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Trace fossils and ichnofabrics were recognized in the Middle to Upper Devonian deposits of the East European Platform
at the Onega Lake (NW Russia), developed as the Old Red Sandstone facies. The studied sequence is aged from the up-
per Givetian to the Middle Frasnian. The most diverse ichnoassemblage was ascertained in the earliest Frasnian (lower
to middle part of the Andoma Formation), comprising the ichnogenera ?Arenituba, Cochlichnus, Cruziana,
Diplocraterion, Lockeia, Palaeophycus, Planolites, Rusophycus, Skolithos, Teichichnus, and Undichna. Combination
of ichnologic and sedimentary data points to the assumption that these deposits probably originated in wave- and tide-in-
fluenced environments, possibly in a brackish-water estuary. Towards the middle Frasnian, Skolithos-like trace fossil
dominate; the ichnoassemblage can be attributed to the tidally influenced channels and bars. ¢ Key words: ichnology,
East European Platform, Main Devonian field, Old Red Sandstone facies.
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Ichnofossils have been recognized as a peculiar entity in the
fossil record (Nathorst 1881), as a useful tool for recognition
of certain parameters of the environment (e.g., Seilacher
1953, 1967a; Buatois et al. 1998) and, in terms of intensity of
bioturbation, as an integral part of description of sedimentary
rocks (Reineck 1963, Droser & Bottjer 1986). In certain fa-
cies, also paleobiological significance (e.g., evidence of oc-
currence of certain organisms and/or life strategies) is crucial.

The usefulness of trace fossils as indicators of sedimen-
tary environments (see Knaust & Bromley 2012 for mod-
ern overview) was proved also for the Old Red Sandstone
facies, which originated chiefly during the Middle and Late
Devonian in Laurussia supercontinent. Therefore, it is rep-
resented also in the East European Platform, representing
its easternmost part (e.g., Friend et al. 2000). Other occur-
rences are in Spitzbergen, Greenland, Norway, Great Brit-
ain, USA and Canada, being represented mostly by
terrigenous siliciclastic deposits of late- to post-orogenic
foreland and intramontane molasse basins, with occasional
marine influence (e.g., Friend ef al. 2000).
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The Old Red Sandstone facies played an important role in
the history of ichnology: its occurrence and favourable expo-
sures in the Great Britain made it attractive in the beginning of
modern geology (and ichnology as its part). Therefore, also
trace fossils were mentioned during this period (Smith 1909).
Old Red Sandstone showed a potential for providing data on
very early colonization of land (e.g., Morrissey & Braddy
2004). Numerous palaeobiologically focused ichnological
studies of the facies were accomplished (e.g., Carroll &
Trewin 1995); ichnologic data were also used for reconstruc-
tion of sedimentary environments within the Old Red Sand-
stone facies (e.g., Blomeier et al. 2003).

Ichnofossils from the Middle-Upper Devonian deposits of
the East European platform, including those of the Old Red
Sandstone facies, have not been studied in detail. The only
relevant minor papers on the topic are those by Hecker
(1930), Ivanov (2005), Mikulas & Dronov (2006), despite the
rather long history of palacontological research conducted in
this territory. The above-quotated papers deal mostly with the
Givetian-Frasnian combined clastic-carbonate deposits of
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the north-western Russia, and even less data is known from
the siliciclastic sequences of the same age; only Engalichev
(2003) presented a brief report.

The Andoma Hill locality is a well known site of verte-
brate, invertebrate, plant and trace fossils, which is located
in the north-eastern proximity of the Main Devonian field of
the East European Craton and is characterized by the Old
Red Sandstone facies. The site is located at the south-eastern
bank of the Onega Lake, in Vytegra district of the Vologda
Government, Russia, where various siliciclastic rocks form
high cliffs along the lake shore. These deposits are locally
strongly influenced by Quaternary glacial deformations. As
the object of geological importance, the Andoma Hill has at-
tracted the attention of geologists for several centuries: the
samples of fossils have been collected since the beginning of
the 19% century, and the Devonian vertebrates from the
Andoma Hill were for the first time mentioned by Erofeev
(1846) and Pander (1857) and later were reported by various
authors (Petrov 1956; vertebrates identified by D. Obru-
chev, see Obruchev & Mark-Kurik 1965, Ivanov 1990). Yet
scientific research in ichnology begins only with the de-
scription of trace fossils by Engalichev (2003).

Extensive material of fossil vertebrates was collected at
the Andoma Hill by members of joint expeditions of
St.-Petersburg University, University of Latvia, the Natural
History Museum of Latvia, and Institute of Geology, Komi
Research Centre (Syktyvkar) during several field seasons
from 2002 to 2007. The comprehensive sampling provided
remarkable fossil material including trace fossils, and some
preliminary results of the detailed sedimentological and
palaeontological studies were recently reported (Ivanov et
al. 2006). Geological section of the Devonian deposits crop-
ping out at the Andoma Hill was lithologically subdivided
into three formations, and preliminary data on the vertebrate
assemblages characterising the sequence were published.
Besides vertebrate remains, many of trace fossils have been
discovered and collected, which allows a significant supple-
ment to the previously described ichnoassemblage
(Engalichev 2003). The aim of this study is to specify the
sedimentary environment of the Devonian deposits crop-
ping out at Andoma Hill based on the results of ichnofossil
studies, and to give a general characterization of the
Andoma locality within the Old Red Sandstone facies.

