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Abstract

The study focuses on occurrences of Ophiomorpha burrows in a transgressive—
regressive succession composing the Early Paleocene Firkanten Formation
deposited in paralic, prodelta to delta front conditions in the Central Basin
of Spitsbergen. The burrows colonize sandstones of the Todalen Member at
four sites and belong to two ichnospecies: Ophiomorpha cf. nodosa, forming
dominantly vertical shafts; and O. cf. irregulaire, consisting of horizontal sinuous
tunnels ending in subconical shafts. Both species are observed in shoreface
sandstones deposited as a barrier bar. Lithological features and stratigraphic
positions suggest that the trace-makers preferentially colonized high-energy
sand environments. Foraminiferal faunas occurring below and above the barrier
sandstones indicate brackish water conditions for the Ophiomorpha levels,
which accordingly are of restricted, monospecific nature. It is inferred that the
trace-makers had a dominantly suspension feeding habit as a modern analogue
Calianassa major. Portrayed in a sequence stratigraphic framework, the
Ophiomorpha-bearing sandstones in middle reaches of the Central Basin were
deposited in the final stage of the transgressive systems tract, which drowned
the underlying coal-bearing paralic facies. Moreover, in the northern, coal-rich
parts of the basin, occurrence of Ophiomorpha signals marine ingression into the
paralic system.

Two species of the ichnogenus Ophiomorpha are recog-
nized in the Early Paleocene Firkanten Formation of the
Paleogene Central Basin of Spitsbergen, the main island
of the Arctic archipelago of Svalbard. Occurrences of
these trace fossils in four sections are in this paper treated
as paleoenvironmental and stratigraphic proxies.

Ichnologic research during the last century, with in-
creasing intensity in the present one, led to the develop-
ment of trace fossil analysis as a significant contributor to a
wide range of fields, including palaeobiology, palaeoecol-
ogy, biostratigraphy, palacobathymetiry and sedimentology.
During the last decade, a rapid expansion of this approach
has significantly contributed to basin analysis (including
allostratigraphy, cyclostratigraphy, genetic stratigraphy,
sequence stratigraphy, etc.).

In sequence stratigraphy, trace fossil associations
have been used to characterize discontinuity surfaces
(particularly at sequence boundaries) mainly based on
the recognition of substrate-controlled ichnofacies. More-
over, vertical changes in ichnologic features across the
sequence architecture have been applied for characteriz-
ing parasequences, parasequence sets and system tracts.
See recent reviews by Rodriguez-Tovar (2010) and Buatois
& Mangano (2011).

Ophiomorpha is a common trace fossil in Mesozoic and
Cenozoic sedimentary rocks deposited in shallow and
marginal marine environments, although some species
have been registered in deeper marine settings (Frey et al.
1978). In shallow water deposits, Ophiomorpha is mainly
represented by O. nodosa, while in deep-sea sediments
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0. rudis is most typical (Tchoumachenko & Uchman 2001
and references therein).

The stratigraphic record left by the trace-makers is of
special interest because of their adaptation to particular
palaeoecological and depositional conditions, which make
them very useful for environmental assessments, as well as
for palaeobiological, neoichnological and evolutionary
palaeoecological research; see de Gibert et al. (2006) for
a review. Further support to these applications is provided
by comparisons with modern analogous burrows of
thalassinoidean crustaceans. Ophiomorpha is a substrate-
controlled ichnotaxon, found mainly in fine- to medium-
grained sand deposits (Ekdale 1992).

The aims of the present study are: (1) to depict the
morphology of Ophiomorpha species occurring in the
Firkanten Formation, which will be the first illustrated
documentation of this ichnogenus in the Cenozoic succes-
sion of the Barents Sea region; (2) to improve the
application potential of these traces as stratigraphic and
biofacies proxies in sandstone intervals commonly devoid
of microfossils and macro-invertebrate remains; (3) to
elucidate facies changes across a transgressive—regressive
(T-R) sequence, exemplified by the coal-bearing Firkanten
Formation of Spitsbergen.

Geological setting

The sedimentary infill of the Paleogene Central Basin of
Spitsbergen (Fig. 1) is a succession up to 2300 m in
thickness, consisting of siliciclastic mudstones and sand-
stones deposited in fluvial, deltaic to delta-influenced
offshore shelf environments. This succession comprises
the Paleogene Van Mijenfjorden Group (together with a
small outlier at Kongsfjorden). A review of the Cenozoic
geology of Spitsbergen is given by Harland (1997).

The Central Basin succession comprises Paleocene,
Eocene and probable Early Oligocene deposits, which are
subdivided into tive formations with the main outcrop
areas being south of Isfjorden (Dallmann et al. 1999).
Within this succession, four T-R sequences are distin-
guished (Nagy et al. 2013; Fig. 1). Based on foraminiferal
facies, the Paleogene bathymetry of the Central Basin and
the western Barents Sea was discussed by Nagy et al.
(2000).

