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Abstract
Fossil bioerosion traces at a new site of Les Bez (Jura Department) and those already known from Verrières-de-Joux (Doubs 
Department) in the central French Jura record an ancient Miocene cliffed shoreline cut into Lower Cretaceous limestones. 
Both localities are at about 900 m above the present sea level. Caulostrepsis, Gastrochaenolites and Circolites are the 
ichnogenera identified at Les Bez, whereas only Gastrochaenolites is present at Verrières-de-Joux. This ichnoassociation 
identifies the Entobia ichnofacies, which corresponds to the upper infralittoral marine environment, biologically associated 
with the biocenosis of photophilic algae. By means of digital analysis of high-resolution field images, the percentage of the 
surface affected by the erosive activity of polychaete worms, bivalves and echinoids has been calculated. This information 
permits a better evaluation of their biological activity, thus complementing the data on the number of specimens per sur-
face area. The cliff preserved at Les Bez was more affected, showing Gastrochaenolites with diameters smaller than those 
at Verrières. The Circolites–Caulostrepsis association is well developed at Les Bez, where polychaete borings are located 
within echinoid bowl-shaped pits with particular patterns, suggesting an ecological relationship between involved organisms. 
Moreover, the distribution of the borings along this outcrop is not uniform and digital analysis at three sections (A, B and 
C) suggests a lower and an upper zone developed on the outcrop under slightly different environmental conditions within 
the upper infralittoral. The exceptional preservation of the Les Bez fossil cliff-site demands protection in order to ensure 
its future existence and accessibility.
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Introduction

The current marine rocky coastline occupies a very restricted 
area on the surface of our planet and represents a particu-
lar environment inhabited by a characteristic biota adapted 
to harsh living conditions. Rocky shores are subject to 

high-energy levels, with active wave erosion that produces 
a changing landscape. Such conditions prevent an extensive 
fossil record of these locations, limiting it to local fossils of 
resistant encrusting skeletons (barnacles, oysters, calcareous 
algae, serpulids) and ichnofossils. Bioerosion traces gener-
ated by several groups of invertebrates on rocky substrates 
represent an excellent indicator of both ancient marine 
rocky-shorelines and the position of the coast throughout 
the geological past, as pioneering papers by Johnson (1988a, 
b) and Johnson and Baarli (1999) have already proved. Fur-
thermore, their positioning furnishes the best opportuni-
ties to develop palaeoecological, palaeoenvironmental and 
palaeogeographic interpretations, in addition to tectonic 
reconstructions.

Gibert et al. (2012) and Johnson and Baarli (2012) pro-
vided exhaustive reviews of the published literature on 
this topic. According to these compilations and to newer 
contributions (Baarli et  al. 2013; Aguirre et  al. 2014, 
2017; Domènech et al. 2014; Pineda-Salgado et al. 2015; 
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Rodríguez-Tovar et al. 2015; Santos et al. 2015, among 
others), Neogene and Quaternary coastal rocky environ-
ments are by far the most abundant and best documented. 
In particular, there is a wealth of studies dealing with ich-
noassemblages in European Neogene rocky shores and 
associated hard substrates (Radwański 1970; Bałuk and 
Radwański 1977; Gutowski and Machalski 1984; Mar-
tinell and Domènech 1986; Silva et al. 1995; Aguirre and 
Jiménez 1997; Gibert et al. 1998,2012; da Silva et al. 1999; 
Domènech et al. 2001; Uchman et al. 2002; Titschack et al. 
2005; Radwański et al. 2006,2011; Cachão et al. 2009; San-
tos et al. 2008, 2010, 2011a, b, 2016; Johnson et al. 2011; 
Demircan 2012; Brlek et al. 2016; Aguirre et al. 2017; Rosso 
et al. 2015; Steinthorsdottir and Håkansson 2017, among 
others).