Geological settings

The Andoma Hill is situated on the 2 km long and about
1 km wide peninsula at the south-eastern coast of the
Onega Lake, in a distance of ca 500 km to the east from
St.-Petersburg, about 40 km to north from the town of
Vytegra, Vologda Region of Russia. The Andoma Hill is
composed of most probably glaciotectonically dislocated
Middle-Upper Devonian deposits, overlain by a thin Quater-
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nary cover, cropping out about 2 km south from the mouth
of the Andoma River. The highest point of the Andoma Hill
lies close to Gnevashevskaya village at 83.8 m a.s.l. In some
places, these deposits form up to 55 m high cliffs along the
coast of the lake. The Devonian deposits crop along the
shore of the Onega Lake in the northern and south-western
parts of the peninsula in a distance of about 3.5 km, as well
as along some ravines with steep slopes. The north-western
margin of the peninsula is covered by a dense spruce forest
growing on the Devonian clay underlying the thin layer of
soil; hence no outcrops are developed here.

Localities along the northern and south-western margins
of the Andoma Hill are stratigraphically well documented.
Based upon the detailed stratigraphic studies along the
northern margin, three formations of siliciclastic deposits
have been recently established (Ivanov et al. 2006). Some
details of the sequence were described also in several previ-
ous works (Barkhatova 1941, Petrov 1956, Snigirevskaya &
Snigirevsky 2001, Engalichev 2003). The three lithostra-
tigraphical units, from the oldest to youngest, are as follows.

1. The Pavlikovskaya Formation consists of fine and very
fine-grained weakly cemented quartzose sandstone, which is
typically brown or dark red, alternating with moderately thin
(0.2-0.4 m) beds of clayey siltstone. A significant portion of
the sequence consists of poorly sorted siliciclastic rocks with
abundant mica. Obscure sedimentary structures do not allow
defining precisely the origin of the deposits, but planar bed-
ding, weakly defined cross-stratification, erosional surfaces
and channels present in some places suggest that deposits ac-
cumulated in fluvial settings (Tovmasyan & Stinkulis 2008).
Rare disarticulated placoderm, sarcopterygian and
psammosteid remains were found only in the uppermost part
of the sequence (Ivanov et al. 2006), but no ichnofossils have
been reported from this formation. The age determination is
based on the vertebrate assemblage, and the Pavlikovskaya
Formation was dated as the Upper Givetian.

2. The Andoma Formation unconformably overlies the
Pavlikovskaya Formation. It consists of the alternation of
highly variegated deposits: fine- and very fine-grained
sandstone and sand (dominating), clay and silty clay,
siltstone (Fig. 2). Medium- and coarse-grained sandstone,
intraformational conglomerate with clay rolls and fish
bones are also present in the Andoma Formation. The
quartzose sandstones are more abundant at the base, and
sandstone alternation with siltstones and clay occurs to-
wards the top. In places, frequent alternation of thin
(3-5 cm) layers of siltstone and fine-grained sandstone oc-
curs. Sandy deposits show various sedimentary structures
such as a well-defined trough cross-stratification charac-
teristic for the subaqueous dunes, and abundant, up to 1 m
thick beds with ripple lamination. Planar bedding charac-
terises the clay and siltstone deposits. Colour of deposits
varies to a high degree. Composition and various sedimen-
tary structures of the Andoma Formation, such as wave ripple
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Figure 1. Sketch maps show-
ing a geographical position of
the Andoma Hill and extent of
the fossil sites along the coast of
the Onega Lake.
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bedding and cross stratification, allow supposing that these
deposits likely formed in a tidal flat, subtidal and intertidal
environment. Sedimentary structures indicate accumula-
tion of these deposits under the influence of wave and tide
activity (Tovmasyan & Stinkulis 2008). Vertebrate re-
mains, some invertebrates such as bivalves, gastropods and
lingulids, as well as plant remains, have been found in sev-
eral horizons of the Andoma Formation. Fossil content, in-
cluding such taxa as Bothriolepis cf. cellulosa (Pander),
points to the early Frasnian age of the formation. Various
trace fossils have been found in several levels of the middle
part of the Andoma Formation including such ichnogenera
as Cochlichnus, Cruziana, Diplocraterion, Glockerichnus,
Lockeia, Palaeophycus, Planolites, Rusophycus, Skolithos,
Teichichnus and Undichna. The lowermost part of the for-
mation bears well visible ichnofabrics; in general, the beds
with features of bioturbation (ichnofabric index 2 to 3 ac-
cording to Droser & Bottjer 1986) comprise ca 20% of the
total volume of the formation. The deposits of the Andoma
Formation are the most heavily disturbed by glacio-
tectonical processes obviously due to the high content of
clay: in places these deposits lie almost vertically.

