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Fragments of filled wood‐borings were recently discovered from the Eocene–Oligocene
Conglomerate and Sandstone Formation of the Malzieu Basin (Lozère, southern
France). Propagation phase‐contrast X‐ray synchrotron microtomography (PPC‐
SRμCT) was used to characterize their hidden inner structures. Virtual 2D sections and
3D reconstructions show that the inner microstructures of borings display a mud-
stone–wackestone siliceous matrix including tiny coprolites. The hexagonal cross‐sec-
tion of these coprolites is characteristic of termite faecal pellets. Morphology and
dimensions of the coprolites share strong similarities with those of extant Kalotermiti-
dae (drywood termites). The depositional environment is interpreted as a fluvial valley
in which the lenticular sandstone and conglomerate lenses correspond to channels.
This discovery complements the record of Palaeogene termites which remain poor in
France and throughout the world. □ Faecal pellets, Insecta, Kalotermitidae, Lozère,
Palaeogene, PPC‐SRμCT.
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Although the diversity of extant termites (Isoptera) is
relatively modest compared with that of other insect
major clades, in recent ecosystems they are probably
the most ecologically important group of insects
besides the bees and ants (Grimaldi & Engel 2005).
They constitute recyclers of organic matter essential
for carbon mineralization, humification and building
of soils (Eggleton 2011). Worldwide, evidence of ter-
mites in fossil ecosystems was demonstrated by the
discovery of bodies preserved as inclusions in amber
(Krishna & Emerson 1983; Krishna & Grimaldi 1991;
Poinar 1993; Nel & Bourguet 2006; Krishna et al.
2013; Coty et al. 2014) and compressions on slabs of
sedimentary rocks (e.g. Jarzembowski 1981; Nel &
Paicheler 1993). Fossil record also yielded indirect

evidences such as underground nests (Genise 2016
and references therein; Roberts et al. 2016), borings
in wood (Rohr et al. 1986; Genise 1995; Francis &
Harland 2006) and coprolites in wood, sediment and
amber (Colin et al. 2011). Although termite bodies
date back to the Jurassic/Cretaceous boundary (Engel
et al. 2011; Vršanský & Aristov 2014), the record of
Palaeogene termites remains sparse, except in Baltic
amber. This is particularly true for the Eocene–Oli-
gocene interval which is weakly documented in Eur-
ope (Nel & Paicheler 1993; Engel et al. 2008).

Recently, fragments of filled borings (inner casts)
containing coprolites were discovered in the Eocene–
Oligocene deposits from the Malzieu Basin, in Lozère
(southern France). Although coprolites of termites
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are known since the Early Cretaceous to the Holo-
cene (Rogers 1938; Corbett & Burrell 2001; Suther-
land 2003; Nuorteva & Kinnunen 2008; Pires &
Sommer 2009; Colin et al. 2011; Boucher 2012; Jud et
al. 2017), this report consists of the first evidence of
Eocene–Oligocene termite borings containing copro-
lites in Europe. The fragments of pellet‐filled borings
were analysed using a non‐destructive imaging tech-
nique useful for the observation of inner and hidden
structures: propagation phase‐contrast X‐ray syn-
chrotron microtomography (PPC‐SRμCT). The
paper aims to compare specimens from Malzieu with
faecal pellets of extinct and extant termites and dis-
cuss probable authors of the coprolites as well as
taphonomical and palaeoecological implications.
Fragments of borings were discovered in the Con-
glomerate and Sandstone Formation whose age is
uncertain and debated since the 19th century (Boule
1888).

Geological setting

The Malzieu basin is located in the south of Massif
Central, in the Lozère department, between Mende
and Clermont‐Ferrand (Fig. 1). Deposits of the basin
lie on the ‘Granite de la Margeride’ basement, a Her-
cynian porphyritic batholith dated to the Carbonifer-
ous (Talbot et al. 2005). Numerous studies
(Glangeaud 1922; Rey 1949; Bout 1961; Coinçon
1972) tentatively divided the sedimentary series of
the Malzieu basin into the seven following forma-
tions (Fig. 2), from the oldest to the most recent: the
Red Sandstone Formation (RSF), the Conglomerate
and Sandstone Formation (CSF), the Red Clay For-
mation (RCF), the Green Clay Formation (GCF), the
Silcrete Formation (SF), the Variegated Sandy Clays
Formation (VSCF) and the Chert‐bearing Sand For-
mation (Fy) (or Grey Sand Formation).

