, or rhynchonelliformean bra-
chiopods.

Taphonomic studies of the Pavari-1 and Pavari-2 sites
demonstrated that the vertebrate remains were dispersed by
water transport in a low-concentration flow after short trans-
portation of the remains before final burial, testifying that
the oryctocoenosis was formed in relatively shallow-water
conditions dominated by stream and weak wave influence.
Initially, these conditions were interpreted as representing
a low-tidal near-shore environment (Luk$evi¢s and Zupins
2004), but more recently a deltaic depositional environment
was suggested (Lebedev and Luksevics 2016). Most likely,
vertebrates from the Pavari sites dwelled in a marine coastal

The Ketleri Formation in Latvia 169

environment, although at least some fishes probably lived in
the lower reaches of rivers.

Rates of disarticulation and preservation of fossil skeletal
elements are almost the same in the Pavari-1 and Pavari-2
sites; however, separate bones or articulated elements are
more frequently cracked (e.g. Fig. 5A) and deformed at the
Pavari-2 locality. These differences may be explained by
variations in rock composition, as the grain size of sandy-silty
deposits at the Pavari-2 locality is smaller on average. The
analysis of azimuthal orientation of skeletal elements in
both localities shows strong similarity: dominant NNE-SSW
orientation of the whole set of measured skeletal elements
from the Pavari-1 site (LukSevi¢s and Zupins$ 2004, fig. 9D)
and the same NNE-SSW orientation of elongated small
bones and flat slightly elongated bones from the Pavari-2 site
(Fig. 6A, C, D). However, the orientation of trunk shield bones
consisting of two laminae differs, showing almost the same
NNE-SSW orientation at the Pavari-1 site (LukSevics and
Zupins 2004, fig. 9A) and an almost perpendicular SE direc-
tion at the Pavari-2 site (Fig. 6B). These differences may be
explained by stronger currents at the Pavari-2 site, which were
able to reorient strongly convex bones before final burial.

The analysis of taphonomic peculiarities of the Ketleri site
shows that the accumulation of vertebrate remains occurred
in a tidally dominated deltaic or possibly estuarine environ-
ment influenced by weak currents. However, the final burial
took place after relatively long transportation. Most probably,
the initial vertebrate assemblage, characteristic of all three
fossil sites of the Ketleri Fm, was the same. The differences
between the Pavari and Ketleri sites are mainly determined
by the shorter distance of transportation at the Pavari sites
and possibly by more turbulent water in the tidal channel at
the Ketleri site.

Palaeophycus burrows might be interpreted as combined
domichnia and fodinichnia produced by deposit-feeding,
filter-feeding, or predatory worm-like organisms similar to
acorn worms (enteropneusts), modern marine hemichordates.
Usually, traces of Planolites are interpreted as fodinichnia
produced by worm-like detritophagous animals. Possibly the
Planolites producers dwelled in the Palaeophycus burrows
or around them (e.g. Fig. 5L), using the remains of food or
excreted substances of an animal resembling the acorn worm.
Vertically oriented tubular traces of Skolithos, usually much
longer than wide, are often interpreted as traces of possible
sestonophagous animals (Seilacher 1967; Frey and Pemberton
1984) or as escape burrows (fugichnia) formed during rapid
sedimentation. Such traces are typical of intertidal conditions,
as well as storm or active upwelling zones and submarine
slope conditions (Frey et al. 1990). The palacoichnological
data support the hypothesis that the Ketleri sandstones were
formed in a deltaic setting.

Rhizocretes found in the thin beds 811 of outcrop No. 5
of the Ketleri Fm, together with plant remains (work in
progress), indicate the development of seasonal vegetation
very close to the burial place, confirming the deltaic sedi-
mentary environment of the Ketleri Fm. Judging by the rhi-
zohalos, it is likely that the rhizocretes formed after the roots
died (Klappa 1980). The ancient plants that inhabited the
sandy substrate of the Ketleri Fm grew in very shallow water
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or very close to the water level on land, most likely on the
edge of a channel in deltaic conditions with significant tidal
influence. It is likely that the plants grew for a relatively short
period, as indicated by the carbon stable isotope data, which
confirm poorly developed soil processes (Alonso-Zarza 2003).
The 8'3C values are much higher (less negative) compared
with the rhizocretes from the Middle Devonian Arukiila and
Burtnieki formations (Lagzdina and Stinkulis 2020), and the
soil formations of the Skervelis Fm (Pipira et al. 2023), which
directly overlies the Ketleri Fm. This is most likely due to the
relatively short time of formation of individual rhizocretes
during the accumulation of Ketleri Fm sediments, when
plants grew rapidly in the wet season and died in the dry
season. These data thus support the hypothesis put forward
earlier on the monsoon-related seasonality of climate in the
Baltic area during the Famennian (Luksevic¢s 2017; Pipira
et al. 2023). The 3'30 values obtained in this study are dif-
ficult to interpret because they range from slightly positive to
slightly negative and can be influenced by several factors
(Sharp 2017).

The morphological features of rhizocretes from the
Ketleri Fm differ from the roots of Archacopterydales (Pro-
gymnospermae), Pseudosporochnales, or lycopsid roots, or
the roots of bushy and liana-shaped aneurophytes (Progym-
nosperms; Algeo and Scheckler 1998), but are similar to those
of the rhizomes of horsetails. They were probably fast-
growing hydrophilic plants. Judging by the size of the rhizo-
cretes and the proportions of the root and stem (Mokany et al.
20006; Szrek et al. 2015), these plants could have been 1-2 m tall.

Conclusions

The sandy-clayey and dolomitic marl deposits of the Ketleri
Formation were formed in a deltaic sedimentary environment
under strong tidal influence. The main faunal components in
the Ketleri basin were vertebrates and some burrowing in-
vertebrates. Most probably, the vertebrates dwelled in the
coastal area of the shallow epicontinental basin, or their re-
mains originated from different environments and were
mixed together in the delta. Rhizocretes and plant macro-
fossils indicate that the shallow water or low banks of the
deltaic channels were seasonally (during wet seasons) popu-
lated by primitive sporophyte plants.
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