3. Light pink fine- and medium-grained sandstone with
rare intercalations of the coarse-grained sandstone and
conglomerates of the Klimovskaya Formation are well
traceable along both the northern and south-western edges
of the Andoma Hill. Usually they are lying almost horizon-
tally, or show only a small angle of inclination. Trace fossils
are much rarer in comparison with the Andoma Formation;
distribution of trace fossils within the Klimovskaya Forma-
tion is restricted to the upper part of the sequence, which is
formed of siltstone beds where bioturbation structures were
found in two siltstone beds. Vertebrate fossils are distributed
sporadically, mainly in the lowermost part of the

Klimovskaya Formation. Nevertheless, this part of the se-
quence contains the most abundant assemblage of vertebrate
remains ever been found in Andoma Hill. Besides, large
portions of archaeopterid plant stems (Snigirevskaya &
Snigirevsky 2001) and rare moulds of bivalves and gastro-
pods were reported from this part of the section.

Spring and neap tide cycles in several cross-beds, sand
bars and signatures of subaqueous dunes support the inter-
pretation that the sandstones of the Klimovskaya Forma-
tion accumulated mainly in migration of dunes by traction
currents (Tovmasyan & Stinkulis 2008). Fossils provide an
evidence of the longevity of formation of these sands,
probably, during early and middle part of the Frasnian,
judging from the findings of Psammosteus falcatus
Obruchev in the uppermost part of the section. Psam-
mosteus falcatus in the Baltic succession is distributed in
the Snezha-Pamusis interval, tentatively correlated with
the rhenana conodont zone (Esin et al. 2000).

Localities investigated

More than 20 fossil sites were exploited during the research
(Fig. 1), but the ichnofossils (apart of indeterminable ich-
nofabric) have been found only in several localities. No-
menclature of localities for the northern margin of the An-
doma Hill follows that proposed by Ivanov et al. (2006,
fig. 2), while nomenclature of localities along the south-
western margin of the Andoma Hill is proposed here. Most
specimens are kept at the Natural History Museum of Lat-
via (NHML, Riga), collection No. LDM P1 14, and at The
Saint Petersburg University, collection No. 65.

Locality N3.— The locality is situated at the northern edge of
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the Andoma Hill, in a distance of several tens to hundreds of
metres north from the Gnevashevskaya village. Deposits of
the almost complete Andoma Formation and the lower and
middle part of the Klimovskaya Formation crop out here in a
high cliff. Beds of the Andoma Formation are heavily gla-
ciotectonically disturbed with the dip angle reaching 85°,
whereas sandstones of the Klimovskaya Formation are less
disturbed. The lowermost portion of the Andoma Formation
section (interval 2.3-2.5 m above the lower boundary) con-
sists of brownish violet clayey siltstones with abundant Sko-
lithos isp., 3 to 16 mm in diameter. Overlying brownish,
very fine sandstone contains less frequent Skolithos-like
trace fossils, which reach about 6 mm in diameter.

The next interval with well visible bioturbational struc-
tures (4.4-5.1 m) corresponds to three beds of silty clay
and siltstone with burrows, which superficially resemble
those from the interval 2.3-2.5 m. The lower about 30 cm
thick bed of rock of brownish violet tint yields rare, long
burrows, which are about 2 cm in diameter. The middle
bed, about 40 cm thick layer of the maroon coloured
siltstone contains rather abundant, densely spaced burrows
usually with the diameter about 1 cm. Overlying bed of the
maroon siltstone (about 30 cm thick) demonstrate many
shallow and wide burrows, which may reach 2.5 cm in dia-
meter and do not exceed 5 cm in depth.

Some horizontal burrows appear on the lower surface
of the light fine-grained sandstone overlying the layer of
brown siltstone at interval 18.75 m above the lower bound-
ary of the formation. These burrows have been found in as-
sociation with the small remains of vertebrates including
denticles of Psammosteus, and small fragments of plants.

Locality S4. — Exposure of glaciotectonically heavily distur-
bed deposits of the Andoma Formation stretches along the
south-western margin of the Andoma Hill in a distance of
about 250 m from the southern end of Lar’kovo village. Here,
in the upper part of the Andoma Formation just some tens of
centimetres below its upper boundary, the trace fossil Phyco-
des (?7) was observed (2004), together with vertebrate remains
within the fish-bearing bed No. 20-T. Small Skolithos-type
shafts reaching only 2-3 cm in depth and several mm in dia-
meter were noticed in the bed of siltstone, 70 cm below the
bed 20-T. During the next years, the exposure changed dra-
matically due to erosion and retreat of the coastal line, there-
fore a different situation was found during the field season
of 2007. An intercalation of the 2-3 cm thick bands of grey
sandstone, typically with flaser or lenticular lamination, with
the 0.5 cm thin laminae of brownish silty clay approximately
50 cm below the upper boundary of the Andoma Formation
was discovered. Skolithos-like shafts reaching only 2-3 mm
in diameter and 1.5-2 cm in depth are moderately spaced
within the sandy beds, with the upper part partly embedded in
the overlying clay. Vertical burrows are frequent, situated at
the distance of 1.2-2 cm of each other. In places, the upper
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surface of clayey deposits bears horizontal trace fossils of the
Planolites type, filled with sandy material, which are 2-3 mm
in diameter; they do not form a network.