In the central Jura Massif (eastern France), the ancient 
Miocene shoreline has been identified in cliffs cut into Mes-
ozoic limestones and in their associated sediments from fos-
sil bioerosion traces. Specifically, the best localities are situ-
ated in the Jura département, with one new outcrop, and in 
the Doubs département, where documented sites (Rangheard 
et al. 1985; Pharisat and Rangheard 1986; Martin et al. 1991) 
have been examined. Apart from these references, there is 
little detailed information on the ancient bored rocky shores 
in the French Jura. Only Charollais et al. (2006) mentioned 
the presence of bioperforations in the Urgonian limestones 
of the Combe d’Evuaz-la Pesse basin. However, various out-
crops of the Jurassic basement with borings of a Miocene 
age have been known for a long time in the German Jura. In 
particular, Reiff (1989) and Hoffmann and Friedrich (2017) 
dealt with several sites in the Swabian Alb, the northeastern 
geological extension of the French Jura, together with the 
Franconian Alb.

The main objectives of the present research are as fol-
lows: (a) to provide new ichnological localities that refine 
the position of the Burdigalian coast in eastern France; (b) 
to calibrate the extent of bioerosion through image analy-
sis; (c) to characterise ichnologically and environmentally 
the preserved ichnoassemblages; (d) to study the ecological 
relationships between producers by means of their traces and 
(e) to highlight the heritage value of the outcrops described 
here.

Geographical and geological settings

General overview

The study sites are located on the French side of the Jura 
Massif, a crescent-like fold and thrust belt (Fig. 1). The 
Jura constitutes a foreland chain located in front of the 
western part of the Alpine arch and is surrounded by vari-
ous Cenozoic basins (the Upper Rhine Graben plain, the 

Bresse Graben and the Swiss Molasse Basin). The Jura 
Mountains are constructed of Mesozoic limestones and 
marls which were folded by the Alpine orogeny in the Late 
Miocene (Homberg et al. 2002; Laubscher 2010). The Jura 
are divided into two main domains characterised by their 
different altitudes and geological structures. The Western 
domain (so-called Jura des plateaux) constitutes the external 
Jura, with altitudes ranging from 400 to 700 m. Structurally, 
the Jura des plateaux consists of tabular zones (plateaux) 
separated by fault and fold structures named faisceaux by 
the locals. The Eastern zone or inner Jura (so-called Haut 
Jura) presents an alternation of well-developed anticlines 
and synclines ranging from 800 to 1700 m in height. On 
a large scale, deformation is structurally characterized by 
folds, thrusts and strike-slip faults.

The Jura Massif is flanked to the SE by the flexural Swiss 
Molasse foreland basin of the Alps (Ziegler and Fraefel 
2009). The remnant part of this Alpine basin can be found 
in the core of synclines of the Haut Jura and it is known 
as Jura Molasse (Rangheard et al. 1985; Homewood et al. 
1989). Nevertheless, the infilling molasse crops out very 
rarely in the synclines (Weidmann 2008) due to the deposi-
tion of glacial tills during the last glacial maximum (Buon-
cristiani and Campy 2004).

Localities with bioerosion features

Three outcrops corresponding to ancient shoreline cliffs 
at two different sites (Les Bez, Commune de la Grande-
Rivière Château -Jura département, and Les Verrières-de-
Joux-Doubs département) are documented here (Fig. 1). 
Domènech et al. (2014) named and described them Les 
Bez site, but a more in-depth analysis was pending. In the 
meantime, the site has been registered as Geotope N°39–59 
in the Geological Heritage of the Franche-Comté Région 
(Bichet et al. 2014). The neighbouring outcrop of l’Abbaye 
en Grandvaux (Rangheard et al. 1985) is included as the 
same site in the present study. The Les Verrières-de-Joux 
area, already documented in the literature by Pharisat and 
Rangheard (1986), Rangheard et al. (1990) and Martin et al. 
(1991) is now revisited. All of them are described in the 
following section.

Description of the new and revisited sites

The new outcrop is located near the Les Bez hamlet 
(46°31′32″ N, 5°53′47″ E) (Grande-Rivière Château, Jura), 
in a 140 m-long and 2–3 m high section that is visible along 
the D146 road, at 898.5 masl. (Fig. 2). The basement con-
sists of limestones corresponding to the Urgonian facies of 
Barremian age (Lower Cretaceous) (Guillaume and Guil-
laume 1968). The strata show a vertical to overturned dip 
due to their location in the Grand-Rivière Syncline. As 
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in other areas of the Jura Massif, the core of the SW–NE 
oriented syncline contains Burdigalian marine molasse 
(Pierçon 1932; Rangheard et  al. 1990; Charollais et  al. 
2006). As a result of differential erosion, the contact between 
the marine molasse and the limestones of the pre-Cenozoic 

