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Traces of marine nematodes from 470 million years old
Early Ordovician rocks in China
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Summary – Cylindrical, mostly horizontal, burrows of 20-60 μm diam. and sinusoidal course, found in the middle part of the Early
Ordovician (early Floian) Fenxiang Formation in the Hubei Province of China, represent the oldest record of activity by marine
nematodes, preceding known nematode body fossils by 70 million years. The burrows are filled with secondarily oxidised pyrite
framboids and clay mineral flakes, indicating low oxygen content in the mud and proving that the animals lined their burrows with
organic matter, being bacteriovores and mud-eaters. The marine bottom environment enabling such a mode of life originated no earlier
than the mid Early Cambrian (approximately 535 million years ago) owing to peristaltic bioturbation, mostly by nemathelminthans
of priapulid affinities. Before the so-called ‘Agricultural Revolution’, the bottoms of shallow seas were covered with microbial mats
preventing within-sediment animal life. This event imposes the lower time limit on the possible date of origin of nematodes.
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Nematodes are among the most abundant animals of
terrestrial and marine biota. They originated in the sea
(Holterman et al., 2006), where they are represented by
a great number of species. The free-living marine nema-
todes are small or very small, down to 100 μm adult size,
which makes them difficult to study (Heip et al., 1985).
Although molecular phylogenetic studies have resulted
in clarification of the general picture of nematode evo-
lution, it is difficult to calibrate their phylogenetic tree
and test it with fossil evidence because of the scarcity
of taxonomically determinable fossils. Even if fossilised,
ancient nematodes are difficult to determine with reaso-
nable confidence because of their simple anatomy. The
palaeontological alternative to morphological evidence is
their fossilised behaviour – traces of life activity pre-
served in rocks. These at least provide insight into the
mode of locomotion, size of the organism, environment
and mode of feeding. This is not much, but in some cases
such trace fossils can be more informative phylogeneti-
cally than poorly preserved body fossils.

In this work we present a discovery of the oldest known
traces of nematode-within-sediment activity from the
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Ordovician strata of China. These trace fossils are about
70 million years older than the oldest known nematode
body fossil (Poinar et al., 2008; Poinar, 2011). Although
of low taxonomical resolution, this record allows us to
determine the last possible date of origination of the
nematode clade, shows how large nematode individuals
were at this stage of their evolution and what environment
they inhabited. We also discuss the evolutionary events
leading to the origination of the Nematoda in context of
the Precambrian-Cambrian transformations of the marine
bottom environment.

Materials and methods

GEOLOGICAL SETTING

The specimens under study were collected from the
middle part of the Ordovician Fenxiang (transcribed also
Fenhsiang) Formation near the village of Tianjialing
(Fig. 1A), about 8 km southeast of Xingshan County
in the Yichang area (also known as Three Gorge area)
of Hubei Province, southern China (Zhan & Jin, 2007).
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Fig. 1. Location of the Tianjialing section in the Three Gorge area of Hubei Province, southern China. A: Geological map; B: Rock
column of the Fenxiang Formation with the source level of the sinusoidal traces indicated (modified after Baliński et al., 2012).

The Formation is built of dark grey to grey skeletal and
peloidal limestone intercalating with greenish-grey shale.

In the Tianjialing section, the Formation is about 10 m
thick (Fig. 1B). The rather sparse fossils are trepostome
and rhabdomesonate bryozoans, trilobites and benthic
graptolites. In acid-resistant residues of the limy inter-
calations, phosphatised antipatharian corals are abundant
(Baliński et al., 2012) but brachiopods, conodonts and the
phosphatised remnants of arthropods also occur.

The age of the strata can be precisely determined owing
to the conodonts they have yielded. Their low-diversity
assemblage is dominated by an unidentified generalised
species of the protopanderodontid conodont Drepanodus,
a species of the distacodontid Drepanoistodus, and the
prioniodontid Acodus triangularis. The finely denticulate
processes of the latter indicate the early Arenigian stage
in the evolution of the lineage. No denticulation occurs in
its predecessor, A. deltatus, (a chronospecies representing
the same lineage) in a sample from the base of the
graptolite Tetragraptus approximatus Zone at Hunneberg
in Sweden, the standard (stratotype) for the boundary

between the Tremadocian and Floian, the second global
stage of the Ordovician, corresponding to the British
Arenigian (for more detailed discussion, see Baliński et
al., 2012).

Although the exposure has yielded mostly fragmented
fossils, a few specimens preserving mineralised soft body
structures of linguloid brachiopods and a hydroid colony
are among them. They were all found in a bed of greenish-
grey shale a few cm thick. In the same shale, intercalation
microscopic size traces occur that are the subject of the
present work.