Locality S5. — The site is located at the south-western margin
of the Andoma Hill in approximately equal distance from
Lar’kovo and Klimovskaya villages. The largest part of the
Andoma Formation and the lower portion of the Klimov-
skaya Formation form the high cliff here. Several beds of the
“fish-breccias” have been collected here (23-U, 24-U, 25-U)
in the middle part of the Andoma Formation. An intercalation
of sandy and clayey material above the fish-bearing layer
23-U contains a relatively diverse assemblage of ichnofossils
including Cochlichnus, Cruziana, Monomorphichnus, Palae-
ophycus, and Planolites (samples 25-U), and it shows desic-
cation cracks accompanied by Planolites.

Locality S8. — The locality is situated in the southern neigh-
bourhood of the outcrops at the south-western margin of
the Andoma Hill, approximately opposite of the southern
end of Klimovskaya village. Many trace fossil samples
have been collected from the scree and on the beach of the
lake (specimens No LDM PI 14/50-14/60). These fossils
most probably derived from the middle part of the Andoma
Formation (corresponding to the 23-U “fish-breccia” from
locality S5) and they correspond to the richest assemblage
of ichnofossils containing such ichnogenera as Cochlich-
nus, Cruziana, Diplocraterion, Glockerichnus, Lockeia,
Palaeophycus, Planolites, Rusophycus, Skolithos, Tei-
chichnus, and Undichna. These trace fossils are preserved
as epi- and hyporeliefs in the very fine-grained sandstone
beds. In the same locality, but in the upper part of the sec-
tion of Andoma Formation about 17 m below the boundary
with the overlying Klimovskaya Formation, a sandstone
bed with abundant Diplocraterion and less frequent Skolit-
hos has been found in situ.

Intensity of bioturbation

The ichnofabric index (ii, Droser & Bottjer 1986) was esti-
mated for some layers, and measured for some samples
from the locality S8, in a scree, collecting site 2-T. The re-
sults are summarized in Table 1.

Table 1. Ichnofabric index of selected samples from the S8 locality.

No. Specimen No. Bioturbated fabric (%) Ichnofabric index

1 PI1 14/50 upper surface 20.6 3
2 P1 14/50 lower surface 35.6 3
3 Pl 14/51 25 2
4 Pl 14/52 27.0 3
5 P1 14/56 28.6 3
6 Pl 14/57 15.8 3
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Systematic ichnology
Ichnogenus Arenituba Chamberlain, 1971

?Arenituba isp.
Figure 3C

Material. — A sole find from the Cruziana Bed (between
14-T and 15-T).

Description. — Straight or very slightly curved tunnels on
the upper surface of a sandstone slab; these are partly pre-
served as oblique cross-sections of full relief, partly as
concave epireliefs, radiating from an oval bulge that pro-
bably represents a cast of a vertical shaft. The central
bulge, not sharply bordered, is about 4 mm in diameter.
Width of the radial rays is 3—4 mm. These are not distribu-
ted evenly around the bulge. On one side (i.e., left side
on a photograph), a “gap” of 130° without a preserved ray
exists. Total number of well-defined rays is seven. Their
length is also variable but obviously influenced by a se-
lective preservation. The largest preserved ray is 26 mm
long.

Remarks. — A typical fodinichnion or agrichnion is pro-
bably concerned, but the exact determination according to
a sole specimen is difficult. The grooves may represent in-
dividual surficial or subsurface feeding probes. The pre-
sented ichnotaxonomical distinguishing follows the paper
of Stanley & Pickerill (1995). For further discussion, also
the ichnogenus Skolichnus (Uchman, 2010) can be consi-
dered.

Ichnogenus Cruziana d’Orbigny, 1842

Cruziana isp.
Figure 3A

Material. — At least three specimens from the so-called
“Cruziana bed”, i.e. between the beds 14-T and 15-T; few
additional poorly preserved specimens.

Description. — Small, short, straight to very moderately
curved horizontal bilobate burrows (convex hyporeliefs),
1-1.5 mm wide, bearing poorly- to well-visible oblique
striae.

Figure 2. Geological section of the Andoma and Klimovskaya forma-
tions cropping along the coast of Onega Lake at Andoma Hill (simplified
after Ivanov er al. 2006). Grain size: ¢ — clay, s — silt, vfs — very
fine-grained sand, fs — fine-grained sand, ms — medium-grained sand,
cs — coarse-grained sand, g — gravel, p — pebbles.
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Remarks. — Cruziana represents mostly repichnia of trilo-
bites (e.g., Fillion & Pickerill 1990) or other benthic arthro-
pods (e.g., Bromley 1996).