Urgonian facies is morphologically well expressed in the 
topography, although outcrops are rare due to vegetation 
cover. The molasse conglomerates, composed of limestone 
and flint clasts in a micaceous sandstone, are in contact with 
the Barremian substratum (Pierçon 1932) but it is uncer-
tain if they infill morphological pits of the palaeorelief or if, 
alternatively, secondary faults are responsible for the con-
tact. Rangheard et al. (1990) noted that in the Les Bez site 
the base of the outcropping molasse corresponds to a pud-
dingstone with Crassostrea gryphoides (Schlotheim 1820).

Near the former Abbaye en Grandvaux, located some 
1.5 km NE from the main outcrop, the molasse appears 
beside the road D437 (Fig. 3). It occupies a small location 
and Rangheard et al. (1990) also described the materials as 
a puddingstone with Crassostrea gryphoides.

The second outcrop is located near Les Verrières-
de-Joux, specifically on the N slope of the road D67B 
(46°53′13″ N, 6°25′52″ E), at 900 masl. (Fig. 4). Aubert 
(1972), Rangheard et al. (1985), Pharisat and Rangheard 
(1986) and Martin et al. (1991) identified two sites with 
bioerosion traces (borings of lithophagid molluscs and 
cupules of sea-urchins) in the Hauterivian limestones that 
constitute the pre-Cenozoic basement within the Verrières 

Fig. 1   Geographic and geological location of the studied sites

Fig. 2   General view of the Les Bez site (Grande-Rivière Châteaux, 
Jura)
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syncline at this locality. Strata are oriented N60°E and 
show a 40–60°SE dip (Rangheard et al. 1985). The section 
of the so-called Chemin du Larmont is no longer available 
and, at present, only one site with evidence of bioerosion 
has been located in the area, equivalent to that described 
by Rangheard et al. (1985) some 2 km to the SW of Les 
Verrières. It is exposed over 40 m along the road, with 
some 3 m exposure height. Following Rangheard et al. 
(1985), the Miocene succession is composed of con-
glomerates, sandstones, coquinas, limestones, shales and 
marls, with a quite abundant although poorly preserved 
fossil content (calcareous nanoplankton, rhodophyceans, 
foraminiferans, oysters, pectinids, bryozoans). These 
materials uncomformably overlap the Cretaceous lime-
stones dipping 20°SE (Rangheard et al. 1985).

Material and methods

The main object of this study was to document the assem-
blage of recognizable boring traces on the rocky slopes 
that constitute the Les Bez and Les Verrières-de-Joux out-
crops. Two approaches have been undertaken: (a) charac-
terisation, physical distribution analysis and calibration of 
the trace density (number of borings/m2 and percentage of 
the bored surface) along the outcrop by means of digital 
image treatment of the ichnofossil assemblages, and (b) 
study of the (palaeo)ecological relationships among the 
corresponding trace-makers.

Specially related to the first approach, we consider that 
erosion other than that produced by marine organisms 
in the Miocene (waves, storms, but also recent subaerial 
weathering effects of rain, roots, etc.) may have modi-
fied the trace morphology, the penetration into the rock 
and their interconnections, which determine their current 
appearance. Consequently, quantification of the affected 
surface has been undertaken, and in view of that, only 
some selected locations have been taken into account in 
this research to illustrate the bioeroders’ impact on the 
palaeocliffs.

Digital treatment of trace fossil imaging and pixel-
counting methodology are commonly used for analysis of 
bioturbation (Dorador and Rodríguez-Tovar 2014, 2018; 
Rodriguez-Tovar and Dorador 2015; Razzolini et al. 2016, 
2017; Rodríguez-Tovar et al. 2018; Marty et al. 2018; Raz-
zolini and Klein 2018, among others) and bioerosion in 
mobile hard substrates [shells, guards, thecas; Wisshak 
(2010), Gibert et  al. (2012), and references therein]. 
Although the potential utility of this approach is promis-
ing, there are few examples of its application to outcrops. 
Ancient bioeroded cliffs and rocky shores provide an ideal 
subject to apply these techniques, although effective sam-
pling is challenging because the research subject is the 
substrate itself, namely holes and pits upon it.