PRESERVATION AND TAPHONOMY

Pyrite frequently mineralises soft organic material to
reproduce it as fossils (e.g., Gabbott et al., 2004; Moore
& Lieberman, 2009). The soft tissue bacterial decay pro-
motes precipitation of poorly crystalline iron sulphides
within a bacterial biofilm. They may be subsequently
transformed into well-crystallised mackinawite (Fe9S8).
In present-day seas, the full transformation takes up to 2
years at 25°C (Herbert et al., 1998). In the following suc-
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cession of mineral transformations ferromagnetic greigite
(Fe3S4) is a precursor to pyrite (FeS2), which is a stable
component of the rock. In normal sedimentary conditions
of low temperature, framboidal pyrite forms within the
biofilm (MacLean et al., 2008).

Although the concentrations of framboids in the Fenx-
iang sinusoidal fossils are arranged in the same way as in
associated organic soft-bodied organisms (linguloid bra-
chiopods preserving pedicle and a hydroid colony), these
are barely body fossils. Fortunately, a close analogue of
the preservation of Ordovician fossils is offered by results
of the life activity of infaunal organisms in present-day
aquatic environments.

Results

The structures within the shale are cylindrical. Their
diam. ranges from 42 to 55 μm in the most complete
track. The narrowest trace fossil is 22-24 μm in diam.,
the largest, in dense assemblages, reaching 63 μm. The
course of the cylindrical fossils is almost regularly si-
nusoidal in the horizontal plane. The sinusoids are more

or less asymmetrical with a slope of variable inclination.
The shale is deformed by compaction together with skele-
tal fossils but the cylindrical structures, apparently pyri-
tised during early diagenesis of the sediment prior to its
compaction, are weakly deformed. In places they wave
in the vertical plane and the sinusoid is strongly flattened
by compaction, a fact which makes the burrow almost
straight (Fig. 2B, lower burrow; Fig. 2C, additional sed-
iment laminae). The wave is still recognisable because of
the preservation of additional sediment laminae in con-
cave parts of the burrow. The degree of compaction as a
result of dehydration of the clay and tectonic compaction
of claystone is hard to determine, but the original sed-
iment thickness was definitely many times greater than
present. In rare cases, burrows with the round pyritised
interior transversely sectioned at the shale bedding plane
may cross several laminae (Fig. 2C), which means that
such burrows were almost vertical prior to compaction.

The general course of the sinusoids may be almost
linear for more than 3 mm, which roughly corresponds
to eight waves (Fig. 2). They may cross each other and
crowd densely in some areas. The fossils are filled with

Fig. 2. Sinusoidal tracks in the shale intercalation within the Fenxiang Formation collected at the Tianjialing section. A: The longest
linear track crossing with another one under angle. Note that the pyritised (secondarily oxidised) infill of the burrows is preserved
three-dimensionally. The rusty coloration of the rock nearby is a result of weathering; B: More typical arrangement of tracks; C:
Burrow crossing sediment laminae and with vertical plane of sinusoidal undulation (arrows point to parts of the burrow covered with
sediment; see also the seemingly straight burrow in B); D, E: Intensely bioturbated portion of the shale. This figure is published in
colour in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/15685411.

Vol. 15(5), 2013 569



A. Baliński et al.

tightly packed spherical framboids, which implies that the
original mineral was pyrite (FeS2). The elemental analysis
of the framboids shows a concentration of iron. However,
despite the morphology of the framboids, there is no
significant sulphur component (Fig. 3D, E). Apparently,
the pyrite was altered to iron oxide due to diagenetic and
weathering processes. A rusty coloration extends outside
the cylindrical core, apparently as a result of weathering.
Other mapped elements (silica, aluminium, potassium and
magnesium) are mostly associated with the rock matrix
and are characteristic for clay minerals. Clay mineral
flakes also seem to be originally present between the
framboid aggregates and in the central part of the tube
(Fig. 3C).