The Conglomerate and Sandstone Formation

The filled wood‐borings presented herein were col-
lected in the CSF. This formation is 3–10 m thick. It
is composed of lenticular channelized conglomerate
bearing cross‐bedded stratifications (Simon‐Coinçon
et al. 1981) that show marked lateral variation in
facies and contain quartz and flint pebbles joined by
an orange to reddish arkosic or sandy cement (Colin
1963; Coinçon 1972). Conglomerate alternates with
lenses of arkose, siltstone and white argilite. This for-
mation is mainly exposed in the Ganigal forest which
is immediately south of Malzieu (Fig. 2) and was for-
merly used for making millstones (Boule 1888; Cou-
turié 1972; Remy et al. 2011). Due to the fault

movements, the CSF is also visible 2 km further
north, at the top of the Verdezun hill as well as 8 km
to the southwest, near La Chaumette (St‐Chély‐
d'Apcher; Colin 1963; Couturié & Geffroy 1974). The
CSF yields abundant plant macroremains, including
large trunks preserved as impressions and silicified
permineralizations. Their identification and dating
were reported in an ancient study (Boule 1888).
Based on scanty and fragmented specimens, and by
comparison with the regional Cenozoic flora, the
author announced an Aquitanian age (Lower Mio-
cene). However, the comparisons were limited and
Boule (1888) indicated that this age is only an
approximation, even suggesting that the deposit may
be more than 10 million years older and dated to the
Priabonian (Upper Eocene). Simon‐Coinçon et al.
(1981) indicated that the plant species identified by
Boule (1888) are not characteristic of a particular
stage and may be dated from the Oligocene to the
end of the Miocene.

Age of the Conglomerate and Sandstone
Formation

The age of the CSF has historically been debated
because of the lack of biostratigraphical evidence and
relationships with the other formations of the Mal-
zieu basin (Coinçon et al. 1976). Furthermore, in the
current topography, the CSF is located more than
100 m above the sediments that have succeeded
them, suggesting a tectonic shift (Boule 1888; Bout
1961; Coinçon et al. 1976). The detachment border
faults pushed blocks, creating thresholds and col-
lapses (more than 600 m according to the unpub-
lished CFMU drillings). Thus, it is possible to find at
the same topographic level formations of different
ages. This has misled many authors who thought that
the CSF may be at the top of the sedimentary series,
and therefore posterior to the VSCF (Glangeaud
1922; Colin 1963; Couturié 1972; Coque‐Delhuille &
Pigeyre 1980), which was dated as Rupelian based on
faunas from neighbour basins (e.g. Brons and Ven-
dèze deposits; Rames 1886; Lavocat 1951; Jodot &
Rey 1956; Rey 1967; Coinçon 1972; Coinçon et al.
1976; Couturié 1972; Jodot & Rey 1956). This
hypothesis no longer holds since the discovery of the
GCF above the CSF in the La Chaumette outcrop
(Couturié & Geffroy 1974).