The main focus of this study is the Early Paleocene
Firkanten Formation (Fig. 2), which composes the lower-
most part of the Central Basin Tertiary succession and is
well known for its commercially important coal deposits.
The stratigraphy and depositional conditions of the for-
mation were discussed in several papers including: Kellogg
(1975), Steel et al. (1985) and Nottvedt (1985) dealing
with the sedimentology of the formation; and Nagy (2005)
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and Nagy & Murray (2011) recording its foraminiferal
stratigraphy and biofacies. The occurrence of Ophiomorpha
traces was mentioned by Major & Nagy (1972) and Nagy

(2005) without closer documentation.

Because the Paleogene deposits of the Central Basin are
poor in biostratigraphically significant fossils, their age
relationships remain only roughly defined by deduction
from a few adequately dated levels. Recent recognition of
the Paleocene—Eocene Thermal Maximum in the Gilson-
ryggen Member of the Frysjaodden Formation dates this
level as earliest Eocene (Cui et al. 2011). Therefore, the
underlying Hollendardalen, Grumantbyen, Basilika and
Firkanten formations belong to the Paleocene (Fig. 1). For
the Basilika Formation, Manum & Throndsen (1986)
proposed an age corresponding to the transition between

Early and Late Paleocene based on dinocysts.

The foraminiferal assemblages recorded from the
Todalen and Kolthoftberget members of the Firkanten
Formation (Nagy 2005; Nagy & Murray 2011) are closely
related to Paleocene faunas reported from the Beaufort—
Mackenzie Basin of the Canadian Arctic by McNeil
(1997) and provide further evidence supporting a Paleo-

cene age for the Firkanten.

The studied localities

The main locality studied is the Basilikaelva section
(Figs. 1, 3) where the Todalen Member exposes impressive
occurrences of Ophiomorpha cf. nodosa and O. cf. irregulaire.
It is located at the foot of the Basilika Mountain, in the
stream bed and on the banks of an ephemeral creek,
Basilikaelva, flanking the lateral moraine of Penckbreen.
The section is 56 m thick and exposes the Todalen Member
mainly in the stream bed and on its western bank. The
lower and middle parts of the Kolthoftberget Member
appear on the steep eastern bank. The remaining upper
part of the Firkanten Formation is obscured by scree

higher up on the gentle mountain slope.

The Kolfjellet section starts at the shore of Van
Mijenfjorden and continues up the south-western slope
of this mountain (Fig. 4a). For a lithological log, see
Nagy (2005). The section is 84 m thick, but its lowermost
ca. 10 m is partly covered at the shore. Supplementary
observations of a corresponding interval were made on the
nearby mountain slope north-west of the coastal exposure
area. The section covers almost all of the Todalen Member
and the whole of the Kolthoftberget and Endalen mem-
bers, but only the Todalen and Kolthottberget are logged.
No ophiomorphid traces have been observed at this site,
which however provided sedimentary features significant

for facies assessments of the Firkanten Formation.

Citation: Polar Research 2016, 35, 24192, http://dx.doi.org/10.3402/polar.v35.24192


http://www.polarresearch.net/index.php/polar/article/view/24192
http://dx.doi.org/10.3402/polar.v35.24192

J. Nagy et al.

Ophiomorpha in a transgressive—regressive sequence

Spitsbergenf

[

Isfjorden e

1. Basilikaelva
2. Kolfjellet

3. Kolhamaren
4. Bayfjellnosa

Van Mijenfjorden Group (Paleogene)
Adventdalen Group (Callovian-Hauterivian)

Kapp Toscana Group (Carnian-Toarcian)

Palaeozoic

STUDIED SECTIONS:

Sassendalen Group (Lower and Middle Triassic)

(=]
(c) E|g
a|.8
s fs 2
RN s
(o) s|le ©
o) 2lalsl=|=lgy
= S|l 21512l 8
o s "LEEwEg
5) glEele|l 2l gl e
SlE| = b5
g | & AEERIER
2| o 2| 5| 2| E| &l
| AlA|&|5|3|&
Ol 5
Q.
=2
o
S
=
=
()
&
wn
.
w g
= 2
o= 5
8CD
[83)
o
(]
<
S
S
occ L
n o
ax k=
i) <
g
£
z
<
=
k=]
<
5
U(D
<
5 =
« =
(D} <
g | g
= |2
Q—«“
m
5 5
- 5}
g £
]
= :
= v,

Sandstones

Siltstones and silty sandstones

- Shales

Fig. 1 (a) Location of Spitsbergen on the Svalbard Archipelago. (b) Geological map of central and southern Spitsbergen with position of the four
studied localities. (c) Stratigraphic outline of the Spitsbergen Paleogene succession with lithological column and facies trends in a framework of

transgressive—regressive (T-R) sequences.

The Kolhamaren section is located ca. 2 km east from
the mining settlement Sveagruva, on the south-western
corner of the mountain Kolhamaren. Here, a rich occur-
rence of O. cf. nodosa has been recognized in the coal-
bearing Todalen Member.

Citation: Polar Research 2016, 35, 24192, http://dx.doi.org/10.3402/polar.v35.24192

The Bayfjellnosa section shows the Firkanten Forma-
tion on the western slope of this mountain close to an
abandoned coal mine entrance structure (Fig. 4c). A few
burrows belonging to O. cf. nodosa have been observed in
the Todalen Member on a cliff site.
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Fig. 2 Outline of the stratigraphy and depositional conditions of the Firkanten, Basilika and Grumantbyen formations in the Paleogene Central Basin of
Spitsbergen along a south-west—north-east transect (modified from Steel et al. 1981; Nagy 2005).

