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Abstract

The Middle Triassic succession of Svalbard forms a pronounced second-order
transgressive–regressive sequence. This is represented by deltaic sediments in
western Spitsbergen, grading to deep restricted shelf deposits in central and
eastern parts of the archipelago. Nine ichnogenera have been recognized,
which form three local ichnofacies or trace fossil assemblages: a Thalassinoides
assemblage that is dominant in low-energy shelf settings, a Taenidium–
Rhizocorallium assemblage that occurs in intermediate-energy deltaic and shelf
environments, and a Polykladichnus assemblage that dominates high-energy
deltaic environments. These three trace fossil assemblages overlap, both as a
result of fluctuations in energy level with time and because of differential
preservation of the different tiers. The main control of the distribution of the
assemblages is an upwards increase in energy regime during progradation
of the deltaic sediments along western Spitsbergen, and a contemporaneous
decrease in energy regime more distally. The succession has also experienced
fluctuating oxygen levels during deposition, as evidenced by very high organic
matter contents and mass mortality of juvenile bivalves. These anoxic periods
have been interrupted by periods of bioturbation, with the development of
extensive tiered ichnocoenoses. Phosphatization of Thalassinoides fills and sub-
sequent modification of the phosphatic fill by compaction has brought about
the formation of phosphate nodules. The typical Thalassinoides framework may
be recognized on well-exposed bedding surfaces. The phosphate nodules also
occur as conglomeratic lag deposits, commonly occurring at the base of silt-
stone beds, as a result of episodic heavy storms.
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The Middle Triassic succession in Svalbard comprises a
major upwards coarsening second-order sequence that
can be followed throughout the Arctic (Mørk et al. 1982;
Mørk et al. 1989; Egorov & Mørk 2000; Mørk & Smelror
2001). Sedimentation started with the Anisian transgres-
sion, resulting in the deposition of dark organic-rich and
phosphatic shales. In the western areas, a major upwards
coarsening sequence is formed by deltaic progradation
from the west (Fig. 1): these sediments are referred to as
the Bravaisberget Formation. In the western area, the
dark marine shales deposited after the lower Anisian
transgression were subsequently overlain by prodelta
shales and siltstones. As the western part of the basin was
filled with sediment, and the normal wave-base was
reached, the sediment was transported across the sea

bottom, and deposition then took place further out in the
basin. In this way an extensive siltstone body was pro-
duced along the basin margin. Deltaic top sediments are
seen at the Bravaisberget and Festningen localities, where
the accommodation space seems to have been almost
filled up, and shallow marine structures are common (the
Van Keulenfjorden Member of Pčelina 1980; Mørk et al.
1999; Krajewski et al. 2007). Distributary channels are
only found at south-western Sørkapp Land (Mørk et al.
1982), and other similar deltaic systems are also indicated
further north along the west coast of Spitsbergen. The
more distal development towards the east with dark,
mostly organic-rich, shales shows a more continuous
development during the Middle Triassic, and the domi-
nating dark shales are assigned to the Botneheia
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Formation (Buchan et al. 1965; Mørk et al. 1999). These
organic-rich mudstones (Mørk & Bjorøy 1984), contain-
ing abundant pelagic fossils, were deposited in deep shelf
environments. The rich organic content of the mudstones
is a result of high organic productivity during deposition,
but also of anoxic/poikiloaerobic seabed conditions,
forming a complex spatial distribution pattern during the
regressive filling of the basin. Trace fossils show complex
abundance, tiering and preservation patterns, and can be
used to delineate depositional conditions both vertically
(time) and laterally, as controlled by sea level, energy
level and oxygen tension.

The specimens that have been photographed in the
laboratory are housed with the palaeontological material
of the Natural History Museum, University of Oslo, and
have been assigned PMO numbers.

The trace fossils

The Middle Triassic sequence contains an abundant ich-
nofauna of restricted diversity: nine ichnogenera have

been identified. The individual ichnotaxa are described
here, before relating their information with the sedimen-
tology and early diagenesis of the sequence.

Taenidium serpentinum Heer, 1877

The T. serpentinum material from the Middle Triassic of
Svalbard occurs both as weathered-out trace fossils in
fine-grained sandstone (Fig. 2a–c), and as mud-filled trace
fossils in muddy–sandy rocks, and as all of the gradations
in between. The trace fossils are never seen to follow the
bedding surfaces for more than a few centimetres, and
individuals oblique to the bedding plane are common. This
shift in feeding level seems to be typical, and probably
reflects digging throughout the sediment in search of food.
These trace fossils commonly follow the upper surfaces of
sand beds, and the animal was therefore probably exploit-
ing the organic content of the overlying mud.

Individual trace fossils are not seen to cross their own
path, although they do curve strongly. This partly pho-
botactic behaviour indicates a systematic search for food.

Fig. 1 Outcrop and facies distribution of Middle

Triassic sediments in Svalbard.
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Fig. 2 (a) Taenidium serpentinum from the upper part of the Bravaisberget Formation on Smalegga. Both mud-filled curving specimens in a fine-grained

sandstone and parts with well-preserved backfill menisci are present (PMO-A38897). (b) To the left, Phycosiphon incertum; to the right, a curving

specimen of T. serpentinum is preserved in very fine-grained sandstone. The mud filling has weathered away, and thin backfill ridges can be seen. The

sample was found loose at the outcrop of Bravaisberget Formation on Treskelen (PMO-A39134). (c) Taenidium serpentinum in a siltstone. Mud fillings in

the trace fossils have been weathered away, revealing meniscus backfill (PMO-A38875). (d) Field photograph of Chondrites isp.: a small form. The trace

fossils are filled with silt to very fine-grained sandstone, and are preserved as epirelief on the top surface of a wave-rippled bedding plane of very

fine-grained sandstone, from near the top of the Bravaisberget Formation at Festningen. Both extensive branched portions as well as isolated portions can

be seen. (e, f) Field photographs of Polykladichnus irregulare from the uppermost part of the Bravaisberget Formation, at Bravaisodden, near Bravais-

berget. Note the Y-branching and the varying angle of the tubes relative to the bedding plane, and the dense burrowing pattern.
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However, different individuals are seen to cross each
other’s paths. The intersection point is simple, indicating
that the trace fossil is Taenidium, and not the similar
Scalarituba Weller, 1899. Scalarituba is a preservational
form of Nereites MacLeay, 1839, and has a disturbance
zone around it (Uchman 1995a). This zone, which is
clearly visible where the trace fossils intersect, is lacking
in this material (see Seilacher 2007: pl. 34). The pho-
botactic behaviour seems to be typical in coarse-grained
sediment, perhaps in response to the low nutrient value
of the sediment.

The subcylindrical form of the trace fossils is clearly
seen where the burrows dip into the sediment. Annular
ridges are only seen where the surface of exposure cuts
through the middle or lower part of the burrows. This
ornament is produced by the meniscus backfill structure
of the internal sediment (D’Alessandro & Bromley 1987).