Cachão et al. (2011), for example, applied photogram-
metric methods to study a Portuguese Miocene rocky 
shore exposure with a high density of Gastrochaenolites 
(borings produced by endolithic bivalves). The obtained 
images allowed the authors to analyse aspects such as den-
sity and distribution of borings and trace alignments, to 
discriminate between ichnospecies and to draw palaeoen-
vironmental deductions.

We applied a simple and practical method to evaluate 
the bioeroded surface at the two locations. Once the traces 
were identified, the visible specimens of each ichnotaxon 
on selected surfaces were counted and the percentage of 
affected surface areas was calculated. Counting and meas-
urements were obtained by combining fieldwork with the 
high-resolution digital images taken in the field.

Fig. 3   General view of Abbaye en Grandvaux site (Grande-Rivière 
Châteaux, Jura)

Fig. 4   General view of the Les Verrières-de-Joux site (Doubs)
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The first step consisted in obtaining images along the out-
crops. This was achieved using a Nikon Coolpix camera. All 
the outcrop was imaged at a distance of 3 m with images of 
300 ppi. Several close-up pictures completed the set, aimed 
to provide detailed counts inline with a palaeoecological 
approach. Second, selected pictures were digitally manipu-
lated with Adobe Photoshop CS6 to a grey-scale format and 
bored areas were manually delimited and converted to black. 
With this technique dark pixels due to shadows or foreign 
elements are avoided. Finally, the program UNESCO Bilko 
3.3 allowed us to quantify the black surface percentage with 
regard to the total considered surface and subsequently the 
boring intensity.

Results

Ichnofossil assemblages

Although rich in specimens, a very low ichnodiversity was 
observed for both the Les Bez and the Verrières-de-Joux 
sites. On the whole, bioerosion is represented by the ichno-
genera Entobia,Caulostrepsis, Gastrochaenolites and Circo-
lites, produced, respectively, by clionaid sponges, polychaete 
annelids, endolithic bivalves and regular echinoids. Trypan-
ites-like structures are locally present, although they seem 
attributable rather to taphonomically altered Caulostrepsis. 

Entobia is the least represented ichnogenus in the outcrops 
and, moreover, the few sparsely observed specimens are 
poorly preserved, thus impeding their ichnospecific identi-
fication. Caulostrepsis and Gastrochaenolites correspond to 
penetrative traces, a condition that makes assigning all the 
specimens to a particular ichnospecies difficult because of its 
particular substrate. However, a calcareous hand-sample was 
cut that permitted the identification of at least the presence 
of Caulostrepsis cretacea (Voigt 1971), Gastrochaenolites 
lapidicus Kelly and Bromley, 1984 and G. torpedo Kelly and 
Bromley, 1984. Finally, Circolites bowl-shaped pits were 
assigned to C. kotoucensis Mikuláš, 1992.

The most extensive exposure occurs at the Les Bez site, 
which is 140 m-long and had 2–3 m of variable height along 
the road trench (Fig. 5). Three different N to S sectors can 
be differentiated at the Les Bez outcrop on a bioerosion 
basis: sector A—Circolites-Caulostrepsis sector, with very 
abundant specimens of both ichnogenera (Fig. 5a); sec-
tor B—Circolites-Caulostrepsis-Gastrochaenolites sector, 
where all three ichnotaxa are well represented but with small 
concentrations (Fig. 5b), and sector C—characterized by a 
great abundance of Gastrochaenolites and locally Entobia 
(Fig. 5c). No shell remains are found inside of the borings 
across the entire outcrop.

In sector C, a zone of 0.127 m2 was delimited and traces 
were counted (271) and digitised (Fig.  6a, b). Gastro-
chaenolites ispp. observed in that area show highly dense 

Fig. 5   Les Bez section and the three differentiated sectors: a Circolites-Caulostrepsis sector; b Circolites-Caulostrepsis-Gastrochaenolites sec-
tor; c Gastrochaenolites sector



	 Facies (2021) 67:2

1 3

2  Page 6 of 15

concentrations, theoretically as high as 2,084 specimens/m2, 
covering up to 28% of the surface (Table 1).