Stratigraphy of the Firkanten Formation

The Firkanten Formation represents the Kolthoftberget
T-R sequence resting on Early Cretaceous deposits with
a subaerial unconformity (Fig. 2). The formation is
composed of the Todalen, Kolthoffberget and Endalen
members, all of which are present in the southern and
middle reaches of the Central Basin. Going northwards,
the mudstone-dominated Kolthoffberget Member wedges
out, so in northern regions only the sandy Todalen and
Endalen members occur (Fig. 4c). These relationships and
changing thicknesses suggest that the member boundaries
are regionally diachronous across the basin (Nagy 2005).
The Todalen Member starts with an erosive conglomer-
ate marking the basal boundary of the Kolthoftberget
Sequence. The member is dominated by sandstones,
siltstones and shales deposited in delta plain, coastal plain
to marginal marine environments (Fig. 2). In southern and
south-western parts of the Central Basin, the member
is strongly influenced by marine processes, while in the
northern parts alluvial and deltaic processes are dominant
and controlled the extensive coal formation (Steel et al.
1981). In the Basilikaelva section, the upper part of the
member is a sandstone unit with Ophiomorpha burrows.
The deposition of the overlying Kolthoffberget and
Endalen members was principally controlled by prograda-
tion of a large coalesced delta system (Nottvedt 1985;
Nagy 2005). The Kolthoffberget Member is essentially a
prodelta succession dominated by shales and siltstones.

(page number not for citation purpose)

The Endalen Member is composed of delta front sheet sand-
stones deposited in storm- and wave-dominated shallow
water and constitutes the final stage of the Kolthoftberget
Sequence.

In the Basilikaelva section, the Firkanten Formation is
subdivided into four facies units, which are described
below as stratigraphicintervals lettered from A to D (Fig. 3)
and further discussed in a later chapter. The units are
recognized throughout the outcrop area stretching from
the Basilika to the Kolthoffberget sites and appear to be
typical for middle reaches of the basin.

Interval A. This unit comprises the lower part of the
Todalen Member with a thickness of 6.5 m in the
Basilikaelva and 16.6 m in the Kolfjellet section (Nagy
2005). Its deposition started with the Gronfjorden Bed
basis conglomerate, which has a thickness of 0.6 to 1.0 m
in the Basilikaelva section, where it rests on a rough
erosional surface cutting the Early Cretaceous Caroline-
fjellet Formation (Fig. 3). At Basilikaelva, the conglomerate
is overlain by laminated dark shales containing fossil
leaves belonging to Metasequoia and Ginkgo. At Kolfjellet,
siltstones and sandstones dominate the correlative inter-
val, and several coal seams are present (Fig. 5d). In the
Bayfjellnosa section, the Todalen Member is 35 m thick
and contains several coal seams (Fig. 4c).

Interval B. This comprises the middle part of the Todalen
Member with a thickness of 12 m in the Basilikaelva and

Citation: Polar Research 2016, 35, 24192, http://dx.doi.org/10.3402/polar.v35.24192
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Fig. 3 Lithological column of the Firkanten Formation in the Basilikaelva section, with field photographs of typical features.

17.5 m in the Kolfjellet section. The dominant lithologies
are blocky- to prismatic-weathering grey shales and
siltstones forming a coarsening-upwards trend. Siderite
beds and concretions are common in the lower part
(Fig. 3), while the total organic carbon content is generally
low (0.4-1.7%).

Interval C. The top of the Todalen Member is a distinct
sandstone unit having a thickness of 14 m in the
Basilikaelva and 10 m in the Kolfjellet section. It consists
of homogeneous, medium-grained, well-sorted sandstone
from yellowish grey to white colour. Scattered coaly plant
fragments are present. The basal contact of the interval is
gradational, and its lower part is essentially a coarsening-

Citation: Polar Research 2016, 35, 24192, http://dx.doi.org/10.3402/polar.v35.24192

upward succession from shale through siltstone to sand-
stone, continuing to the sharp top contact (Fig. 4a, d).

Sedimentary structures are difficult to recognize within
the sandstone interval. Exceptions are discrete levels in
the upper part, containing wave- and current-generated
ripples (Figs. 4b, 5a). In the Kolfjellet section, the upper
60 cm of the interval reveals slightly inclined plane
parallel lamination (Fig. 5c¢).

Interval C is extensively exposed in the Basilikaelva
section where it includes three characteristic horizons
containing trace fossils. The lowest one, located 6 m above
the base, is densely colonized by mainly vertical burrows
of Ophiomorpha cf. nodosa. The second level occurs around
8.5 m above the base and contains scattered O. cf. nodosa.
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To: Todalen Mb.
Ko: Kolthoff-
berget Mb.
En: Endalen Mb.
Sa: Sand barrier
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Gr: Grumantbyen
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Oph: Ophiomorpha
cf. nodosa

Fig. 4 Sedimentary features of the Firkanten Formation and overlying units. (a) Middle and upper part of the Firkanten Formation, Kolfjellet section. (b)
Wave-generated ripples on a bedding plane near the top of unit C, Basilikaelva section. (c) The Todalen and Endalen members of the Firkanten
Formation, and the overlying Basilika and Grumantbyen formations, Bayfjellnosa section. (d) Coarsening-upward sandstone interval forming the lover

and middle part of unit C, Basilikaelva section.