Located below the RCF and the GCF, and locally
lying unconformably on granite, the CSF is probably
posterior to the weathering mantles and duricrusts of
the RSF (Boule 1888; Coinçon et al. 1976). This has,
however, not yet been observed in the Malzieu basin
(Coinçon et al. 1976). Its syntectonic sedimentation
could have started after the Ypresian‐Lutetian RSF
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(Thiry et al. 2006, 2014; Ricordel‐Prognon 2007),
probably during the lower Bartonian (Auversian) as
in basins bordering the Villefranche‐de‐Rouergue
fault in Quercy (Simon‐Coinçon et al. 1997). The
GCF was dated as upper Rupelian by malacology in
the St‐Alban‐sur‐Limagnole Basin (i.e. Limnaea
(Stagnicola) mammertensis and Limnaea (Stagnicola)
orelongo; Jodot & Rey 1956). Flint from the SF was
formerly exploited for lithic industry and considered
Rupelian or latest Eocene/Rupelian (e.g. Fernandes et
al. 2006, 2008a,2008b; Raynal et al. 2012). The SF
yielded a partial right mandible of the perissodactyl
Plagiolophus sp., possibly P. annectens (Astruc et al.
2003). The genus Plagiolophus is documented in
Western Europe from the middle Eocene to mid‐Oli-
gocene, probably between −45.2 and −28.3 Ma
(Escarguel et al. 1997; Remy 2004). P. annectens is
restricted from upper Barthonian to lower Priabo-
nian; but other more recent lineages of plagiolophes,
as P. minor of the Lower Oligocene, cannot be
excluded for the identification of this fossil (Astruc et

al. 2003). We may notice that similar silcretes
described in the Massif Central were considered Pri-
abonian in age by Thiry & Turland (1985) and
Simon‐Coinçon et al. (1995, 1997). In conclusion,
although Boule (1888) attributed an Aquitanian age
for the CSF, its alternative suggestion of a Priabonian
age seems more appropriate but uncertain. In the
absence of undeniable biochronological evidence, we
prefer to moderate the chronostratigraphic assign-
ment of the CSF and propose a lower Bartonian–
Rupelian age.

Material and methods

The fragments of pellet‐filled borings were collected
in 2015 during field prospecting in a small outcrop
along the forest path of the ‘Bois de Ganigal’ (Fig. 2).
Specimens are three in number. Firstly undetected, it
was only in 2016, after microtomographic experi-
ments that the coprolites were identified. The three

Fig. 1. Geological context, and location of the French Malzieu Basin in the Massif Central (modified after Michon 2000).
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specimens were examined at the beamline ID19, at
the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) using PPC‐SRμCT and an

isotropic voxel size of 2.26 μm (Tafforeau et al.
2006). A propagation distance of 0.8 m between the
specimen and the detector was chosen to use the

A

B

Fig. 2. A, geological map of the Malzieu Basin and location of the study area (modified after Couturié 1972). B, synthetic E‐W transversal
section of the Malzieu Basin (Modified after Simon‐Coinçon et al. 1997).
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properties of the propagation phase contrast. Phase
contrast significantly increases the contrast com-
pared with that strictly due to the variation of
absorption by the specimen. This approach enables
the reconstruction of virtual sections and 3D render-
ings of the specimen and their inner microstructures
(Figs 3–6). We used an effective energy of 125 keV
based on the white beam spectrum of a W150b wig-
gler set to a gap of 35 mm and filtered with 6 mm of
copper. We used a PCO.edge 4.2 camera mounted
on lens‐based optical system coupled with a 200‐μm‐
thick LuAG scintillator. In order to increase the
reconstructed horizontal field of view, the scans were
performed in continuous rotation mode over 360°, in
half‐acquisition mode (centre of rotation shifted near
the edge of the detector). Scans were performed using
6000 projections and an exposure time of 0.01 s per
projection. The scans were reconstructed using a
back‐projection algorithm implemented in the
PyHST2 software (High Speed Tomography in
python version, ESRF, Mirone et al. 2014). It was
coupled with single distance phase retrieval process
modified from Paganin's algorithm (Paganin et al.
2002) to incorporate an unsharp mask applied to the
retrieved phase maps (Sanchez et al. 2012). Data
were finally converted into a 16 bit tiff stack of slices
corrected for residual ring artefacts (Lyckegaard et al.
2011) and cropped. The three‐dimensional recon-
structions of specimens were achieved with the soft-
ware VG Studio Max 2.2 (Volume Graphics,
Heidelberg, Germany). The virtual dissection and
segmentation were made using 3D region growing
and manual selections. The specimens are deposited
in the collection of Musée du Gévaudan (Mende,
France).