Rhizocorallium irregulare Mayer, 1954

The ichnogenus Rhizocorallium is represented by long,
sinuous, bifurcating or planispiral U-shaped spreite
burrows, in the main horizontal (Fürsich 1974; Knaust
2007; Seilacher 2007). The ichnogenus appears to have
been affected by the Permian–Triassic extinction event,
but it then reappears near the top of the Lower Triassic
(Twitchett & Barras 2004).

Most commonly R. irregulare is observed as a pair of
strictly parallel, but commonly curved, tubes in muddy
siltstone (Fig. 3a–d). Terminal U-bends and the spreite
structure are seldom visible. The marginal tubes, which are
darker than the surrounding rock (Fig. 3a), are filled with
organically enriched mud, and scratches are commonly
observed on the walls. The sediment between the limbs is
always similar to the surrounding sediment, and in the
few cases where the spreite structure is seen, this is also
enriched in organic-rich mud. The tubes mostly follow
bedding planes or occur slightly oblique to the bedding
plane. Although different trace systems are commonly
compacted into each other, a phobotactic behaviour
is demonstrated, where traces end before penetrating
another system (Fig. 3a). Generally, in these cases, the
spreite narrows slightly, only to be widened again before
the U-bend of each trace (Fig. 3a). The trace fossils indicate
sediment processing for food, and occur commonly
together with T. serpentinum, Chondrites and Thalassinoides.

A second form of R. irregulare occurs in more coarse-
grained sediment (sand), comprising large specimens
with well-preserved spreite (Fig. 3e). The spreite of these
traces is commonly widened towards the U-bend, which
is also generally dug down towards a lower bedding plane
(see Bromley 1996: fig. 9.5). The trace fossils are never
seen to bifurcate, and they rarely cross each other. They

are mostly randomly orientated; however, at a single
bedding plane a somewhat parallel orientation of the long
axis of a number of individuals was observed. Individual
traces reach a length of 80 cm.

The feeding habit of Rhizocorallium producers was dis-
cussed by Fürsich (1974) and Basan & Scott (1979).
Fürsich (1974) concluded that short vertical to oblique
forms (Rhizocorallium jenense Zenker, 1836) are probably
the work of suspension feeders, whereas the “mining”
systems (e.g., of R. irregulare) reflect a systematic search
for food in the sediment by a deposit-feeder. In Svalbard,
a small form occurs in the Lower Triassic (Worsley &
Mørk 2001) that may be referred to Rhizocorallium
commune Schmid, 1876, and a few individuals in the
Middle Triassic ichnofauna should probably also be
referred to this ichnospecies (see Knaust 2007). These
forms are found in clean sandstone, and probably repre-
sent the work of suspension feeders.

The two modes of preservation of R. irregulare are
related both to different behaviours of the animal in
search for food and to different properties of the sedi-
ment. The muddy sediment was rich in organic matter,
and the animal probably did not need to thoroughly work
the sediment for its food. However, the spreite may have
been produced where it is not visible today (Fig. 3c). In
some cases the spreite is found at a slightly lower level in
the rock, as in horizontally retrusive Rhizocorallium. Water
circulation in long tunnels could not have been very
effective; nevertheless, the purpose of maintaining
open tunnels must have been for respiration. It is possible
that accessory connections were made to the surface
to increase water flow, but such structures were not
observed. In the fine-grained sediment the trace fossils
are always preserved as mud films lacking siltstone filling,
as seen in the coarser lithologies. Examples of bifurcation
are not seen; however, this observation is not conclusive,
owing to the normally limited extent of the exposure. In
the coarser sediment the traces mostly occur as external
moulds.

Parallel orientation of the long axis found in one bed, in
a sedimentological association with rippled beds, may
have resulted from a concentration of nutrients in the
ripple troughs, as demonstrated by Fürsich (1974). Most
of these traces, however, are dug into the sandstone beds
where no mud enrichment is seen. An orientation of the
tunnel openings with respect to (?tidal) current may be
more probable, especially as this bed represents the
shallowest part of the section.

Teichichnus rectus Seilacher, 1955

Teichichnus rectus is represented by spreite structures
formed by long, horizontal burrows that shifted upwards,
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perpendicular to the bedding plane (Seilacher 1955; Frey
& Bromley 1985). The trace fossils are generally observed
on top of bedding planes, and most commonly occur in
silt- and sandstone. The spreite structures are retrusive
in the horizontal plane, and commonly slightly curve
laterally. At Festningen they occur in a rippled bedding
surface, together with R. irregulare. The spreite may indi-
cate a search for food, but in this relatively high-energy
environment a protective function is also likely. T. rectus

occurs on wave-rippled bedding surfaces in the upper-
most beds of the Bravaisberget Formation at Festningen.

Thalassinoides isp. cf. Thalassinoides suevicus
(Rieth, 1932)

The ichnogenus Thalassinoides is abundant in the fossil
record, comprising networks exhibiting T- and
Y-branching. Its production today, and in the Mesozoic

Fig. 3 (a) U-bends of Rhizocorallium irregulare clearly showing phobotactic behaviour. Other smaller traces, probably Chondrites, may be recognized

inside R. irregulare traces (PMO-A38886) from Smalegga, in the upper part of the Bravaisberget Formation. (b, c) Field photographs of R. irregulare with

well-defined spreiten from Selodden, near Treskelen, in the middle part of the Bravaisberget Formation. (d) Examples of R. irregulare with nicely developed

spreiten compacted together on top of each other (PMO-A38888), from Selodden, near Treskelen, in the middle part of the Bravaisberget Formation. (e)

Field photograph of a long, vertically protrusive R. irregulare occurring in fine-grained sandstone, from a vertical section, Festningen, approximately 17 m

below the top of the Bravaisberget Formation.

Ichnology of the Middle Triassic of SvalbardA. Mørk & R.G. Bromley

Polar Research 27 2008 339–359 © 2008 The Authors 343



and Cenozoic, by decapod crustaceans is well studied
(e.g., Ehrenberg 1944; Bromley 1967; Kennedy 1967;
Fürsich 1973a; Bromley & Frey 1974; Ekdale et al. 1984;
Myrow 1995; Uchman 1995a; Asgaard et al. 1997;
Seilacher 2007). Thalassinoides occurs chiefly in soft-
ground substrates, where it may be difficult to see as its
fill may closely resemble the surrounding sediment, and
because the lining is absent. It also occurs in firmground
at key stratigraphic surfaces as part of the Glossifungites
ichnofacies, where it may be conspicuous because its fill
of post-omission sediment commonly differs from the
substrate it is emplaced in (e.g., Bromley 1975; Pember-
ton & Frey 1985; Pemberton et al. 2004).