Circolites kotoucensis mostly occurs at the southern-
most zone of the outcrop (sector A), where it forms smooth 
hemispherical, bowl-shaped pits, some of them up to 9 cm 
in diameter (Fig. 7). Ninety-five specimens were counted 

and registered among sectors A and B in this area. Among 
these structures, 55% contain Caulostrepsis isp. specimens, 
with a variable yet significant presence. The distribution of 
infested C. kotoucensis is not random in the outcrop and 
two zones are broadly delimited on this basis: a lower zone, 
corresponding to the first 1/3 of the slope (which encom-
passes 28 traces, so 30% of the total) and an upper one, 
that comprises the remaining 2/3 (with 67 traces, or 70% 
of the total). These zones are not clearly observable along 
the whole road exposure, as C. kotoucensis is not present in 
sector C. The analysis of the Circolites-Caulostrepsis asso-
ciation is addressed in the next section.

Caulostrepsis isp. does not only appear inside Circolites 
specimens, but also affects the Cretaceous limestones in 
other areas of the outcrop (Fig. 8), although generally show-
ing poor preservation. It becomes locally very abundant, as 
seen in the case of a small surface of 413.6 cm2 in sector 
B that contains 186 borings (that is, some theoretical 4500 
borings/m2), affecting 20% of the area.

In the neighbouring outcrop of Abbaye en Grandvaux, 
the molasse contains several Crassostrea gryphoides shells, 
and boulders show some Gastrochaeonolites lapidicus and 
G. torpedo.

The Verrières-de-Joux site is located some 70 km to the 
NE with respect to Les Bez and it is smaller than that out-
crop, with an exposure of some 40 m along the road (Fig. 4). 
Only the ichnogenus Gastrochaeonolites is identified there, 
covering a significant area of the exposed surface (Fig. 9a). 
In line with the Les Bez site, no shell remains are found 
inside the borings along the outcrop.

For a selected 0.35 m2 surface area, 512 specimens are 
present (some theoretical 1,600 borings/m2) that affect 
15% of the total area (Fig. 9b, Table 1). The contrast in 
bored surfaces between the Les Bez and Les Verrières-
de-Joux sites should be noted. Although the Gastrochae-
nolites density (number of borings/m2) in the examined 
surface at Les Bez is 1.4 times that of Verrières-de-Joux 

Fig. 6   Area with Gastrochaenolites (sector C) at the Les Bez site: a 
General view of the documented zone; b Graphical representation of 
the digitised traces, covering 30% of the surface

Table 1   Numerical data 
of counted and measured 
Gastrochaenolites and 
Caulostrepsis in the Les Bez 
and Verrières-de-Joux sites

n number of specimens; max–min maximum/minimum diameters; x mean diameter; Ts total surface; Bs 
bored surface; %Bs percentage of bored surface
(1) Data in mm
(2) Data in cm2

n Max(1) min(1) x(1) Ts(2) Bs(2) % Bs

Gastrochaenolites
 Les Bez 271 396 14.5 111 1270 355 28
 Verrières-de-Joux 512 390 25.5 94,5 3500 510 14.5

Caulostrepsis, Les Bez
 Circolites 1 40 4 0.5 2.4 32.1 1.6 5.1
 Circolites 2 427 9 0.5 3.7 135.6 15.7 11.6
 Circolites 3 324 4 0.2 1.3 42.9 4.3 10.1
 External to Circolites 186 8.5 3.5 4.3 413.6 81.4 19.7
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(2084 versus 1600), the bored surface rate increases to 1.9 
times (30% versus 15%). Despite the presence of Gastro-
chaenolites with diameters smaller than those of Verrières-
de-Joux, the cliff was more precisely affected at Les Bez 
in terms of its surface.

Rangheard et al. (1985), Pharisart and Rangheard (1986), 
and Martin et al. (1991) also mentioned the presence of sea-
urchin depresions (i.e., Circolites) in different outcrops of 
the Verrières-de-Joux zone. Unfortunately, these localities 

Fig. 7   Circolites kotoucensis in Sector A at the Les Bez site

Fig. 8   Surface with several Caulostrepsis isp. out of Circolites bowls 
at the Les Bez site

Fig. 9   Section with Gastrochaenolites at the Verrières-de-Joux out-
crop: a General view of the documented zone; b graphical representa-
tion of the digitised traces, covering 15% of the surface
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are no longer accessible or have disappeared and the only 
present outcrop in the area does not show Circolites at all.