The third level is located 60 cm below the top of the unit,
close to a well-exposed rippled bedding plane. It contains a
mass occurrence of large burrows of O. cf. irregulaire lying
parallel to the bedding surfaces.

Other ichnofossils observed at the Basilikaelva site are a
few specimens of Rhizocorallium occurring in the upper
part of this interval. In addition, internal molds of large
bivalve shells and impressions of bivalves (resting traces)
are present on bedding plains.

Interval D. This unit represents the Kolthoffberget
Member, which consists mainly of shale and siltstone,
and shows an overall upwards-coarsening development
(Fig. 3). It is formed of repeated parasequences, each
of which typically starts with shale or silty shale and
terminates in siltstone or fine-grained sandstone (Fig. 4a).
These lithologies display intense bioturbation, particularly
pronounced in the siltstone and sandstone beds. Horizon-
tal traces similar to Planolites are the most common. The
organic carbon content varies from 0.8 to 1.9% (average
1.4%) at Basilikaelva, and from 0.5 to 1.5% (average
1.1%) at Kolfjellet.

(page number not for citation purpose)

The Spitsbergen Ophiomorpha species

The diagnosis of the ichnogenus Ophiomorpha Lundgren
1891 refers to burrow systems of simple to complex
architecture lined partially or wholly with pellets of
agglutinated sediment (Howard & Frey 1984; Uchman
1998). Ichnospecies of Ophiomorpha are mainly differen-
tiated on the basis of geometric configuration combined
with features of the pelletal burrow lining (see revisions
by Uchman [1999, 2009]).

The trace fossils recognized in the Todalen Member are
assigned to Ophiomorpha owing to their general shape
and the presence of more or less distinct pelletal lining of
the burrow walls. On the species level, they are provi-
sionally designated by open nomenclature.

Ophiomorpha cf. nodosa Lundgren 1891

This ichnospecies is represented by vertical, slightly
oblique and rarely bending shafts. In cross-section the
shafts are circular, 1.0-1.4 ¢cm in diameter and have a
roughly crenulated outline (Figs. 5b, 6a—d, 8). The exterior
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Fig. 5 Sedimentary and biotic features of the Firkanten Formation. (a) Current-generated ripples and bivalve impressions on a bedding plane near the
top of unit C, Basilikaelva section. (b) Dense population of Ophiomorpha cf. nodosa shafts cut horizontally by a bedding plane in unit C, Basilikaelva
section. (c) Sandstone with low-angle parallel lamination indicating foreshore deposition at the top of unit C, Kolfjellet section. (d) Coal seam in unit A,

Kolfjellet section.

of the shafts is covered by irregularly spaced low sub-
conical to spike-like projections (visible at the burrow-to-
sediment contact) regarded as deformed pellets. These
pelletal surfaces commonly have a very thin veneer of grey
to black material. Among described species, the Spitsber-
gen form appears most similar to O. nodosa.

According to previous studies, O. nodosa refers to
structures of vertical shafts and branching tunnels form-
ing a horizontal meander maze (e.g., Pickett et al. 1971;
Frey 1975; Bromley & Pedersen 2008). Its pelletal wall
lining is usually composed of robust, rounded tubercles
varying in shape from ovoid to irregularly polygonal
(Frey et al. 1978; Bromley 1991; Miller et al. 1998). In the
Spitsbergen material, horizontal tunnels and branched
burrows are not observed.

The morphology of pellets is a diagnostic feature in
distinguishing ophiomorphid taxa. In the Spitsbergen
material, the original shape of the pellets is hard to assess.
The conical and spiky structures of the pelletal lining can
be explained by physical compression during early diage-
netic compaction of the sediment. Comparable spiky
pelletal surfaces in O. irregularie are reported by Bromley
& Pedersen (2008) and Boyd et al. (2012), who explained
these extensional attenuations by sediment compaction.

According to Frey et al. (1978), the matrix cementing
the sandy pellets of 0. nodosa consists of clay minerals with

Citation: Polar Research 2016, 35, 24192, http://dx.doi.org/10.3402/polar.v35.24192

iron oxides and sulphides. In the Bayfjellnosa section, the
presence of iron compounds is signalled by the red colour
of the pelletal lining of O. cf. nodosa (Fig. 6c).

The apparent absence of horizontal tunnels and
branching burrows requires additional observations based
on new fieldwork. The significance of the small shaft
diameters should also be addressed. The closer clarifica-
tion of the prediagenetic pelletal morphology is particu-
larly necessary for deciding the proper taxonomic status
of 0. cf. nodosa on the species level.

In the Central Basin, O. cf. nodosa is observed at three
localities: (1) a mass occurrence in the Todalen Member of
the Basilikaelva section at a horizon located 6 m above the
base of interval C, and scattered burrows 8.5 m above the
base of this unit composed of barrier bar sandstones; (2) a
mass occurrence in sandstones of the Todalen Member of
the Kolhamaren site; (3) scattered burrows in sandstones
of the Todalen Member in the Bayfjellnosa section.