Thalassinoides isp. occurs in Svalbard throughout most
of the exposure area, although the mode of preservation,
because of mechanical and diagenetic processes, has
made exact assignment difficult. Most trace fossil sys-
tems have undergone extensive phosphatization and
compaction, disturbing the primary taxonomic criteria
(Figs. 4, 5).

Parts of Thalassinoides isp. occur as more or less com-
pressed phosphatic burrow fills, usually 1–5 cm in
diameter, 5–20 cm in length, and mostly separated as
individual nodules forming horizons of burrow galleries
(Fig. 4c). Bifurcation is common, and the nodules com-
monly have swellings at both the bifurcation points and
elsewhere (Fig. 5). Surface structures of the nodules are
not seen, and compaction has generally shattered the
nodules into a series of rounded discs.

Phosphate nodules occur in the Middle Triassic succes-
sion at all exposure areas in Svalbard, but only on well-
exposed bedding surfaces may the integrated tunnel
system of Thalassinoides be recognized (Fig. 5).

Chondrites ispp.

Chondrites is a “form genus” in its widest sense, and con-
sists of a plant-like dendritic pattern of small cylindrical
ramifying tunnel systems: individual branches neither
intersect nor anastomose. Unlike plants, however, the
diameter of the burrows remains constant throughout
any individual system. A single shaft is open to the
surface; branching tunnels proximally trend downwards
across the bedding plane, and distally lie parallel with
bedding planes, and they may branch in regular or irregu-
lar patterns. Traditionally, Chondrites is considered to be a
fodinichnion (Osgood 1970; Häntzschel 1975), but more
recently it has been considered to represent a “sulphide
well” for chemosymbiosis (Seilacher 1990; Fu 1991).

Several forms of Chondrites occur in Svalbard, and the
trace fossil is easily visible in silty beds. Here, they will
only be distinguished as smaller and larger forms. Usually
two size classes occur: one with tubes of approximately

Fig. 4 (a) Drawing and (b) photograph of Thalassinoides occurring as

phosphatic nodules. The sample is from Jinnbreen, central Spitsbergen

(PMO-A40384). (c) Phosphatic nodules are seen in the lower part of the

bioturbated siltstone (thin arrow). Nodules are also concentrated in one

bed overlying the siltstone bed (thick arrow), from the lower part of the

Bravaisberget Formation, Festningen locality.
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1 mm in diameter; the other varying between 3 and
5 mm in diameter. Owing to the compact nature of the
host rocks, only small parts of the trace systems are
usually found. Regular branching is common and, mostly,
the tubes cross the bedding obliquely.

The smaller form generally occurs in clusters on top of
siltstone beds (Fig. 2d). The trace producer caused exten-
sive excavation, probably in nutrient-rich mud found on
top of the coarser beds. Active silt/sand filling of the tubes
by the burrower has produced the epirelief seen today.

Together with T. serpentinum, Chondrites ispp. are
mainly responsible for the thorough bioturbation of the
Middle Triassic siltstones. Chondrites may occur together
with Phycosiphon, and is also associated with R. irregulare.
The occurrence of Chondrites in the interior of other
traces, such as those from Taenidium and Rhizocorallium, is
probably a result of the Chondrites animal utilizing the
organic concentrations within the soft sediment fill of the
larger traces, a process that is commonly seen in Thalassi-
noides in other regions (Bromley 1967; Kennedy 1967;
Bromley & Frey 1974; Frey & Bromley 1985), indicating
that the Chondrites producer may tolerate low oxygen
levels, as postulated by Bromley & Ekdale (1984; see also
Martin 2004). The fill of earlier burrows may also repre-
sent sulphide-rich sites conducive to chemosymbiotic
activities.

Phycosiphon incertum von Fischer-Ooster, 1858

Phycosiphon incertum (the senior synonym of Anconichnus
horizontalis Kern, 1978) is a small trace fossil that consists
of a tube, recurving around a spreite-like structure as a
series of lobes. The structure is filled with fine-grained
material, and is surrounded by a mantle containing
coarser grains than those of the central fill. The diameter
of the tubes is normally less than 1 mm, and the lobes are
several millimetres wide. Between the arms of the lobes a
spreite is extended, consisting of the same material as the
mantle of the tube (von Fischer-Ooster 1858; Wetzel &
Bromley 1994; Bromley 1996: fig. 11.11; Pemberton
et al. 2001: fig. 76). P. incertum may occur opportunisti-

Fig. 5 (a–c) Photograph and drawings of a bedding surface of the lower

part of the Bravaisberget Formation at Festningen. (a) Drawing of the

whole surface. (b) An outline of Thalassinoides tunnels occurring as phos-

phatic nodules, drawn on plastic overlay in the field, and then later

reduced to the scale of the photograph. (c) A tentative artistic interpreta-

tion of the probable connections between the Thalassinoides tunnels.

The shaded areas represent phosphatic tunnel fillings, whereas broken

lines give a free interpretation of possible tunnel connections. (d)

Thalassinoides network consisting of flattened phosphate nodules, from

the westernmost exposure of Edgeøya.

�

Ichnology of the Middle Triassic of SvalbardA. Mørk & R.G. Bromley

Polar Research 27 2008 339–359 © 2008 The Authors 345



cally, more or less alone, in a shallow-tier position
(e.g., Goldring et al. 1991; McIlroy 2004a). Commonly,
however, P. incertum occupies a deep–middle tier position
in high-diversity ichnofabrics (e.g., Ekdale & Bromley
1991). P. incertum is classified as a fodinichnion.

The Svalbard specimens are mostly found only as frag-
ments of the trace fossils (Fig. 2b). Phycosiphon forms
U-shaped, generally somewhat incurved, loops that may
branch. Although mostly preserved in one plane, the
tubes may change plane and may occur slightly oblique to
the bedding plane. The outer marginal tubes have dark
core sediment (organic and micaceous) and pale mantle
sediment. Spreiten are usually only visible locally (see
Wetzel & Bromley 1994). The marginal tubes are between
0.5 and 0.7 mm in diameter, and are very consistent
within a given system. The width of the individual
U-systems is mostly 2–3 mm, and varies somewhat,
whereas the depth of the U-systems varies between 2 and
7 mm.

Palaeophycus tubularis Hall, 1847

As reviewed by Pemberton & Frey (1982), the ichno-
genus Palaeophycus consists of unbranched, rarely
branched, smooth or ornamented, lined, essentially
cylindrical, and predominantly horizontal burrows of
constant diameter; fillings are typically structureless,
with the same lithology as the host rock. These authors
suggested that Palaeophycus is produced as an open
dwelling burrow by a predaceous or suspension-feeding
animal, and that the tunnels are subsequently filled
by passive sedimentation. The polychaetes Glycera and
Nereis were considered as modern analogues to the
Palaeophycus organism: the burrows of these polychaete
worms vary from simple, to irregularly branching struc-
tures, to complete systems with horizontal and vertical
components.