Ichnogenus Diplocraterion Torell, 1870

Diplocraterion paralellum Torell, 1870
Figure 3B

Material. — Dozens observations in situ on the S8 lo-
cality, several collected samples (e.g., LDM PI
14/61-14/63).

Description. — Cross-sections of vertical structures, show-
ing a pair of circular “scars” interconnected by a straight
thinner lamina of a reworked material. The whole
3-D structure represents most probably vertical
U-shaped tubes showing a spreiten-structure between
the U limbs. The “scars” are approximately 1.0 mm in
diameter, unlined. Distance of the openings is in average
6 mm.

Remarks. — In the upper part of the Andoma Formation
(S8 site), approx. 17 m below the contact with the Kli-
movskaya Formation, a layer with Diplocraterion (sam-
ples LDM Pl 14/61-14/63) was found. Engalichev
(2003) determined this trace fossil as Corophioides (cf.
Baldwin 1977) but its morphologic features fit better to
Diplocraterion. For description, relations and figures of
the ichnogenus and particular ichnospecies see e.g.
Fursich (1974), Hiantzschel (1975), Crimes et al. (1977),
Bjerstedt (1988), Bjerstedt & Ericksson (1989), Fillion
& Pickerill (1990). According to these authors, Diploc-
raterion is adwelling burrow of suspension feeders, cha-
racteristic of settings with stronger wave and current
energy.

Ichnogenus Lockeia James, 1879

Lockeia silliquaria James, 1879
Figure 3D

Material. — (LDM P1 16/40 Lockeia and Palaeophycus).

Description. — Smooth, almond-shaped bulges preserved
as low convex hyporeliefs. Dimensions of the bulges range
from 4 x I mm to 10 x 2.5 mm.

Remarks. — The morphologically simple trace is consi-
dered to be a cubichnion of bivalves. For the description
of the ichnogenus, its origin and representatives see, e.g.,
Maples & Suttner (1990), Schlirf ef al. (2001).
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Ichnogenus Palaeophycus Hall, 1847

Palaeophycus tubularis Hall, 1847
Figure 3D

Material. — Two specimens (full reliefs) preserved in the
Cruziana Bed, i.e. between 14-T and 15-T.

Description. — Straight, smooth tunnels (full reliefs). These
are damaged/compacted in a typical way: relief of the mar-
gins is higher than the central part. This approved the as-
sumption that the tunnels had strongly lined walls. Diame-
ter of both specimens ranges from 5 to 6 mm; length of
preserved parts is 65 or 80 mm, respectively.

Remarks. — Systematic determination of the finds follows
the work of Pemberton & Frey (1982). These traces are
considered to be domichnia.

Ichnogenus Phycodes Richter, 1850

?Phycodes isp.
Figure 3F

Material. — A sole find (convex hyporelief showing casts
of cross-sectioned tunnels) from the bed below 25-U.

Description. — Set of six systematically arranged “scars”
that resulted from a partial passive filling of an open bur-
row (tunnel) system. The orientation of these “scars”
shows that the tunnels were branched, probably in a fan-
like way. The fragmentary casts of individual tunnels are
ca 5 mm in diameter; they intersect the bedding plane in
acute angles 10-20°. Size of the whole structure is approx.
2 x4 cm.

Remarks. — Phycodes is one of the most common feeding
traces in the Palacozoic. For a description of the ichnoge-
nus and ichnospecies and their relations see, e.g., Fillion &
Pickerill (1990), and Han & Pickerill (1994).

Ichnogenus Planolites Nicholson, 1873

Planolites beverleyensis (Billings, 1862)
Figure 3E

Material. — Dozens of collected specimens and few hund-
reds specimens observed in sifu.

Description. — Straight, moderately to conspicuously
curved, smooth, exceptionally branching tunnels of circu-
lar outline, parallel to oblique to the bedding, preserved as
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Figure 3. Ichnofossils from Andoma Hill, Onega Lake, Russia; all specimens from the Upper Devonian Andoma Formation. Scale in centimetres.
* A — Cruziana isp., convex hyporelief, LDM P1 14/53. ¢ B — Diplocraterion paralellum, full relief — vertical aspect, LDM P1 14/61. « C — ?Arenituba isp., convex
hyporelief, LDM P1 14/50. « D — Lockeia silliquaria (right and bottom) and Palaeophycus tubularis (left), LDM P1 14/60.  E — Planolites beverleyensis, convex
hyporelief and full relief, LDM PI 14/54.  F — ?Phycodes isp., convex hyporelief, LDM PI 14/64. ¢ G — ?Rusophycus isp., convex hyporelief, LDM PI 14/58.
* H — Skolithos isp. in the clayey deposits with digenetic precipitates; vertical section, field photograph. ¢ I — Teichichnus rectus, full relief, LDM PI 14/55.
] — Undichna isp., LDM PI 14/50. « K — Skolithos isp. in the clayey deposits with digenetic precipitates; vertical section, field photograph.