Circolites–Caulostrepsis association

Circolites kotoucensis is a dwelling trace produced by regu-
lar boring echinoids (Martinell 1981; Mikuláš 1992; Santos 
et al. 2011b, 2012a, b; Belaústegui et al. 2017, among oth-
ers) and consists of bowl-shaped, hemispherical or deeper 
pits bored in hard or firm substrates in shallow waters. Trace-
makers usually inhabit them permanently and only move for 
short distance around to search for food. These bioerosive 
structures are mechanically produced by using jaws and 
spines in both sedimentary and non-sedimentary hard rocks: 
beach and carbonate rocks (e.g. Martinell and Domènech 
1986; Domènech et al. 2014), granite (e.g. Martinell 1981), 
metamorphic (Watkins 1990; Santos et al. 2011a), and vol-
canic rocks (Ramalho et al. 2010, 2013; Santos et al. 2011b, 
2012a, b, 2015; Baarli et al. 2013; Carey et al. 2020). In 
the Mediterranean Sea these structures are mainly produced 
by Paracentrotus lividus (Lamarck 1816), an herbivorous 
species that fed on calcareous and non-calcareous algae 
and seagrass, no deeper than 20 m (Kemp 1962; Pérès and 
Picard 1964; Martinell 1981). In the Neogene fossil record, 
examples of sinuous grooves (Ericichnus) excavated by sea-
urchins and associated with Circolites also exist (Santos 
et al. 2015; Aguirre et al. 2017). Ericichnus is interpreted 
as an agrichnion-pascichnion structure (Santos et al. 2015), 
and it has not been identified in the studied area. The erosive 
activity of regular echinoid populations produces significant 
amounts of sediment in a short-medium term, as demon-
strated by Russell et al. (2018) through experimental studies.

In the geological record the ichnogenus Circolites ranges 
from the Jurassic to the Holocene (Mikuláš 1992; Kemps, 
1962; Pérès and Picard 1964; Martinell and Domènech 1995; 
Gibert et al. 1998, 2007; Bromley 2004; Dermican 2012; 
Doyle et al. 1998; Santos et al. 2008; Santos and Mayoral 
2009; Johnson et al. 2011; Baarli et al. 2013; Belaústegui 
et al. 2017).

Caulostrepsis corresponds to narrow penetrative 
U-shaped galleries attributed to the boring activity of 
polychaete annelids (Bromley and D’Alessandro 1983; 
Domènech et al. 2008). The apertures of the traces appear 
contiguous and are oval or eight-shaped, whereas their inner 
galleries vary in morphology from rectilinear to contorted 
tubes, which in some cases show vanes connecting the inner 
sides of their limbs (Fig. 10a, c, d). Epoxy casts produced 
in the laboratory (Fig. 10b, d, f) demonstrate that the bor-
ing penetration in the dolomite at Les Bez is between 6 and 
8.5 mm and the trace morphology coincides with those 
described by Boekshoten (1966a, b), Voigt (1971), Bromley 
and D’Alessandro (1983) and Hanken et al. (2012).

As mentioned above, 55% of Circolites kotoucensis speci-
mens in sectors A and B at the Les Bez site host Caulo-
strepsis isp., affecting up to 11% of the surface in the pit 
bottom. The presence of the ichnogenus Caulostrepsis in 
the concave surfaces of Circolites was mentioned for the 
first time in the fossil record by Johnson et al. (2011). These 
authors found rare specimens inside C. kotoucensis in the 
Upper Miocene rocky shores along the flanks of the head-
land at the north coast of Menorca (Balearic Islands). By 
contrast, Caulostrepsis isp. is locally very abundant at the 
Les Bez site. Unlike the Menorca example, here it is espe-
cially present inside the echinoid bowls: the inner surface of 
70% of C. kotoucensis specimens located at the upper part 
of the outcrop contains Caulostrepsis isp., with very vari-
able densities. No comprehensive analysis has been carried 
out due to the difficulty of distinguishing specimens due to 
the high surface alteration, but illustrative examples can be 
presented from three random samples (Table 1). Amongst 
them, the most affected Circolites (nº 2 in Table 1), which 
covers a surface of 135.6 cm2, contains up to 420 specimens 
of Caulostrepsis isp. that represent 12% of the bored surface 
(Table 1). Within those samples, the least affected one (nº 
1 in Table 1) contains 40 Caulostrepsis isp. on a surface of 
32.1 cm2, affecting 5% of it.