The Palaeophycus tunnels from the Middle Triassic of
Svalbard have a thin lining and no wall ornamentation,
and probably represent P. tubularis. They are found in the
part of the succession that has abundant Polykladichnus of
similar dimensions.

Polykladichnus irregularis Fürsich, 1981

This ichnospecies is represented by vertical, lined tubes
with Y-shaped bifurcations connecting to the bedding
surface. The number of bifurcations is variable (usually
between one and four), and the tube diameter ranges
from 0.3 to 0.5 cm. The subcylindrical tubes include
oblique forms. The tubes show branching, mainly in the
upper part, and are mostly filled by muddy sediment,
giving them a dark appearance; however, in some cases a

central filling of sandstone is present. The diameter is
2–9 mm, the length may be more than 10 cm and the
wall lining is thin (in one 5-mm wide tube the lining
is one-fifth of the diameter of the tube). Although
Polykladichnus is generally of marine origin, Bromley &
Asgaard (1979: fig. 4) described a small form from Triassic
continental red beds from East Greenland, calling them
Y-branched burrows.

The erection of the ichnogenus Polykladichnus by
Fürsich separates the oblique and branching, almost ver-
tical tubes from true Skolithos. Schlirf & Uchman (2005)
have recently discussed the characteristics distinguishing
Polykladichnus from Skolithos. Many workers have dis-
cussed the features and function of the abundant trace
fossil Skolithos Haldeman, 1840 (e.g., Hallam & Swett
1966; Häntzschel 1975; Bromley 1996; Schlirf &
Uchman 2005). Fürsich (1981) argued that the coarse-
grained sediment that contains P. irregularis in its type
area in the Kimmeridgian of Portugal would
indicate a suspension-feeding behaviour for the trace
maker.

Polykladichnus irregularis, as found in good exposures
in Svalbard (Fig. 2e, f), closely resembles the specimens
reported from Portugal. Usually, however, only parts of
the trace fossils are seen. In extensively carbonate-
cemented beds, weathering out of the trace fossils may
be limited, making recognition of the trace criteria dif-
ficult. Similarities with the specimens from Portugal are
therefore best seen in less cemented rocks. The Svalbard
specimens occur in fine-grained sand and silty shale. In
the finer-grained lithologies the resemblance with the
type species may be more dubious. Generally, the trace
fossils may show an eroded top, with the removal of the
upper part of the trace fossils. The individual tunnels
may show a weak enlargement of the diameter in the
upper part, and in some cases a distinct funnel is
present.

Skolithos isp.

Skolithos consists of straight, subcylindrical, unbranched,
sediment-filled tubes, perpendicular to the bedding
plane. The diameter, constant for each tube, may range
within 1–15 mm. Their length ranges from a few to
30 cm, and rarely up to 100 cm long (Haldeman 1840;
Westergård 1931; Hallam & Swett 1966; Häntzschel 1975;
Droser 1991; Schlirf & Uchman 2005).

Vertical trace fossil shafts are common in the studied
succession, but most of them probably belong to
Polykladichnus. The only observations that can clearly be
referred to Skolithos are a few examples in the coarse sand
beds at Sørkappøya.
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Local trace fossil assemblages and their
environmental implications

Local trace fossil assemblages cover recurring assemblages
of trace fossils, and are related to both sedimentary facies
and depositional environment. In order to distinguish
the local ichnofacies from the architypal ichnofacies of
Seilacher (1964, 1967) and subsequent workers (e.g.,
Bromley & Asgaard 1991; Pemberton et al. 2001; McIlroy
2004b), these units are referred to here as trace fossil
assemblages.

Tiered ichnofabrics were initially studied in sedi-
mentarily uniform rocks that were deposited in generally
quiet, monotonous conditions, such as the European
Cretaceous Chalk (e.g., Ekdale & Bromley 1983, 1991;
Bromley 1996). In such settings, the endobenthic com-
munity tends to vary little with time, and the ichnofabric
develops uniformly with the work of this community,
with the deeper structures intersecting all others, and the
shallowest structures becoming cut by all others.

However, as ichnofabrics that were developed in more
unstable settings were explored, in shallow water, flysch
and in continental deposits, where community replace-
ment is the norm, the cross-cutting relationships were
seen to be produced by successive communities (e.g.,
Bockelie 1991; Taylor & Goldring 1993; Buatois et al.
1997; Wetzel & Uchman 2001; Genise et al. 2004;
Uchman 1995b, 2007). In this case, time and not depth
defines the cross-cutting pattern: structures produced
by the latest colonists cross-cut all earlier structures. In
the heterogeneous sediments under description in the
present study, ichnofabrics are dominated by community
succession and replacement.

In fact, distinction between ichnofabrics created by a
single multiple-tiered community and those created by
successive communities is not always possible. Ecological
tiering may, however, spread the work of different
members of an endobenthic community over several
units (beds), so that structures belonging to different
communities come to lie together in the same sediment
(Bromley 1996). Also, tiering tends to make the last trace
the most conspicuous (Bromley & Ekdale 1986), and in

the extreme case the trace fossil community may be
largely, even totally, defined by the last trace. In the
present investigation most of the observed trace fossils
recur throughout the succession, but in varying abun-
dance. The different trace fossil assemblages may be
formed by a single ichnocoenosis or a mixture of several
of them.

In the Middle Triassic succession, the lithofacies varies
from mud-dominated shelf deposits of restricted condi-
tions, through prodelta shales and silts, to delta-top
sandstones (Fig. 1). The individual trace fossil assem-
blages are each mainly characteristic of a single
lithofacies, and reflect large-scale regional changes in
facies pattern. However, at a smaller scale, they may
mainly reflect the interplay of several ichnocoenoses. The
pattern of trace fossil assemblages is observed most easily
in the western facies areas, where the upward-coarsening
succession reflects increasing energy levels. Here, also,
several successive and interfingering ichnocoenoses are
recognized, whereas the more open shelf region east-
wards only shows a less diverse ichnocoenosis, and a
simpler pattern of trace fossil assemblages.

Systematic quantification of the relative abundance of
the involved ichnotaxa has not been undertaken in the
field, and the recognition of individual trace fossil assem-
blages and ichnocoenoses is thus based on qualitative
observations.