full reliefs or convex hyporeliefs. Diameter of tunnels ran- In the Andoma Hill, Planolites was found in 25-U bed,
ges usually from 2 to 6 mm; length of preserved sections  i.e. in the upper part of the Andoma Formation (locality
may reach few decimetres. Tunnels present on one bed or ~ S5). Specimens from this bed are only 20 mm in diameter
bedding plane show usually a constant diameter. and can be several tens of cm long, forming simple curved
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burrows oriented horizontal or oblique to bedding. Speci-
men LMD PI 14/60 (Fig. 3E) of Planolites is wider (more
than 5 mm), not strongly curved. At S4 locality, horizon-
tal burrows of Planolites are filled by sandy material. The
diameter of the horizontal burrows is 2-3 mm. All the
finds of Planolites from Andoma occur 4 to 10 cm below
lower bedding planes of sandstones, i.e., in the underlying
shales.

Remarks. — Planolites is interpreted as a feeding burrow
made by a worm-like animal. Planolites typically belongs
to entirely of shallow-tier traces, in some cases with discer-
nible Planolites-associated ichnofabrics that include the
Thalassinoides and Chondrites ichnofabrics, which may
even be interbedded within the same channel-fill succes-
sion. The diversity and size of the burrows varies with the
amount of oxygen in deposits; maximum burrow diameter
is under lowered oxygen condition (cf. Savrda & Bottjer
1986, 1987).

Assignment of these traces to P. beverleyensis follows
the paper by Pemberton & Frey (1982).

Ichnogenus Rusophycus Hall, 1852

?Rusophycus isp.
Figure 3G

Material. — Two specimens on a sole rock slab, LDM PI
14/58.

Description. — Coffee-bean shaped bilobate pits dissected
longitudinally by ridges. In one case, the ridge is well-
visible; in the second case it is indistinct. Maximum width
of the specimens is 11, or 12 mm, respectively. Estimated
length of both the specimens is 20 mm. Surface of the lobes
of one specimen is smooth but it is slightly weathered. The
second specimen shows irregular, isolated casts of scrat-
ches on certain portion of the surface. Depth of the pit is
3—4 mm.

Remarks. — Overall morphology of the trace corresponds to
Rusophycus; this ichnogenus is typically preserved as a
convex hyporelief, showing striac made by individual trace-
maker’s limbs during the burrowing. Rusophycus is very
often found in the Early Palaeozoic Cruziana ichnofacies.
Undoubtedly the cubichnia of trilobites (less frequent other
arthropods) are concerned. Individual ichnospecies are
described in details, e.g., by Osgood (1970), Seilacher
(1970), Crimes (1975), Crimes & Marcos (1976), Baldwin
(1977), Crimes et al. (1977). In the case of the Andoma tra-
ces, a common tracemaker with the traces described as
Cruziana isp. is likely, due to the spatial relationships and
similarities in size and morphology.
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Ichnogenus Skolithos Haldeman, 1840

Skolithos isp.
Figure 3H, K

Material. — Several finds from the lowermost part of the
Andoma section (between 10-T and 12-T layers); LDM
sample Pl 14/50 (between 14-T and 15-T) bearing incom-
pletely preserved ?Skolithos isp. (eight distinctive circular
“scars”).

Description. — In the interval between 10-T and 12-T
layers, shafts up to 10 cm (exceptionally more) deep and
0.7-1.5 cm in diameter occur in several layers. These are
unlined, vertical, and more or less straight. On the sam-
ple Pl 14/50 (bearing also Undichna isp.), rounded
knobs or pits, 0.5-0.7 cm in diameter, appear in two
small clusters.

Remarks. — Skolithos is the ichnofossil giving the name
to the Skolithos ichnofacies (e.g., Seilacher 1967b, Frey
& Pemberton 1984), which characterizes shifting subs-
trates under a high level of water waving and currents.
For systematic ichnology of Skolithos and its ichnospe-
cies see, e.g., Osgood (1970), Alpert (1974, 1975), Fil-
lion & Pickerill (1990), Schlirf & Uchman (2005). Sko-
lithos is typically a dwelling burrow. The material on the
sample PI 14/50 can be attributed to Skolithos with cer-
tain probability only: the possibility that the circular
cross-sections belong to other, more complex ichnota-
xon comprising vertical shafts (e.g., Thalassinoides)
exists.

Ichnogenus Undichna Anderson, 1976

Undichna isp.
Figure 3J

Material. — A sole specimen LDM PI 14/50.

Description. — Generally sinusoid, somewhat asymmetri-
cal, deep and large ridge (convex hyporelief), basically
V-shaped in cross-section. Estimated wavelength of the si-
nusoid is 10 cm but only 7 cm of the ridge is preserved. Es-
timated amplitude is 20 mm.