The percentages of C. kotoucensis with Caulostrepsis isp. 
differ within the outcrop. Sectors A and B, in the upper part 
of the cliff, concentrate 70% of the Circolites, whereas the 
remaining 30% are located in the lower part of the outcrop 
(sector C). At the top, 72% of them show Caulostrepsis isp. 
inside, whereas this percentage drops to 15% at the bottom. 
With regard to the top percentage, it should be noted that 
30% of the pits concentrate the borings in the outermost 
band of the cuvette and the centre is clean (Fig. 11a, b), 
whereas the remaining borings are spread all over the back-
ground in a random way (Fig. 11c), just as happens to all the 
C. kotoucensis on the visible bottom.

All these distributions suggest that the association 
between C. kotoucensis and Caulostrepsis isp. in the out-
crop is reflecting an ecological relationship between the 
organisms producing these traces. As mentioned above, 
Caulostrepsis has been largely attributed to the activity 
of polychaete annelids (Boekschoten 1966a, b; Bromley 
and D’Alessandro 1983, 1990; Martin and Britayev 1998; 
Domènech et al. 2008; Bromley 2004; Hanken et al. 2012). 
Families Spionidae, Sabellidae, Cirratulidae and Eunicidae 
are the most reported present boring groups. In the fossil 
record, Caulostrepsis has often been attributed to the spionid 
Polydora or the cirratulid Dodecaceria. At present, there 
is no documented relationship between Polydora and the 
echinoid cavities, while different authors have highlighted 
this association with Dodecaceria. Since this section focuses 
on the Circolites–Calustrepsis relationship, only literature 
regarding Dodecaceria and echinoids is summarized below.
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Kempf (1962) and Schoppe and Werding (1996) 
described Circolites-like borings generated by the modern 
echinoid Paracentrotus lividus in Marseille (France), and 
Echinometra lucunter (Linnaeus, 1758) and E. vanbrunti 
A. Agassiz, 1863 and on the Caribbean coast of Colom-
bia, respectively; they pointed out the presence of several 
organisms (including algae, crabs, gastropods, polyplacoph-
orans, clingfish, and/or brittle stars) cohabiting within these 
boreholes. Kempf (1962) noted the presence of the boring 

cirratulid polychaete Dodecaceria concharum inside the 
cavities (cupules), concluding that the boring activity of P. 
lividus was probably favoured by the action of these worms.

For the first time in the fossil record, Voigt (1970) identi-
fied boring activity attributable to Dodecaceria consisting 
of small borings in Santonian (Late Cretaceous) pebbles 
from Germany. Voigt (1971) also described “casts of tun-
nels burrowed by polychaetes into the colonies of scleractin-
ians” in the Maastrichtian (Late Cretaceous) chalk-tuff of the 

Fig. 10   Caulostrepsis isp., Les Bez: a, c, e Details of three limestone samples with the ‘eight-shaped’ openings of the trace. b, d, f Their corre-
sponding epoxy casts showing the typical U-shaped morphology of the polychaete borings
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Netherlands and identified the flat “burrows” (in fact, bor-
ings) as Dodecaceria cretacea n. isp. Dodecaceria is a genus 
of cirratulid polychaete that impedes its use in ichnology. 
In view of this, Voigt’s Dodecaceria cretacea is included 
in Caulostrepsis cretacea (see Bromley and D’Alessandro 
1983).

Gibson (2017) studied the boring activity of the Holo-
cene polychaete Dodecaceria and compared their traces with 
fossil Caulostrepsis from several Cretaceous and Neogene 
localities. He concluded that they are different from those 
produced by Holocene Dodecaceria species. Nevertheless, 
the author provided several images of their Holocene traces 
in shales and encrusting calcareous algae that perfectly 
coincide with the morphology of Caulostrepsis isp. in the 
Les Bez Miocene outcrop. Finally, Gravina et al. (2019) 
concluded that Dodecaceria concharum is responsible for 
Caulostrepsis and Maeandropolydora traces that affect a 

submerged mosaic Roman floor in the Gulf of Naples (Italy), 
which is covered by calcareous algae.