Tiering

Tiering patterns are the major element in the recognition
of the ichnocoenoses (Fig. 6). The shallowest recogniz-
able tier is occupied by Taenidium. This ichnogenus seems
to represent the shallowest and most abundant endo-
benthic colonizer. This fodinichnial trace fossil commonly
occurs in highly compacted preservation, and therefore
represents a very early inhabitant of the sediment, pro-
duced prior to most compaction. Taenidium may be
cross-cut by both Rhizocorallium and Thalassinoides. Both
occur in mudstones and siltstones, with a dominance of
Rhizocorallium in mudstones and of Thalassinoides in silt-
stones. Possibly, the Rhizocorallium producer was able to

Fig. 6 Tiering diagram showing the cross-

cutting relationships of the trace fossils. The

middle of the figure shows the most common

tiering development, whereas Chondrites is

added in a trace fossil infilling on the right-hand

side of the diagram. Polykladichnus on the left-

hand side may either be the first or the last

trace, and commonly forms monospecific

comunities.
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penetrate from mud down into underlying silt. However,
mudstone traces may also have been produced at a later
stage after further sedimentation, or by penetrating silt
down into underlying mud. Taenidium and Rhizocorallium
may thus either represent an ichnocoenosis produced by
the two trace producers living contemporaneously, or
they may represent successive ichnocoenosis.

Thalassinoides may occur in mudstones, but dominates
in siltstone beds, commonly in the lower part. Both
Taenidium and Rhizocorallium preferably occur in the
shallower tiers, but all three ichnogenera may be found
compacted on each other on bedding surfaces. This
deep-level tier may form a separate Thalassinoides ich-
nocoenosis. Although representing the deepest tier,
Thalassinoides, after sediment filling, commonly has been
reburrowed by Chondrites, which represents the latest
and deepest ichnological activity.

Normally, Polykladichnus totally dominates beds when
present, although locally it may occur together with
Taenidium, Rhizocorallium and Thalassinoides. The open
funnels occurring in well-preserved specimens indicate
contact with the overlying sea floor and sea water.
Polykladichnus therefore seems to represent a shallow tier.
However, where it cross-cuts Taenidium and Rhizocoral-
lium, this indicates late colonization of earlier-burrowed
siltstone beds re-exposed at the sea floor following ener-
getic episodes that removed overlying mud. Therefore,
Polykladichnus probably indicates colonization of key
stratigraphic surfaces.

Trace fossil assemblages

Thalassinoides assemblage. The Thalassinoides assem-
blage is composed of the Thalassinoides, Taenidium–
Rhizocorallium and Polykladichnus ichnocoenoses, and the
assemblage is mostly restricted to areas below the
normal wave base and representing open shelf sedi-
mentation (Figs. 7, 8). Taenidium–Rhizocorallium and
Polykladichnus ichnocoenoses overlap the Thalassinoides
ichnocoenosis in the general depositional environment,
although local sea-floor variation may separate these
individual communities. Thalassinoides ichnocoenosis is
mostly found in individual siltstone or silty mudstone
beds that are commonly more than 10 cm thick. Large
parts of successions may contain examples of Thalassi-
noides, and the assemblage is used in a broad sense for
shelf facies with abundant Thalassinoides. Most probably,
Thalassinoides producers were able to excavate firm
sediment, which explains why their tunnels were dug
deeper than most of the other infauna. Thalassinoides is
commonly present in firm-ground assemblages (Pem-
berton & Frey 1985).

Taenidium–Rhizocorallium assemblage. This trace fossil
assemblage comprises the Taenidium and Rhizocorallium
ichnocoenoses dominated by the fodinichnial trace fossils
Taenidium and Rhizocorallium, in varying quantities, and
occurs in parts of the succession where mudstone and
siltstone beds alternate. The environment may represent
periods of higher energy in the same general environ-
ments, where the Thalassinoides assemblage occurs.
Krajewski et al. (2007) describe submarine bank deposits
with interbank muds, showing the presence of simulta-
neous higher and lower energy deposits within the lower
part of the Bravaisberget Formation. Whereas Taenidium
can most easily be observed in the bank deposits, Rhizoc-
orallium is abundant in the more muddy sediment. The
Taenidium–Rhizocorallium assemblage also ranges into
higher energy environments, and locally occurs in delta-
top environments (Fig. 7): in these environments the
Rhizocorallium ichnocoenosis dominates.

Rhizocorallium ichnocoenosis dominates in silty shale or
siltstones, but occurs in shales as well. However, although
Taenidium seems to represent the work of an early immi-
grant, Rhizocorallium have been emplaced in a firmer
substrate. These tunnels probably had a respiration
purpose, and this may indicate that the Rhizocorallium
tunnel producer could tolerate lower oxygen levels than
the Taenidium producer. Both ichnogenera have been
found in dysaerobic settings (Wignall 1991). Within the
section, Rhizocorallium and Taenidium occur juxtaposed
upon each other, and probably both represent a tiered
assemblage, constituting one and the same ichnocoeno-
sis. Other minor infaunal elements of this Rhizocorallium
ichnocoenosis are Polykladichnus, Chondrites, Teichichnus
and Palaeophycus.

Polykladichnus assemblage. This trace fossil assemblage
is dominated by P. irregulare, and is mostly restricted to
siltstones or muddy siltstones. The trace producers may
have been both deposit and suspension feeders. Although
Polykladichnus may occur throughout large parts of the
succession, together with Taenidium and Rhizocorallium, it
is most common in the sediments of higher energy envi-
ronments, and not in the clean mudstones. In the upper
part of the succession at Bravaisberget this trace fossil
dominates totally (Fig. 7). The traces seem to have been
produced periodically, both early, representing the upper-
most tier (together with Taenidium), and later, destroying
overlying tiers (together with Rhizocorallium), a pattern
that also may reflect shorter periods of higher energy.

Microcoquina, Tasmanites and associated sediment.
The same part of the succession that is dominated by the
Thalassinoides assemblage may contain thin bivalve micro-
coquina beds. The bivalve microcoquina beds consist of
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crowded accumulations of minute (?juvenile) mollusc
shells, a few millimetres in diameter (Fig. 9a, b), that
are commonly associated with siltstones containing
a concentration of organic material. Tasmanites algae
(Vigran et al. 2008 [this issue]) are 500–600 mm in diam-
eter, and often occur together with phosphatized pellets
within well-laminated beds. The tasmanitids may be open
and globular, but normally occur as flattened, or as torn
or fragmented, particles, commonly in halves (Fig. 9c). In
western and central localities, phosphatized ooids (Mørk
et al. 1982) and peloids are also present (Fig. 9d), occur-
ring as laminated thick beds, which are possibly bank
deposits. The bivalve microcoquina shells consist of
calcite, and are only locally phosphatized. These beds
mostly occur in the part of the succession with the highest
organic content.

The bivalve microcoquina shells may occur as piles of
flat-lying shingled shells (Fig. 9a), and they never form

card-house textures. They may also form complicated
textures modified by bioturbation (Fig. 9b), and minute
shells may be orientated along burrow walls. Dense
bending and zig-zag patterns are also abundant, but these
are interpreted as resulting from compaction and minor
post-depositional modifications. Mud or fine-grained
matrix is mostly absent from such beds, although when
many peloids are present they may act partly as a matrix
(Fig. 9d). Generally, one of the particle types totally
dominates one bed or set of laminae, although a mixture
of particle types is also common.