Ophiomorpha cf. irregulaire Frey et al. 1978

This ichnospecies is assigned to thick burrows mainly of
meandering shape, but coiled, subcircular, sinuous or
more irregularly bent forms also occur (Figs. 7a—d, 8).
All of them are subhorizontal, lying parallel to the bedding
planes. The cross-section of the tunnels is subelliptical
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Fig. 6 Field photographs of Ophiomorpha cf. nodosa from the Firkanten Formation. (a) Sparsely-spaced shafts from the middle part of unit C,
Basilikaelva section. (b, d) Dense population of shafts in the upper part of unit C, Basilikaelva section. (c) Sparsely scattered shafts in a sandstone bed of

the Todalen Member, Bayfjellnosa section.

with a larger diameter ranging from 5.0 to 7.0 cm, but the
original, pre-diagenetic outline was probably circular.
Some more complete specimens show an upward-bending
subconical initial projection which apparently formed a
vertical or inclined shaft probably of short extent, con-
necting the tunnel with the sea floor (Fig. 7a). Branching
is not observed. The sand fill of the tunnels shows an
irregular bumpy surface which in non-weathered speci-
mens is partly covered by a film of a dark substance
apparently enriched in clay minerals (Fig. 7b, c).

Ophiomorpha irregulaire was originally named and de-
scribed by Frey et al. (1978), followed by an emended
diagnosis published by Bromley & Ekdale (1998). Accord-
ing to these studies, the geometry of O. irregulaire is
a predominantly horizontal system forming a meander
maze composed of smoothly curved internodal tunnels
with an oval cross-section. Typical features are T- and
Y-shaped branching nodes. The roof lining is pelletal,
consisting of regularly or irregularly spaced conical to
attenuated outwardly tapering pellets of non-uniform
size. The interior surface of the lining is smooth.

(page number not for citation purpose)

In the Spitsbergen occurrences, the pelletal lining of
O. cf. irregulaire is represented by the dark film preserved
on non-weathered surfaces and visible as a thin dark layer
between the tunnel {ill and the surrounding sandstone.
The outer surface of this layer reveals indistinct spiky
to subconical projections appearing at the burrow-to-
sediment contact (Fig. 7c, d), similar to those depicted
by Bromley & Ekdale (1998) in their redescription of O.
irregulaire. Sand-filled pellets and flame-like extensions,
comparable to features recorded by Boyd et al. (2012), are
not observed.

The weathered surface of some Spitsbergen specimens
and the surrounding sandstone are coloured red to brown
by iron oxide—hydroxide (Fig. 7a). It accords with Frey
et al. (1978), reporting presence of iron oxides and
sulphides in the pelletal matrix of Ophiomorpha. Enrich-
ment in organic substances might contribute to the dark
colour of the lining, visible on more fresh surfaces.

Relatively few examples of O. irrequlaire have been
published from outcrops, compared with its extensive
record from drill cores where its specific identification has
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Fig. 7 Field photographs of Ophiomorpha cf. irregulaire parallel to a bedding plane 60 cm below the top of unit C, Basilikaelva section. (a) Single
sinuous tunnel with upwards-bent base of constricted subvertical shaft at the left hand end. (b, ¢, d) Coiled and somewhat irregularly bending tunnels
showing an uneven, low bumpy surface and dark lining at the contact between the tunnel and surrounding sediment.

a varying degree of precision (Bromley & Pedersen 2008).
However, the species has been described without doubt
from outcrops of the Late Cretaceous in Utah (USA) and
East Greenland, and from the Jurassic in Italy. Based
on detailed reconstructions, Boyd et al. (2012) regarded
O. irregulaire as a cosmopolitan ichnospecies.

Among well-documented O. irregulaire, the Spitsbergen
species is most similar to specimens figured by Frey et al.
(1978), Bromley & Ekdale (1998) and Bromley & Pedersen
(2008). However, the Spitsbergen form differs from these
records by its uniformly bending tunnel geometry, lacking
branching to form a meander maze, and having a single
upward-bending constricted termination; features sug-
gesting that it might be a new ichnospecies. Apparent
absence of sand-filled pellets, reported by Boyd et al.
(2012) as diagnostic of O. irregulaire, is also relevant in this
connection. Until now, the single documented observa-
tion of O. cf. irregulaire is its mass occurrence in the Todalen
Member of the Basilikaelva section 60 cm below the top of
unit C interpreted as barrier bar sandstone.

Morphology of other ophiomorphid taxa

The comparisons discussed above demonstrate that the
morphologies of the two Spitsbergen ichnspecies are
closely related to Ophiomorpha nodosa and O. irregulaire.
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Some less diagnostic similarities exist between the Spits-
bergen forms and several other ophiomorphid species, as
follows.