Filled borings and coprolites

Description

The fragments of filled borings containing coprolites
are up to 3.5 cm long (Fig. 3). Surface of the borings
shows longitudinal imprints of wood fibres. It bears
desiccation cracks preserved as inverted relief. The
sediment filling the cracks is similar to those filling
the borings. The tomographic virtual 2D sections
show that inner microstructures of borings are com-
posed of a mudstone–wackestone siliceous matrix
including tiny coprolites and wood debris (Figs 3–6).
They are <1 mm to more than 6 mm long. The poor
preservation of the wood debris and the technical
limitation do not allow us to clearly characterize tra-
cheids, rays or pits and thus do not permit a determi-
nation of the wood.

Coprolites are dispersed inside the matrix, not in
contact with each other and randomly oriented
(Figs 3, 4). Two kinds of coprolite preservations are
reported. In the first case, they are entirely or par-
tially preserved showing various degrees of fragmen-
tation probably induced by desiccation. The second
case consists of empty moulds (dark on the tomo-
graphic 2D reconstructions; Figs 4, 5). In both cases,
they are uncompacted and fully preserved in 3D. The
coprolites share identical morphologies. They are
oblong in shape, 470–615 μm long and 220–325 μm
in diameter. One end is blunt, whereas the other is
more pointed. Coprolites display a characteristic
hexagonal cross‐section with slightly rounded edges,
sometimes with a shallow central dimple. Sides of
coprolites are commonly straight, but among some
specimens, they are slightly concave. Coprolites do
not display internal structures.

Remarks

Gross morphology, shape of the cross‐section and
range size of coprolites from Malzieu are similar to
Microcarpolithes hexagonalis which was described in
diverse Cretaceous deposits worldwide (see Colin et
al. 2011 and references therein). Based on material
from the Senonian of the Netherlands, the genus
Microcarpolithes was firstly interpreted as angios-
perm seeds. After Knobloch (1970, 1971, 1977) rec-
ognized insect coprolites, Kovach & Dilcher (1988)
ascribed M. hexagonalis to termite coprolites.

Discussion

Comparison with faecal pellets of extinct and
extant termites, and probable borers

Worldwide, termite coprolites are rather uncommon
in the Eocene–Oligocene fossil record. In the Eocene,
such pellets are frequent in the Ypresian amber from
the Paris Basin (Oise; Colin et al. 2011), the Lutetian
Baltic amber (Nuorteva & Kinnunen 2008), and the
Priabonian from Central Europe and southern Eng-
land (Schultze‐Dewitz & Süss 1988; Hooker et al.
1995). In the Oligocene, termite coprolites were
reported from Australia (Rozefelds 1990; Rozefelds &
de Baar 1991) and United States of America (Viney
2008).

Among extant termites, two families display faecal
pellets sharing morphological features with coprolites
from Malzieu, the Kalotermitidae (‘drywood ter-
mites’; e.g. Kalotermes) and the Mastotermididae
(e.g. Mastotermes). Both produce solid pellets more
favourable to the fossilization, whereas other families
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produce pasty to liquid faeces (Rohr et al. 1986).
Similarly to coprolites from Malzieu, the pellets of
the recent taxa Mastotermes darwiniensis (Mastoter-
mididae) and Kalotermes (Kalotermitidae) display an
oblong shape, a hexagonal cross‐section, and a blunt
apex, whereas the other is more pointed. The size
range of Kalotermes (i.e. 0.65 mm long and 0.3 mm
wide according to Colin et al. 2011) is similar to
those of fossil coprolites from Malzieu, whereas those
of M. darwiniensis are clearly larger (i.e. 1.0 to
1.2 mm long according to Colin et al. 2011). The
habitat of Kalotermitidae is exclusively inside wood
pieces in contrast with that of Mastotermididae (and
other families such as Hodotermitidae, Rhinotermiti-
dae and many Termitidae) foraging on or in soil