Oxygen and bioactivity

The theory of trophic communities (Walker 1972) states
that animals occupying the same area will utilize different
sources for food, and animals utilizing the same sources of
food will not be present in the same abundance. Pember-

Fig. 7 Occurrences of different ichnocoenoses in a north–south traverse along the west side of Spitsbergen. The occurrences of the dominating

trace fossil assemblage are plotted along the interpretative field sections. Numbers show localization of the different sections on the index map

(the unnumbered sections are only used for the maps of Fig. 10). The legend is given in Fig. 8.
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ton & Frey (1984) postulated that the spatial distribution
of suspension-feeding organisms seems to be substrate
or environmentally controlled, whereas that of deposit-
feeding organisms seems to be food related. Most of the
trace fossils in the Middle Triassic sediment are infaunal
deposit feeders, and several of them also co-occur in the
same bed. The different ichnocoenoses may either repre-
sent tiered communities or have been produced over
considerable time periods, and the trace producers may
therefore not have competed for food. During the period
of burrowing, the physical parameters of the sediment
may also have changed: these changes may partly have
been responsible for changes in the infauna, or may have
resulted from the activity of the bioturbating fauna.
Important factors affecting the infauna and the sediment

characteristics are: sediment type (mud–sand), nutrient
content (organic content), oxygen and H2S balance, dis-
turbance (erosion, winnowing and storm erosion) and
compaction (dewatering).

All these parameters will change subsequent to depo-
sition of the sediment. The nutrient and oxygen content
will decrease, whereas H2S increases: i.e., the oxygen/H2S
boundary will move up and down in the uppermost part
of the sediment, dependant on the oxygen level in the
bottom water (Tyson & Pearson 1991; Bromley 1996).
Also, when the compaction process starts, the living con-
ditions for the infauna will vary. The trace fossils of
the Middle Triassic succession are mostly fodinichnial,
although their producers seem to be adapted to solve
their limiting parameters differently. The nutrient content

Fig. 8 Occurrences of different trace fossil assemblages in a west–east traverse from western Spitsbergen to Barentsøya. The numbers indicate the

localization of the different sections marked on the index map in Fig. 7.
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is probably not the most critical factor, as the sections
are rich in total organic content (mean 5–7%; Mørk &
Bjorøy 1984). Possibly, the periodic limitations in oxygen
content and a fluctuating sulphate reduction zone may be
more important (Krajewski 2000a).

Oschmann (1993) reported the occurrence of minute
shells from Jurassic sediments of southern Germany and
France, similar to the Triassic bivalve microcoquina. He
interpreted these occurrences as representing adaptation
of a teleplanktic development, i.e., the duration of the
pelagic larval stage in the upper water levels is long
enough to survive occasional prolonged phases of benthic
anoxia. Such a pelagobenthic life cycle with pelagic larvae
and benthic adults was used by Oschmann to explain the
presence of the benthic accumulation of small juveniles
on bedding planes of the Kimmeridge Clay (Oschmann
1988, 1993). This mechanism assumes a cyclic system
such as the seasonal oxygen alternations commonly seen
in shelf anoxia at medium and high latitudes (Tyson
& Pearson 1991; Oschmann 1991, 1993), and the term
poikiloaerobic was introduced by Oschmann (1991) for
such seasonal variations.

Two, possibly seasonal, developmental stages were
concluded to have occurred in Jurassic tasmanitids by
Guy-Ohlson (1988), who reported a small cyst stage and
a large mobile stage for these algae, similar to present-day
prasinophycean algae. The very large Middle Triassic tas-
manitids from Svalbard are similar to the mobile form of
Guy-Ohlson (1988), although here they are even larger.
The Tasmanites, of less than 500 mm in diameter, are as
large as a medium-grained sand particle, but is deposited
together with silt grains (Vigran et al. 2008). The tasman-
itids, however, consist of organic material forming the
very thick walls of the fossil. Although the grain-size of
these globular fossils is three size-groups larger than the
associated siltstones (j 1 compared with j 4), the hydrau-
lic diameter of these two particle groups may have been
similar, owing to their different densities.

Several mechanisms may have been active in producing
the bivalve microcoquina beds, the different particle types
and associated sediments. The bivalve microcoquina beds
associated with banks (e.g., at Festningen; Mørk et al.
1982: fig. 10) are very sparse in Tasmanites, but both shell
fragments and silt grains may form nuclei of phosphatic
ooids. These beds do not show any identifiable trace fossils
or bioturbation, and may represent high-energy reworked

Fig. 9 Photomicrographs from the Botneheia Formation at Milne

Edwardsfjellet, central Spitsbergen. (a) Bivalve microcoquina as flat-

laminated accumulations. (b) Bivalve microcoquina shells surrounding a

burrow. (c) Tasmanites: flattened and fragmented in a siltstone. (d)

Peloids: partly phosphatized, in a silty bed.

�
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sea-floor material. The bivalve microcoquina occurrences
in central and eastern areas are within the Thalassinoides
assemblage, and may represent pelagic sedimentation. The
flat-lying microcoquina laminae, commonly associated
with peloids, may also represent pelagic sedimen-
tation, possibly associated with mass mortality of juvenile
shells as they settled after larval metamorphosis on an
anoxic sea floor. Most beds and laminae, however, repre-
sent a mixture of particle types, where fossils like the thin
shells and Tasmanites have been fragmented, and redepos-
ited together with silt grains and/or peloids (Fig. 9d). Such
beds, some of which have been bioturbated, represent
currently reworked sediment, and thus do not represent
pelagic, passive-mortality, deposits. Small Tasmanites forms
occur in palynological slides (Vigran et al. 2008), whereas
large forms are quite common in thin sections from the
same areas. The palynoslides are mostly made from the
shaly part of the section, whereas thin sections represent
siltstone or carbonate beds, and these occurrences indicate
a sorting mechanism for the distribution of the large
Tasmanites palynomorphs towards a coarser sediment.

Most beds containing tasmanitids and bivalve microco-
quina occur within the Ladinian succession, representing
9 My (Gradstein et al. 2004), and abundant flattened and
decalcified imprints of the thin-shelled bivalve Daonella
occur throughout this succession (Weitschat & Dagys
1989; Mørk, pers. obs.). Svalbard was then located at a
palaeolatitude of between 50 and 60°N in the Triassic
(Steel & Worsley 1984; Doré 1992), making seasonal
variations that could have produced poikiloaerobic con-
ditions in the lower water masses and in the topmost
sediment possible. Bromley (1996: 90) referred to
examples where dense tunnel networks resembling
Thalassinoides were produced in less than a year at mod-
erately high latitudes.