Ophiomorpha borneensis Keij 1965 is typified by burrow
walls consisting predominantly of dense, regularly dis-
tributed bilobate pellets. Ophiomorpha annulata Ksiazkie-
wicz 1977 refers to mainly horizontal to subhorizontal,
cylindrical, rarely branched structures with elongated
wall granules arranged perpendicularly to the burrow
axes. Ophiomorpha recta Fischer-Ooster 1858 forms mostly
horizontal or subhorizontal burrows, rarely branched,
with small muddy pellets on the margin of the tube.
Ophiomorpha rudis Ksiazkiewicz 1977 is composed of
mostly oblique shafts and straight or slightly winding
branched horizontal tunnels, with walls covered at least
partly by irregular granules and unevenly spaced scratch
traces commonly replaced by longer smooth intervals.
Ophiomorpha puerilis de Gibert et al. 2006 is a small,
rectilinear ichnospecies, in some cases ending in a slightly
enlarged chamber, with a lining formed of a single layer
of cylindrical pellets with rounded ends. Ophiomorpha
beaumarisensis Ter & Buckeridge 2012 is a recent ichnos-
pecies composed of tubular anastomosing burrows with
a granulated, finely nodose external surface, and with a
diameter almost twice that of O. nodosa and considerably
more branching.
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The Firkanten facies succession with
Ophiomorpha levels

Lake and coal swamps on alluvial plain—
Interval A. In the Basilikaelva section, the basis con-
glomerate of the Todalen Member reveals a clast content
with well-developed imbrication, resting on a rough
erosional surface reflecting deposition in a high-energy
fluvial environment (Figs. 3, 8). For the overlying
shale package, lacustrine conditions on an alluvial plain
are suggested by the fine-grained lithology, presence
of lamination, occurrence of well-preserved plant
leaves and absence of foraminifera and other marine
indicators. Presence of a laterally nearby coal seam is in
accordance with alluvial plain conditions. At Kolfjellet,
siltstones, shales and sandstones dominate this interval,
and the presence of several coal seams indicates swamp
environments (Fig. 5d).

Intermittent transgression on alluvial plain—
Bayfjellnosa and Kolhamaren. In the northern part
of the Central Basin, the Todalen Member of the Bayfjell-
nosa section (Fig. 4c) consists mainly of deltaic and alluvial
plain deposits including several coal seams. Ophiomorpha
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cf. nodosa is observed in a sandstone bed between two coal
seams and indicates a short episode of marine transgres-
sion into the paralic system. In the Kolhamaren section,
mass occurrence of 0. cf. nodosa occurs close to a coal seam.

Hyposaline Lagoon—Interval B. In the Basilikaelva
and Kolfjellet sections, this interval of blocky-weathering
shales contains entirely agglutinated foraminiferal assem-
blages of extremely low diversity suggesting restricted
environmental conditions in a lagoon sheltered by
the transgressively overlying sand barrier (Fig. 8). Low
salinity is assumed to be the main restricting factor in the
lagoonal waters as also indicated by strong dominance of
the opportunistic genera Trochammina, Ammobaculites and
Verneuilina. Other common genera include Placentam-
mina, Crithionina, Convallina and Psammosphaera (Nagy &
Murray 2011).

Barrier bar—Interval C. This discrete sandstone unit
separates the strongly restricted foraminiferal facies of
interval B from the less restricted foraminiferal facies
of interval D as indicated by the foraminiferal diversity
(Fig. 8). In a transgressive setting, this stratigraphic
position suggests a barrier bar origin together with the
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coarsening-upward development shown by the lower
part of this sandstone unit (Fig. 4d). The clean-washed
well-sorted nature of the sandstones corroborates with
deposition in a shoreface environment. Wave- and
current-generated ripples are common in the upper part
(Figs. 4b, 5a). Locally, the sand bar was built up into the
foreshore zone as indicated by occurrence of a low-angle
cross-laminated bed forming the top of the interval in the
Kolfjellet section (Fig. 5c).

As shown above, findings of Ophiomorpha cf. nodosa and
0. cf. irregulaire in the Basilikaelva section are restricted
to interval C. For this sandstone unit, brackish water
depositional conditions are suggested by the occurrence of
low-diversity brackish water agglutinated foraminiferal
assemblages in the shales both below and above.

Prodelta—Interval D. This is a prodelta succession,
belonging to the Kolthoftberget Member, that formed
during outbuilding of the delta front sandstone succes-
sion composing the Endalen Member (Steel et al. 1985).
The stacked parasequences composing the interval with
upward increasing sand content reflect progradation of
the delta system (Fig. 4a). The foraminiferal content of
the prodelta beds is exclusively agglutinated and of low
diversity, suggesting brackish conditions in the prodelta
waters (Nagy & Murray 2011). Dominant genera are
Reticulophragmium, Convallina and Haplophragmoides (Fig. 8).
Other common genera include Trochammina, Psammo-
sphaera, Verneuilinoides and Crithionina. The most abundant
and characteristic species are Haplophragmoides perexilis
and Reticulophragmium arcticum.

Environmental significance of Ophiomorpha
burrows

The middle and upper parts of the barrier sandstone
unit C, with the Ophiomorpha traces, consist of well-sorted,
fine- to medium-grained sandstones with very low organic
carbon content. Typical sedimentary structures are well
developed, mainly wave-generated ripples covering
extensive bedding planes (Fig. 4b). In the Kolfjellet
section, the sandstone beds forming the topmost 60 cm
of the barrier unit reveal distinct parallel lamination,
indicating foreshore depositional conditions (Fig. 5c).
Thus, the stratigraphic position and associated sedimen-
tary structures suggest a shoreface environmental setting
for the Ophiomorpha burrows in unit C, which is in
accordance with the environments of modern analogues.