Discussion

INTERPRETATION OF TRACES

The Fenxiang fossils closely resemble the burrows of
free-living nematodes (Jensen, 1996). These bacteriovores
penetrate the substrate leaving sinusoidal tracks. Their
diameter, depending on body size of the trace maker, is
similar to those in the Fenxiang Formation. The burrow is
a “liquid-filled space surrounded by a bacteria-enriched
wall” (Jensen, 1996, p. 323). The nematode burrowing
activity induces bacterial growth and colonisation by
eukaryotic microbes within a few hours. As a result,
the interior of the burrow is filled with an opaque
material (Jensen, 1996). The relatively smooth surface of
cylindrical walls of the Fenxiang burrows suggests that
they were formed by nematodes and lined with mucus.
Free-living marine nematodes, such as Ptycholaimellus,
are known to impregnate the walls of their vertical sinuous
burrows with mucus produced by special gland cells
(Nehring et al., 1990) but no nematodes are known to
construct tubes, although they may inhabit sand tubes
made by foraminifera (Hope & Murphy, 1969). Tubes of
agglutinating foraminifers are of less regular shape than
true nematode burrows (e.g., Gooday et al., 2007).

One may suggest that such burrows, filled or lined
with a protein-rich organic matter, were the subjects of
pyrite framboids precipitation in the Ordovician Fenxiang
environment. The width of the burrows corresponds to the
diameter of the trace maker. The Ordovician species was
thus within the usual size range of the present-day free-
living marine nematodes.

The sinusoidal pattern of the Ordovician burrows in
turn suggests that their makers moved by a waving of

the body, presumably in the same manner as extant
nematodes, i.e., in the dorso-ventral plane of an animal
on its side (Robinson & Perry, 2006). Rarely, waving
occurred in the vertical plane and the burrows crossed
the sediment lamination obliquely. Sinusoidal locomotion
ensues from alternate waves of contraction and relaxation
of longitudinal body wall muscles. To be efficient this
mode of locomotion requires some external resistance
afforded by the substrate and stiffness of the body along
its axis. In nematodes the body is turgid owing to the
high internal pressure of the pseudocoelomic body fluids
and a cuticle that does not expand. Nematodes do not
have any circular muscles in their body wall and only
have four sets of longitudinal muscles that contract in
groups according to neuronal stimulation. Although the
main body movement is governed by a dorso-ventral
wave (Wallace, 1968), the anterior end has complex
innervations (Haspel et al., 2010) that permit movements
in other planes (Lee & Biggs, 1990). Marine nematodes
may penetrate deep into the sediment in search of a
food source (Moodley et al., 2000), as was apparently
the case with the Chinese Ordovician animals. In certain
conditions, nematode burrows of about 50 μm diam. may
remain open in a fossil sediment (Pike et al., 2001).

The Fenxiang trace maker was apparently a bacteri-
ovore, as suggested by the organic-rich original contents
of the burrows. It could have been a mud-eater, as sug-
gested by the presence of clay mineral particles within the
pyritic fill of the burrow. In present-day marine nematode
communities, those of a size comparable to the Fenxiang
traces are mostly non-selective deposit feeders, the domi-
nant member of the community being Sabatieria (Sharma
& Bluhm, 2011).

FOSSIL RECORD OF NEMATODE EVOLUTION

Nematode anatomy is usually rather simple and its
taxonomically diagnostic aspects are unlikely to be pre-
served in normal conditions of fossilisation. Because of
this limitation, virtually all fossil nematodes that are
taxonomically identifiable have been found in amber
(Poinar, 2011). Transparent amber does not occur in pre-
Cretaceous strata and this imposes a geological age limit
on the reliable fossil record of their evolution. The Early
Jurassic nematode, Eophasma jurasicum, from Osteno,
Lombardy (Arduini et al., 1983), preserved as pyritised
remains in shale, is the only Mesozoic marine nema-
tode known. The famous Early Carboniferous Bear Gulch
Limestone of Montana and the Late Carboniferous Ma-
zon Creek sideritic concretions of Illinois yielded another
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Fig. 3. SEM images and EDS analysis of burrows from the Early Ordovician Fenxiang Formation, China. A: Images with Back-scatter
Electron Detector of a portion of rock slab with sinusoidal burrow; B: Enlarged infill of the burrow with pyritic framboids; C: Oblique
view of transverse fracture of the burrow showing its three-dimensional aspect and low degree of compaction; D-I: SEM picture and
element maps of a piece of burrow; width of the burrow marked with arrows; I: EDS spot analysis spectrum revealing relative contents
of elements in a framboid. Note the Fe peak, total absence of S, and presence of Si, Al, Mg, and K connected with the matrix clay
minerals; specimen coated with carbon. This figure is published in colour in the online edition of this journal, which can be accessed
via http://booksandjournals.brillonline.com/content/15685411.

marine nematode, Nemavermes mackeei (Schram, 1973,
1979). The “nematodes” described by Størmer (1963) as
Scorpiophagus baculiformis and S. latus are cylindrical
structures of 15-22 μm diam. They occur between the dor-
sal and ventral cuticles of the Early Carboniferous scor-
pion Gigantoscorpio willsi from the Calciferous sand-

stone of Scotland. Their ‘bodies’ are invariably straight
and were apparently covered with a stiff ‘cuticle’ which
makes the nematode nature of these fossils rather doubt-
ful (Boucot & Poinar, 2010).