If the observed co-occurrences of mass-mortality shells,
high organic content of the sediment and local thorough
bioturbation have resulted from fluctuating oxic condi-
tions, the question still remains whether there were: (1)
systematic seasonal changes; (2) long oxic periods inter-
rupted by brief anoxic events, resembling the occasional
algal blooming seen today in the North Sea (reviewed by
Oschmann 1991); or (3) mainly anoxic conditions inter-
rupted by brief oxic ventilation periods (reported from
the Jurassic Posidonienschiefer by Savrda & Bottjer
1989). Most probably the duration of anoxic versus oxic
periods varied throughout the basin. In the western,
deltaic and prodeltaic enviromnments, the sediment is
most thoroughly bioturbated, and several trace fossil
assemblages are present (see below): here, oxic condi-
tions probably dominated.

Further eastwards, the organic content strongly
increased, and the dominance of anoxic conditions was

concluded by Mørk & Bjorøy (1984). The extensive
burrowing by Thalassinoides makers, as indicated by
phosphatic nodules (see discussion below), indicates a
long exposure of the upper sediment for such excavation
in fully oxygenic environments, rather than continuous
dysaerobic conditions (after the Rhoads & Morse 1971
model), which should have resulted in restricted trace
fossil occurrences. High-energy episodes are indicated by
the silty beds with fragmented Tasmanites and peloids,
which occur as small conglomerates commonly embed-
ded in sparite. Nevertheless, the organic-rich upper part
of the Middle Triassic succession has few other indications
of current activity, and the depositional environment may
have been dominantly anoxic, although interrupted by
pronounced oxic and energetic incursions.

Spatial distribution of trace fossil assemblages

The regional distribution pattern for the different assem-
blages of trace fossils is shown in Figs. 7, 8 and 10. The
lack of systematic field observations of the presence of
clearly defined Thalassinoides has led to the postulation of
the presence of this assemblage where galleries preserved
as phosphate nodules occur. Although this approach may
give an over-representation of the Thalassinoides assem-
blage, sufficient field observations show that the general
pattern is probably correct.

The distribution pattern also shows trends related to
sea-bottom conditions, possibly controlled by the energy
level (grain size) and oxygen level. These parameters are
controlled by the basin configuration (nearshore or off-
shore), and by the nutrient contents in the water and the
upper sediment. This may be closely related to bioactivity
in the water masses, and to storm episodes that stir and
circulate the water masses. The main limiting factors con-
trolling the trace producers in the individual beds will
then be the processes supplying oxygenated water, and
the processes consuming this oxygen.

The early Anisian transgression was quite rapid (Mørk
et al. 1982), because dark shale sharply overlies the Lower
Triassic sediment without the development of any clear
transgressive systems tract, except for a thin fossiliferous
limestone forming the transgressive bed at Festningen
(Egorov & Mørk 2000). A rather deep basin was devel-
oped early, and the sea level continued to be high during
the Middle Triassic. No clear candidate for a maximum
flooding surface has been found, although the major part
of the succession shows regressive development, reflect-
ing the progressive filling of the basin with sediment. The
Middle Triassic succession is delineated by second-order
sequence boundaries, implying that the major part of the
sequence represents a regressive systems tract (Egorov &
Mørk 2000; Mørk & Smelror 2001).
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The main trace fossil assemblage distribution shows
an interplay between basinal facies, dominated by the
Thalassinoides assemblage, and shallow marine/deltaic
facies, with a dominance of the Polykladichnus assem-
blage, whereas intervening areas show the Taenidium–
Rhizocorallium assemblage (Fig. 8). The latter facies
commonly overlaps with the two others, and may also
represent shorter episodes within the other facies. In
the early Anisian (Fig. 10a) the Thalassinoides assemblage
dominates, but along western Spitsbergen it is associated
with the Polykladichnus assemblage. In the middle part of
the succession (late Anisian; Fig 10b) the Thalassinoides
assemblage is confined to the basinal areas, whereas the
Taenidium–Rhizocorallium assemblage dominates along the
west coast of Spitsbergen, although it is interrupted by
the Polykladichnus assemblage along western Spitsbergen
south of Festningen. At Sørkapp Land, the Polykladichnus
assemblage dominates. The upper part of the succession
(late Ladinian; Fig. 10c) shows a more complex pattern,
still dominated by the Thalassinoides assemblage in east-
ern areas. The Taenidium–Rhizocorallium assemblage now
covers wider areas, and can be followed eastwards to
central Spitsbergen, whereas the Polykladichnus assem-
blage is restricted to delta-top facies at Festningen and
some localities along western Spitsbergen. The distribu-
tion pattern first of all shows a response to the deltaic
sediment input from westerly sources, and the general
regressive shallowing of the basin. The wide distribution
of the Thalassinoides assemblage also shows that during
the long depositional period of 17 My, the periodic estab-
lishment of ichnofauna took place for the major part of
the succession, even though the dominating anoxic sea-
bottom conditions in this very organic-rich basin may
have been largely unfavourable for benthic life.

Trace fossils in the formation of
phosphate nodules

The occurrence of Thalassinoides on bedding surfaces is
shown in Fig. 5. At this surface the Thalassinoides tunnels
are filled by phosphate-cemented sediment, and the fill-
ings show pinch and swell structures, giving an overall
nodular impression of the trace fossils. All gradations
from nicely developed tunnel fillings to short, deformed
phosphatic nodules are present. There is, however, a clear
regional trend. More rounded tunnel fillings occur in the
western areas, whereas the phosphatic nodules are flat-
tened by compaction in the eastern areas. This gradation
from round to flattened nodules seems to follow the
decreasing silt content in the shales eastwards.

Although Thalassinoides commonly occurs in more
normal, unphosphatized preservation, most of the phos-
phatic sediment is present as rounded phosphate nodules

Fig. 10 Distribution of trace fossil assemblages. The index map in Fig. 7

shows the localization of the sections used for these assemblage maps.
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concentrated to form individual beds, or as “lag” deposits
at the base of siltstone beds (Fig. 4c). Such beds com-
monly have a sharp lower base, and grade upwards into
massive or very low-angle laminated siltstones and fine-
grained sandstones. These siltstone beds normally have a
gradual upper transition towards the overlying shale
units. The siltstones are interpreted to represent deposits
following heavy storms, where the sea-bottom sediment
was eroded and brought up into suspension, and with
subsequent deposition during a decrease of the energy
level. Similar siltstone beds without basal phosphate
nodules show a sharp lower contact to the underlying
beds. X-ray diffraction and microprobe analyses prove
that the nodules consist of micritic brown collophane or
francolite.