An outline of the trophic strategies within modern
callianassid crustaceans is given by Bromley (1996), and
includes deposit and suspension feeding and bacterial
gardening. Among several cited taxa, Callianassa major is
documented as a suspension feeder, C. californensis and C.
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biformis are regarded as deposit-feeders, while Upobegia
pugettensis is considered a suspension feeding gardener.

The morphologically closest modern analogues to fossil
ophiomorphids are the burrows made by the shrimp-like
crustacean Callianassa major. It lives along medium-energy
coastlines of the south-eastern USA, burrowing in this
stressful loose sandy habitat, mainly below mean low
tide level (Frey et al. 1978; Bromley 1996). As shown by
its faecal pellets, C. major is a suspension feeder. Its tunnels
and shafts excavated in sands affected by waves and
currents, primarily serve as protection in an unstable
environment (Pryor 1975). This mode of life is in accor-
dance with the clean, organic-poor sandstones composing
the middle and upper parts of barrier bar unit C in the
Basilikaelva section, as well as the sandstones at the
Kolhamaren and Bayfjellnosa sites.

In the Basilikaelva section, Ophiomorpha cf. nodosa and
0. cf. irregulaire occur at separate stratigraphic levels,
while in the two other sections only O. cf. nodosa is found.
All of the five observed assemblages form monospecific
levels, which suggest an opportunistic behaviour of
trace-makers adapted to a certain degree of environ-
mental restriction. Ophiomorpha cf. nodosa occurs in more
fine-grained sandstone than O. cf. irregulaire, which
might point to a preference for different trophic resources
or for somewhat different water energy.

Ophiomorphid species showing a dominance of verti-
cal shafts characterize higher energy environments,
while those composed mainly of horizontal mazes typify
lower energy conditions (Frey 1975; Mude 2011). The
morphology of the Spitsbergen O. cf. nodosa belongs to
the first category, while that of O. cf. irregulaire is closer to
the second type. The occurrence of O. cf. nodosa in finer-
grained sediments here therefore seems anomalous.

Ophiomorpha nodosa is globally widespread with high
abundance in marginal marine and shallow marine
sand environments. It also colonized tidal and estuarine
channel deposits exemplified by the Miocene of Dela-
ware, where it occurs both in marginal and axial channel
strata (Miller et al. 1998 and references therein).

In Paleocene times, the Arctic Ocean waters were
brackish owing to the restricted nature of the Polar Basin,
having only shelf sea connections with the world ocean
(McNeil 1990; Nagy 2005). In marginal extensions of this
ocean, as in the Spitsbergen Central Basin, the brackish
nature of the water column was further amplified by the
closeness of fluvio-deltaic systems (Nagy et al. 2013).

The Basilikaelva section shows that the Ophiomorpha-
bearing shoreface sandstones rest on brackish lagoonal
shales and are overlain by brackish prodelta shales (Fig. 8).
It is reasonable to assume that the salinity in the shoreface
zone was even more reduced than in these deeper water
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mud deposition settings. The low salinity tolerance of O. cf.
nodosa is further supported by its occurrence in a coal-
bearing paralic system at Bayfjellnosa and Kolhamaren,
as well as the above-mentioned estuarine Delaware
occurrences.

Ophiomorpha in a sequence stratigraphic
context

The Kolthoffberget T-R sequence comprising the Firkanten
Formation is a third order sequence according to the
ranking system of Embry (2009). The sequence is compo-
sed of two systems tracts (Figs. 8, 9): the transgressive sys-
tems tract includes the pre-flooding beds, a post-flooding
succession and the maximum flooding surface; the re-
gressive systems tract is formed by a delta progradation
succession terminating at the upper sequence boundary.

Transgressive systems tract

Pre-flooding beds. This stage starts with the Gron-
fjorden Conglomerate Bed (Fig. 3), which was deposited
on a paleotopography formed during subaerial exposure.
It is a distinct ravinement surface associated with a major
hiatus extending over the whole Central Basin where the
Late Cretaceous is missing. The pre-flooding beds (interval

J. Nagy et al.

A) are principally equivalent to the incised valley fill of the
lowstand systems tract in the nomenclature of the Exoon
(Van Wagoner et al. 1988) sequence stratigraphic model.

In the Basilikaelva section, the ravinement conglom-
erate is overlain by dark shales forming the main body of
interval A, and is interpreted as a lake deposit (Nagy
2005) on an alluvial coastal plain. The presence of well-
preserved leaves suggests adjoining vegetated areas.
Encroachment of the sea over the alluvial plain is marked
by an initial flooding surface forming a siderite bed.

In northern and north-eastern parts of the Central
Basin at Bayfjellnosa and Kolhamaren, the initial flood-
ing is marked by sandstone beds containing Ophiomorpha
cf. nodosa. In this region, coal seams are present both
below and above the Ophiomorpha levels, as also reported
by Major & Nagy (1972). Correlation of these levels with
the Basilikaelva and Kolfjellet sections requires further
field observations.