(Noirot & Darlington 2000). All these arguments
suggest that Kalotermitidae, which were already
diversified since the Upper Eocene (Nel & Paicheler
1993; Engel & Nel 2015), may have been at the origin
of borings from Malzieu. However, although speci-
mens from Malzieu and Kalotermes pellets are very
similar, apices of the second are more rounded. We
may notice that pellets of the Termopsidae (damp-
wood termites) also show hegaxonal cross‐section.
But, they commonly quickly loose these shape and
form amorphous clumps (Colin et al. 2011). Pellets
of Termopsidae only rarely conserve the hexagonal
shape (e.g. Zootermopsis; Colin et al. 2011). This
shape which is so characteristic of termite faecal pel-
lets is explained by the pressure of six bands of

A B C

D E F

G H

I

Fig. 3. Filled borings and virtual dissection of inner structures. A‐C, photographs of the three fragments of filled borings. D–F, PPC‐
SRμCT, 3D renderings showing abundant termite coprolites inside a boring. G, PPC‐SRμCT, 3D rendering showing the random arrange-
ment of termite coprolites inside matrix. H–I, PPC‐SRμCT, zoom on a coprolite showing the characteristic oblong shape and the hexago-
nal section, lateral view (H) and apical view (I); voxel size, 2.26 μm.
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muscle which squeeze liquid out of the faecal mass in
the rectum for the water retention (Sutherland 2003).

During the Eocene–Oligocene interval, Kalotermi-
tidae and Mastotermitidae were diversified families
throughout the world (see Thorne et al. 2000 and
references therein). Although Palaeogene termites
remain uncommon in France, the Eocene amber

from the Paris Basin yielded inclusions ascribed to
two termite species, Electrotermes flecki and Mas-
totermes minutus which are included in the Kaloter-
mitidae and the Mastotermitidae families,
respectively (Nel & Bourguet 2006). In the other
hand, Eocene deposits from Gard (southern France)
yielded an isolated wing of Kalotermitidae ascribed

A B

C D

Fig. 4. PPC‐SRμCT, virtual 2D sections inside borings. A–D, co‐occurrence of termite coprolites and woods debris randomly arranged in
the matrix; two kinds of coprolite preservations are visible, some are entirely or partially preserved (white‐grey coprolites on tomographic
reconstructions), and others are preserved as empty external casts (black coprolites on tomographic reconstructions). Key: C., coprolites;
W., wood debris. Voxel size, 2.26 μm.

A B C D E

F G H I J

Fig. 5. PPC‐SRμCT, virtual 2D sections of coprolites. A–E, longitudinal section showing the oblong shape and one end blunt (A–C)
whereas the other is more pointed (D, E). F–J, transversal section showing hexagonal to rounded shape. Voxel size, 2.26 μm.
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to Huguenotermes septimaniensis (Nel & Paicheler
1993; Engel & Nel 2015). In the French Oligocene
deposits, termites are represented by Mastotermiti-
dae such as Mastotermes (Nel 1986; Nel & Paicheler
1993; Nel & Arillo 1995) and Blattotermes (Nel 1986;
Nel & Paicheler 1993) as well as Termopsidae such
as Paleotermopsis and Hodotermitidae such as
Ulmeriella (Nel 1986; Nel & Paicheler 1993). ‘Higher’
termite families (Termitidae, etc.) are recorded in the
latest Oligocene only in this area. Regionally, after
the single termite wing reported from the Eocene of
Gard, the filled borings containing coprolites from
Malzieu confirm the presence of termites in the
Palaeogene ecosystems from the Massif Central.