The trace fossil Thalassinoides is commonly preserved by
different minerals selectively cementing the tunnels or
tunnel fillings, as a parallel with the flint nodules of
European chalk (Bromley 1967; Kennedy 1967; Bromley
& Ekdale 1984). In the Middle Triassic sediments of
Svalbard, phosphatization of fossil shells is common,
though mostly the primarily aragonitic forms such as
ammonoids (Weitschat 1986; Weitschat & Bandel 1991;
Krajewski 2000a). The present material shows a majority
of replacement of ammonoid shells as well as peloids,
whereas the bivalve microcoquina shells, which consist of
calcite, are not phosphatized. Selective phosphatization
has also taken place within Thalassinoides tunnel fillings.
In a few cases, even siltstone beds are phosphatized. The
flattened nature of the nodules in eastern Svalbard and at
the Svalis Dome of the Barents Sea (Mørk & Elvebakk
1999) may also indicate that the phosphatization took
place early in the diagenetic process.

Krajewski (2000a, b, c, d, e) has discussed phosphati-
zation within the Middle Triassic succession of Svalbard in
great detail. He emphized the importance of microbial
mats in phosphatization, and described the chemical pro-
cesses in detail. Krajewski (2000a) attributed the main
volume of phosphate to such microbial systems, and
he described the formation of phosphate nodules that
are not linked to trace fossil systems. His broad study
indicated that our direct coupling of the occurrences of
phosphate nodules with Thalassinoides traces may be over-
interpreted, and that our facies maps of the Thalassinoides
assemblage may therefore represent the maximum pos-
sible distribution of this facies.

The phosphatic nodules today consist of silty or muddy
sediment cemented by carbonate apatite. Ooids, primary
carbonate cement and mollusc shells (ammonoids and
certain bivalves) are commonly replaced by carbonate
apatite. In some oolitic beds, all the phosphatization
took place prior to cementation by calcite. This selective
replacement of aragonitic forms also indicates that part of

the carbonate mud and cement consisted of aragonite. A
possible model for phosphate nodule production is given
in Fig. 11.

The formation of the phosphate started after the bur-
rowing processes had finished, i.e., after sediment filling
of Thalassinoides traces and after the subsequent burrow-
ing by Chondrites. The concentration of Chondrites tunnels
inside other trace systems was also observed by Bromley
(1967), Kennedy (1967) and Fürsich (1973b), and is
interpreted by them to represent digging into the softer
sediment inside large burrows, rather than in the sur-
rounding partly consolidated sediment. The passive fill of
Thalassinoides would also contain more sulphide and com-
bustible organic matter than the surrounding sediment.
Such an abundance of Chondrites within Thalassinoides
supports the hypothesis of Bromley & Ekdale (1984) that
the Chondrites trace maker tolerates lower oxygen content
than other infaunal elements, and that of Seilacher
(1990) that the trace fossil represents a sulphide well.

Summary and conclusions
• The Middle Triassic sedimentary sequence on Svalbard

contains an abundant, but not very diverse, ichnofauna
that shows both regional and local trace fossil succes-
sions (even in individual beds). These are mainly
controlled by the energy level and oxygen content of
the uppermost sediment during burrowing. The pres-
ence of a diverse ichnofauna also shows that favourable
living conditions were established repeatedly in the
substrates, which for long periods were hostile for
benthic colonization. Periods of low or absent oxygen
content are indicated by the mass mortality of bivalves,
and by the high content of organic material.

• The tiering pattern of the ichnofabrics is not related to
the depth of the burrowing of the trace makers within
a single stable community. In contrast, the tiers largely
represent a succession of community replacement
caused by unstable environmental change at the sea
floor.

• The trace fossil assemblages related to decreasing
energy levels and oxygen content are: Polykladichnus,
Taenidium, Rhizocorallium, Thalassinoides and Chondrites.
Most of these trace fossils may be found together in
individual beds, as well as together with other more
sporadically occurring ichnogenera. The succession is
clearly seen in the relative abundance of the individual
ichnotaxa.

• The oxygen level control of the succession of ichno-
coenoses is demonstrated by the tiering of habitation
in an individual bed. An ichnocoenosis dominated by
T. serpentinum was followed by the emplacement of
R. irregulare and Thalassinoides, with Chondrites occupy-
ing the deepest tier.
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• Anoxic conditions were periodically interrupted by
oxic conditions favouring an abundant infauna. The
consequent decrease in oxygen level resulted in the
cross-cutting relationships observed.

• Phosphate nodules have been produced by early phos-
phate cementation (and replacement of carbonate),
both in Thalassinoides tunnel fillings and elsewhere.
These apatite-cemented tunnel fillings might be con-
centrated as lag deposits during heavy storms, and they
could also be modified by later compaction.

• Regional large-scale variations in assemblage develop-
ment show a complex ichnodiversity development in
the west, and a simplified Thalassinoides assemblage
dominating towards the east. Along the west coast,
the variation in the pattern of ichnocoenoses mainly
follows the energy level distribution, reflecting the
sedimentary facies.

• The tiering succession of many individual beds from
the Taenidium–Rhizocorallium ichnocoenosis to the
Thalassinoides ichnocoenosis is also reflected in the
overall regressive development of the succession, as
seen up-section in western Spitsbergen localities, and
by the eastward migrating facies, where development
of Thalassinoides finally dominates, although it is
interrupted by the opportunistic ichnocoenosis of
Polykladichnus.
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Fig. 11 Phosphatization and formation of phosphate nodules. (1) Soft

sediment is invaded by Taenidium serpentinum early after deposition.

Other trace fossils also occur: Rhizocorallium irregulare, Polykladichnus

irregulare and Teichichnus rectus. At this time, the sediment had

some internal strength. (2) The shallow activity by several ichnospecies

decreases, and the tunnels of Thalassinoides are produced in a deeper

tier. Chondrites, which tolerate a low oxygen level, are introduced. (3)

After the abandonment of the traces by the trace producers, open tunnels

are passively filled by sediment. Some of these fillings are later biotur-

bated, mainly by Chondrites. (4) Diagenetic processes, including

compaction, take place. Cementation by carbonate and phosphate, as

well as phosphate replacement processes of carbonate, take place in

the porespace of the trace fillings. Compaction modifies the traces, and

thus contributes to producing a nodular appearance. Compaction of

the poorly cemented tunnels produces a more nodular appearance.

Simultaneously, other tunnels lacking sediment filling (those of both

Thalassinoides and R. irregulare) are closed. (5) If heavy storms stir up the

sediment, conglomerates of phosphate nodules may be produced as lag

deposits. (6) Later diagenetic processes cement the “nodules”. Later, the

response to compaction of the surrounding sediment more or less oblit-

erates the trace fossil origin of the nodules. This final block diagram

represents a weathered surface, as found today, with phosphate-

cemented silty nodules resembling Thalassinoides. Such bedding

surfaces are produced when destructive processes (storms, compaction

or tectonics) have not been too extensive.

�
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discussion with him has significantly influenced our view
on phosphate nodule formation. The figures have been
produced by the technical staff at SINTEF Petroleum
Research.
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