Remarks. — Modern revision of Undichna was done
by Trewin (2000) and Minter & Braddy (2006). Re-
cently, Fillmore et al. (2011) contributed by further
comments. Our understanding to the trace follows these
papers.
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Ichnogenus Teichichnus Seilacher, 1955

Teichichnus rectus Seilacher, 1955
Figure 31

Material. — 7 specimens on a sole sample collected in the
Cruziana Bed (between 14-T and 15-T).

Description. —Irregularly arranged, densely crowded, mutu-
ally cross-cutting spreiten-structures resembling troughs
filled up in a vertical plane. These are preserved in full reli-
efs, partly weathered-out, on an upper bedding plane of the
sandstone slab. The troughs are straight; preserved parts are
1-7 cm long and ca 4 mm wide. The trace is composed usu-
ally of a small number (2—4) of troughs. In vertical plane, all
traces probably show a shape of a very broad “U” letter.

Remarks. — Teichichnus is a very frequent infaunal feeding
trace known from the Late Proterozoic up to Cenozoic.
Description, figures and discussions are, e.g., in the papers
of Seilacher (1955), Baldwin (1977), Crimes et al. (1977),
Frey & Howard (1982), Frey & Bromley (1985), Crimes
(1987), Bjerstedt & Ericksson (1989).

Discussion

The richest assemblage of the trace fossils is observed in the
middle part of the Andoma Formation. On the surfaces of
very fine-grained sandstone, the following ichnogenera have
been discovered as epi- and hyporeliefs: ?Arenituba, Coch-
lichnus, Cruziana, Diplocraterion, Lockeia, Palaeophycus,
Planolites, Rusophycus, Skolithos, Teichichnus, and Un-
dichna. In the upper part of the Andoma Formation, in fine- to
medium-grained sandstones, a different assemblage of trace
fossils is observed. It is much less diverse and contains only
Diplocraterion and Skolithos. This assemblage possibly indi-
cates the presence of the Skolithos ichnofacies typical of the
shallow water environment. The Skolithos-like trace fossils
are rather widely distributed in the section and are usually asso-
ciated with layers of silty and clayey deposits; such distribution
shows that various tracemakers inhabited the sea floor almost
permanently except several barren beds. Yet the intensity of
bioturbation indicates that the colonization intervals were usu-
ally short, presumably due to the rapid sedimentation.

The Andoma Formation comprises two distinct ichno-
facies: the Skolithos ichnofacies in the lower and upper part
and the Cruziana ichnofacies in the middle part. The
Skolithos tracemakers are usually interpreted as organisms
living in shifting substrates, and the Skolithos ichnofacies
is indicative of high energy, intertidal to near-shore marine
environments. The Skolithos tracemakers are considered to
be suspension-feeders that could include marine poly-
chaetes, sipunculan and phoronid worms, or even possibly

fish and sea-anenomes (Bromley 1996). Cruziana repre-
sents mostly repichnia of trilobites (e.g., Fillion & Pickerill
1990) or other benthic arthropods (e.g., Bromley 1996).
The Cruziana ichnofacies represents a diverse behavioral
spectrum, including dwelling, resting, crawling, feeding
and escape responses. This ethologic diversity character-
izes the ichnofacies and reflects low- to medium-energy
conditions with occasional fluctuations of high-energy set-
tings (storm beds) and high concentrations of both sus-
pended and detrital food. The Cruziana ichnofacies, be-
sides open seas below the fair-weather wave base,
represents shallow marine or epeiric sea settings, such as
estuaries, bays and lagoons (e.g., Frey & Pemberton 1984).
Composition and various sedimentary structures of the
Andoma Formation allow supposing that these deposits
probably originated in wave- and tide-influenced environ-
ment. Absence of storm-induced structures suggests depo-
sition in shallow water, above the wave base (Tovmasyan
& Stinkulis 2008). These sedimentological data coincides
with ichnofacies interpretation.

Trace fossils in the Klimovskaya Formation are much
rarer than in the Andoma Formation. In the upper part of the
Klimovskaya Formation, bioturbational structures with
Skolithos were found in two siltstone beds. Spring and neap
tide cycles in several cross-beds, sand bars and signatures of
subaqueous dunes support the interpretation that the sand-
stone sequence of the Klimovskaya Formation accumulated
most possibly in tidally-influenced channels and bars (Tov-
masyan & Stinkulis 2008). Transportation of large amount of
sand indicates proximity to the continent, and it is known that
Skolithos can be formed not only in the wave zone with high
energy but also in deltaic marine environments (Bromley
1996) or even in dune environments (Gregory et al. 20006).

Salinity is a critical factor for nearly all types of benthic
life. Only the euryhaline organisms from brackish and
hypersaline environments are able to adjust to different os-
motic pressures. Most marine and freshwater organisms
are stenohaline, i.e., they can tolerate only minor or none
deviations of salinity.