Taphonomy

The genesis of the filled borings containing coprolites
is questionable. The imprints of wood fibres on the
surface of specimens attest that these would be
remains of wood‐borings (Steps 1 and 2 in Fig. 7).
Borings filled with sediment might be a part of a nest
inside a large piece of wood (Steps 3 and 4 in Fig. 7).
However, it is not possible to attest the degree of
complexity of the nest. When preserved in situ, ter-
mite coprolites commonly form accumulations in
their nest (see Rozefelds & de Baar 1991; Francis &
Harland 2006). In the filled borings from Malzieu,
the coprolites are isolated in the matrix, not in

A B C

D

G H

E F

Fig. 6. PPC‐SRμCT, 3D renderings of coprolites. A–C, lateral view showing the oblong shape. D‐F, apical view showing hexagonal to
rounded shape. G–H, virtual cross‐section showing the characteristic hexagonal shape. Voxel size, 2.26 μm.
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contact and without a particular arrangement. It sug-
gests that they were probably a bit reworked in their
nest before being trapped (reworking of trunk by
water before being deposited and/or reworking of
coprolites during the injection of sediment in bor-
ings). The coprolites and the coprolite moulds are
well preserved (not compacted, always entire), sug-
gesting that the sediment was injected when or a
short time after the cavities were inhabited by ter-
mites (i.e. during the sedimentation or the early
stages of the diagenesis). The presence of desiccation
cracks on the surface of filled wood‐borings demon-
strates that the wood was already very dry when the
holes were filled‐in with sediment. The cracks are not
diagenetic and were already formed before injection
of sediment because they are filled by the same sedi-
mentological material that those filling the inner
structure of borings. It could be consistent with the
hypothesis supporting that Kalotermitidae produced
the coprolites under dry conditions. The borings
from Malzieu were found isolated in sediment, sug-
gesting that the wood was destroyed during the dia-
genesis, after lithification of filled borings (Step 4 in
Fig. 7).

Palaeoenvironmental insights

The sedimentological features of the Conglomerate
and Sandstone Formation from Malzieu suggest a
continental palaeoenvironment. Near Malzieu, the
area along the palaeo‐Truyère river was a floodplain
in which fluvial channels periodically occurred. Len-
ticular sandstone and conglomerate levels showing
cross and oblique stratifications correspond to chan-
nels, whereas the argillites represent temporary low‐
energy deposits. The abundance of plant macrore-
mains in both sandstone and argillite layers suggests
that the environment was inhabited by a dense ripar-
ian flora. Boule (1888) mentioned angiosperm leaves
and woods, including Lauraceae, Platanaceae and
possible Alnus, Myrica and Quercus. Locally, we have
noted abundant macroremains of conifers including
vegetative and reproductive structures (J‐DM and
VT, personal observations).

Previously in France, Eocene–Oligocene termite
remains described by Nel (1986), Nel & Paicheler
(1993), Nel & Arillo (1995), Nel & Bourguet (2006)
and Engel & Nel (2015) were collected in sediments
deposited in diverse depositional palaeoenvironments.

Build of  cavities
inside the wood

Filling of cavities by
sediment and
trapping of coprolites
in the matrix during
sedimentation or
early stages of
diagenesis

Only the
siliceous

replicas of the
inner cavities
are preserved

Fig. 7. Hypothetical steps explaining the preservation of the boring replicas.
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The filled wood‐borings from Malzieu complement this
record, demonstrating that in France and during the
Eocene–Oligocene interval, termite colonies have occu-
pied diverse environments including marginal‐littoral
domains as well as innermost continental areas.
Although, our knowledge of the flora contained in the
Conglomerate and Sandstone Formation from the Mal-
zieu Basin remains very poor, it suggests a warm tem-
perate climate.

Conclusions

PPC‐SRμCT revealed that the fragments of borings
from the Malzieu Basin contain abundant hidden
tiny coprolites clearly attributable to termites. Pellets
are characteristically hexagonal in cross‐section.
After comparison with extant termites, these copro-
lites share strong similarities with those of Kaloter-
mitidae also called ‘drywood termites’. Although
borings are only preserved as replicas, the tapho-
nomic analysis attests that the specimens consist of
fragments of wood‐borings dug by termites and then
filled by sediment. The depositional environment of
the Conglomerate and Sandstone Formation is inter-
preted as a fluvial valley in which the lenticular sand-
stone and conglomerate lenses correspond to
channels, in a probably warm environment.
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