Fortunately, a fossilisation medium comparable to am-
ber does occur in the Palaeozoic. This is the famous
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Rhynie chert deposited by Early Devonian hot springs
near Aberdeen, Scotland. It contains three-dimensionally
preserved fossil plants and arthropods giving an insight
into the oldest well-preserved terrestrial ecosystem on
Earth. The oldest known nematode fossil is the herbivore
Palaeonema phyticum which comes from these cherts
(Poinar et al., 2008).

Because of the scarcity of anatomical evidence, traces
of life activity specific to nematodes remain the main
source of information on the earliest stages of their evolu-
tion. Any animal using undulatory propulsion can leave
sinusoidal traces, and many such traces from continen-
tal deposits (e.g., Moussa, 1970; Uchman et al., 2009)
are more likely to be the product of insect larvae rather
than nematodes (Metz, 1987). Geologists classify various
sinusoidal traces in the parataxonomic (ichnotaxonomic)
genus Cochlichnus. Its type species, the Middle Triassic
Cochlichnus anguineus, is a horizontal trace on the lime-
stone bedding surface about 1 mm wide. It may or may
not be a nematode track. However, pyritised sinusoidal
traces about 10 μm wide (see Knaust, 2010, Fig. 11C),
their dimension suggestive of nematode affinity, do oc-
cur in these strata. Some other ‘species’ of Cochlichnus of
macroscopic size bear transverse wrinkles indicating peri-
staltic movement of the trace maker (e.g., Orłowski, 1990;
Głuszek, 1995), or longitudinal marks left by parapodia or
appendages (e.g., Crimes & Anderson, 1985). Clearly, si-
nusoidal tracks left by nematodes cannot be diagnostic for
particular species, although nematodes of different tax-
onomic position leave different traces on a standardised
substrate (Jensen, 1996). However, before the Fenxiang
finding reported here, the oldest trace fossil evidence of
nematodes was of Middle Triassic age.

The small size of the Fenxiang traces contrasts with
that of fossil marine nematodes known from their body
fossils. Clearly, large specimens are the easiest to notice
as fossils. The Early Jurassic nematode Eophasma is
approximately 2 mm wide (Arduini et al., 1983), thus
an order of magnitude larger than the Ordovician trace.
The Early Carboniferous specimens of Nemavermes from
the Bear Gulch Limestone of Montana reach 3.5 mm
in width (Schram, 1979), its Late Carboniferous type
material from the Mazon Creek fauna of Illinois includes
specimens more than 6 mm wide (Schram, 1973). If these
truly were nematodes, the upper size range of ancient
free-living nematodes is different than that of their extant
relatives. In fact, this may be an indication of proximity
to the closest relatives of nematodes, the Nematomorpha.
They also have only longitudinal muscles and move by

lateral waving of the body, being unable to penetrate
the substrate peristaltically. Their probable ancestors,
palaeoscolecids, are diverse and common fossils in the
early Palaeozoic strata, including the Ordovician (e.g.,
Whittard, 1953; Conway Morris, 1997; Botting et al.,
2012). This may mean that some large-size sinusoidal
traces may truly represent nematodes or forms transitional
to the palaeoscolecids and they should be re-examined
more closely.

Be that as it may, the Fenxiang fossil suggests that,
in the Early Ordovician, marine nematodes of size sim-
ilar to extant species were already present. Their small
size may be connected with adaptation to life in low oxy-
gen conditions within the marine mud. As shown by their
abundance in the Fenxiang shale, they were locally impor-
tant bioturbators, penetrating and distorting much of the
sediment volume. Such a mode of life was barely possi-
ble before the advent of macroscopic bioturbators, which
homogenised the bottom sediments in the early Cam-
brian (the “Agricultural Revolution” of Seilacher, 1999).
These were nemathelminthans with the ability for peri-
staltic penetration of the sediment owing to the transverse
musculature in their body walls, and were ancestors of the
present-day priapulids (Dzik, 2003). Even less likely is
the origin of nematodes in the conditions prevailing at the
sea bottom in the earliest Cambrian and Ediacaran, when
its surface was covered with microbial mats. The fossil
evidence seems to be more or less consistent with this
scenario. Presumably, the main anatomical and ecological
transformations that resulted in developing the nematode
body plan took place during the Cambrian.
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