In the palaeoenvironmental reconstructions, mixture of
traces characteristic of both the Skolithos and Cruziana
ichnofacies sometimes has been interpreted as brackish
water fauna (Pemberton & Wightman 1992). Brackish
water fauna can be considered an impoverished marine as-
semblage, with endobenthic forms more abundant than the
epibenthic ones. However, based on insufficient evidence
of brackish conditions, the Cruziana ichnofacies typical of
the Andoma Formation probably originated in lower
shoreface to the nearshore shelf ebb tidal deltas and byhead
deltas; interpretation of sedimentary environment as la-
goonal (Engalychev & Nikitin 2001) is inacceptable be-
cause of domination of clastic sediments.

The Cruziana and Skolithos ichnofacies are typically
recorded in estuarine systems (Ranger & Pemberton
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1992, Pemberton et al. 1992, MacEachern & Pemberton
1994, Gingras et al. 2012). Estuarine valleys are typically
incised during a sea-level fall. They may begin to fill dur-
ing a lowstand, but sediments accumulate during the subse-
quent sea-level rise (Zaitlin er al. 1994). In lowstand,
coarse-grained sediments are deposited and preserved;
they are replaced vertically by finer-grained facies of the
transgressive system tract. During a lowstand, the valley
acts as a by-pass zone, or lowstand deposits are eroded and
reworked during the subsequent transgression and trans-
gressive deposits directly overlie the sequence boundary.
As transgression proceeds, brackish-water conditions reach
the upper estuary channels and the mixed ichnofacies mi-
grates landward. Normal salinity waters in the estuary may
progressively allow the establishment of the more marine
Cruziana ichnofacies (MacEachern & Pemberton 1994).

The present hypothesis, based on previously published
sedimentologic data and the new ichnologic evidence, is
that the mixed Cruziana-Skolithos ichnofacies in the mid-
dle part of the Andoma Formation may characterize condi-
tions of a brackish-water estuary.

Detailed account of criteria for distinguishing estuaries
in the geologic record using trace fossils has recently been
accomplished by Gingras et al. (2012). The criteria com-
prise (1) the presence of brackish water in estuaries and the
biologic/ichnologic response of the lowered salinity, and
(2) the ichnologic response of marine transgressions trace-
able in fills of incised valleys. Concerning the second crite-
rion, the geologic profile in Andoma does not provide evi-
dence of transgressive surfaces that are usually demarcated
by a suite of firmground trace fossils.

The criteria for lowered salinity are manifold and they
include the identification of ethological generalist behav-
iour, diminution of tracemakers/trace fossils, lowered diver-
sity, high population density, preference of infaunal habits
compared to epifaunal behaviour, and longitudinal trends of
landward freshening of depositional waters. Moreover,
Gingras et al. (2012) suggested a list of “marine” trace fos-
sils; their occurrence diminishes the probability of lowered
salinity. These are Nereites, Zoophycos, Spirophyton,
Chondrites, Rhizocorallium, Asterosoma, Phoebichnus, ro-
bust Rosselia and large-diameter Ophiomorpha.

The assemblage of trace fossils described in this paper,
i.e. Arenituba, Cochlichnus, Cruziana, Diplocraterion,
Lockeia, Palaeophycus, Planolites, Rusophycus, Skolithos,
Teichichnus, and Undichna fits to the following criteria for
brackish settings: absence of “marine” trace fossils and
presumed generalist behaviour of tracemakers. Most of
other criteria cannot be applied, as there is no assemblage
of evidently normal salinity in the neighbourhood of the lo-
cality, which would serve as a source of comparative data.
To conclude, there is only a weak evidence for a lowered
salinity in the ichnologic record but no evidence excludes
this possibility.
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Conclusions

The easternmost part of the Laurussia (“Old Red”) super-
continent provided data on trace fossil density and diversity
from the localities at the Andoma Hill. Lower part of the
studied sequence (upper Givetian) is not bioturbated and
bears sedimentological features of fluvial settings. In the ear-
liest Frasnian (lower to middle part of the Andoma Forma-
tion), a relatively diverse ichnoassemblage was found, com-
prising the following ichnogenera: ?Arenituba, Cochlichnus,
Cruziana, Diplocraterion, Lockeia, Palaeophycus, Planoli-
tes, Rusophycus, Skolithos, Teichichnus, and Undichna. It can
be characterized as mixed Skolithos-Cruziana ichnofacies.

Ichnofossils and accompanying sedimentological data
show that sediments of the Andoma Formation formed
probably in the wave and tide influenced shallow water en-
vironment, above the wave base. The existing evidence al-
lows us to present a hypothesis that the lower to middle part
of the Andoma Formation originated in brackish-water
estuarine settings. Absence of typical “marine” ichno-
genera in the otherwise diverse ichnoassemblage is the
most important evidence among the obligatory criteria for
recognition of brackish water ichnoassemblages.

Further progress in interpretation of the Old Red Sandstone
facies at the Onega Lake would be possible in the case of ob-
taining new data that would allow evaluating longitudinal
trends of possible landwards freshening of depositional waters.
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