Post-flooding succession. In the Basilikaelva section,
the flooding event transformed the lake (interval A) to a
hyposaline lagoon where the shales of interval B were
deposited (Figs. 8, 9). The flooding led to development
of low-diversity agglutinated foraminiferal assemblages
of restricted nature. The lagoon was separated from
open prodelta shelf waters by a barrier bar of fine- to
medium-grained sand that formed interval C, deposited
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during the advancing transgression. The shoreface sands
on the seaward side of the barrier were intermittently
colonized by Ophiomorpha cf. nodosa and O. cf. irregulaire
at separate levels.

The Ophiomorpha-bearing beds were deposited in the
final phase of the transgression, which terminated the
coal-bearing paralic depositional regime in the Basili-
kaelva and Kolfjellet area. This flooding was of regional
nature and marks the contact between the paralic
Todalen Member and the prodelta Kolthoffberget Mem-
ber in southern and middle reaches of the Central Basin
(Fig. 2).

In northern and north-eastern parts of the Central
Basin, the Todalen Member is much thicker than further
south and contains coal seams both below and above an
initial flooding event with Ophiomorpha. Moving north-
wards, the Kolthoffberget shales wedge out and the
Endalen sandstones rest directly on the paralic Todalen
Member. Defining the boundary between these members
is important because it represents the upper limit of
potential coal formation.

Maximum flooding surface. The abrupt change in
lithology from sandstone to silty shale at the boundary
between the Todalen and Kolthottberget members (inter-
vals C and D, respectively) is just below the termination
of the transgressive development. The lithological change
displays a transgressive surface formed by flooding of
the barrier reflected by foreshore lamination in the
Kolfjellet section (Fig. 5c). This surface is overlain by a
thin transitional bed which is immediately succeeded by
the maximum flooding surface forming the lower part of
the first coarsening-up parasequence introducing the
Kolthoffberget Member (Fig. 8).

Regressive systems tract

Delta progradation. The regressive systems tract of the
Kolthoffberget Sequence is comprised of the Kolthoffberget
and Endalen members. The repeated parasequences typi-
fying the Kolthoftberget reflect pulses of delta prograda-
tion into prodelta waters (Fig. 4a). The succeeding Endalen
Member consists of delta front sandstones deposited
during the final stage of the regression.

Sequence boundary. Outbuilding of the delta system
terminates at the upper sequence boundary which shows
a regionally varying development. In northern reaches
of the Central Basin, it is marked by a conglomeratic level
at the top of the Endalen Member. The conglomerates
are well-exposed in Bjgrndalen (close to Longyearbyen)
and represent a ravinement surface. In middle reaches of
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the basin (e.g., at Basilikaelva), the corresponding level is
developed as a sandstone to shale transition and forms a
correlative conformity to the ravinement in the north.

Conclusions

In the Todalen Member of the Early Paleocene Firkanten
Formation, two ophiomorphid species are recognized.
Ophiomorpha cf. nodosa occurs mainly as vertically or-
iented, subcylindrical shafts. It has been observed in
the Basilikaelva, Bayfjellnosa and Kolhamaren sections.
The large-sized O. cf. irregulaire forms sinuous horizontal
tunnels with constricted initial shafts. It has been observed
only in the Basilikaelva section. The pelletal lining of both
species appears as irregular spiky to attenuated subconical
extensions.

Sedimentary features and stratigraphic position of
the Ophiomorpha-bearing sandstones of the Basilikaelva
section suggest deposition on the shoreface of a sand
barrier. This setting corresponds to the habitat of a
modern analogue, the shrimp-like crustacean Calianassa
major, living in burrows made in high-energy coastal
marine sand environments.

The monospecific nature of the Spitsbergen Ophiomorpha
assemblages suggests opportunistic colonization beha-
viour under restricted environmental conditions. Brackish
water in these habitats is indicated by the restricted nature
of foraminiferal faunas occurring below and above the
shoreface sandstones with Ophiomorpha at Basilikaelva, as
well as by the delta-influenced background environments
of the Central Basin. The shoreface sandstones are poor
in organic matter, suggesting that suspension feeding was
the preferred strategy of O. cf. nodosa, as is the case with
the modern Calianassa major.

The Firkanten Formation comprises the third order
Kolthoffberget T-R sequence. In middle reaches of
the Central Basin, the Ophiomorpha-bearing sandstones
were deposited in the final phase of the transgressive
systems tract which terminated the underlying paralic
system and coal formation. In northern parts of the basin,
Ophiomorpha is observed between coal seams and indicates
an initial transgressive surface. According to these ob-
servations, the presence of Ophiomorpha in the Kolthoft-
berget T-R sequence signals intermittent transgressions
into a paralic succession, as well as a major flooding event
terminating the paralic system.

The morphology of the Spitsbergen ophiomorphids
shows close similarities to O. nodosa and O. irreqularie,
but also reveals significant differences. These relation-
ships warrant closer scrutiny and documentation of the
Spitsbergen forms to define their exact taxonomy at
ichnospecies level.
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