Dodecaceria infests encrusting calcareous algae, whereas 
Paracentrotus, Echinometra and other echinoids feed on 
them. Therefore, in this case the association polychaete-
regular echinoids could be explained by their mutual rela-
tionship to such algae. In several cases at Les Bez outcrop, 
the position of Caulostrepsis is limited to the distal zone of 
Circolites. That can be interpreted as a result of the cohabi-
tation between the producers, the echinoid offering passive 
protection to the worm against predators and/or the high-
energy environment (Davidson and Grupe 2014).

Palaeoenvironmental interpretation 
of the ichnoassemblage

Bioerosion provides evidence of a strong relationship 
between the behaviour of the producers and the resulting 
traces based on their almost permanent emplacement (Taylor 
and Wilson 2003; Tapanila 2008). From an ethological point 
of view, the ichnoassemblage at the Les Bez site consists of 
domichnion bioerosion traces produced by sessile endolitho-
zoans (annelids and bivalves), as well as semi-endolithozo-
ans (sponges) and vagile epilithozoans (regular echinoids). 
Although there is a token presence of Entobia, the associa-
tion Caulostrepsis-Gastrochaenolites-Circolites allows one 
to attribute the ichnoassemblage to the archetypical Entobia 
ichnofacies in hard substrates (Bromley and Asgaard 1993a, 
b; Gibert et al. 1998, 2012). Gastrochaenolites lapiducus 
and G. torpedo are also present in the small neighbouring 
outcrop of Abbaye en Grandvaux.

At Les Verrières-de-Joux only Gastrochaenolites, pro-
duced by the activity of sessile endolithic bivalves, was 
recorded on this occasion, but Rangheard et al. (1985), 
Pharisart and Rangheard (1986) and Martin et al. (1991) 
also noted the former presence of sea-urchins bowls (i.e., 
Circolites). Ichnoassociation assimilation to the Entobia 
ichnofacies is, therefore, also feasible.

The calculated theoretical abundance of Gastrochae-
nolites per m2 is 2084 at Les Bez and 1600 at Verrières. 
These amounts are comparable with concentrations of 
1250–1500 Gastrochaenolites per m2 calculated for simi-
lar Miocene bioeroded surfaces on the marine palaeocliffs 
of Foz da Fonte (Portugal) (da Silva et al. 1999) and Tarra-
gona (NE Spain) (Gibert et al. 1998). Nevertheless, differ-
ences are remarkable in relation to other sites, such as the 
Miocene outcrop of Oura (Portugal) (Cachão et al. 2009), 
where the abundance is reduced to 300 specimens per m2, 
or to the bored surfaces studied in numerous Pliocene 
basins of Western Mediterranean (Spain: Baix Llobregat 
and Alt Emporda; France: Vence and Gard), with theoreti-
cal densities of 100–400 specimens per m2 (Martinell and 

Fig. 11   Examples of Caulostrepsis distribution inside Circolites 
kotoucensis: a, b Circolites showing the polychaetes’ proclivity 
to concentrate in the outermost band of some echinoid bowls. c C. 
kotoucensis with a random distribution of the polychaete borings
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Domènech 1995; Clauzon et al. 1995; Gibert et al. 1996, 
1998). The higher concentrations in Les Bez and Verrières 
could indicate a similar environment to that observed in 
the Miocene Iberian Mediterranean cliffs, which is clearly 
shallower than that of the Pliocene in the same area, or in 
the Atlantic Miocene.

The Entobia ichnofacies, which may contain Trypanites 
(not identified in this study), has been classically interpreted 
as an indicator of shallow to very shallow-water settings 
with a low or null sedimentation (Bromley and Asgaard 
1993a, b; Martinell and Domènech 1995; Aguirre and 
Jiménez 1997; Gibert et al. 1998, 2012; Silva et al. 1999; 
Domènech et al. 2001; Santos et al. 2008, 2011a, b, 2012a 
, b; Cachão et al. 2009; Johnson et al. 2011; Aguirre et al. 
2014, among many others). Although similar ichnofossil 
assemblages have been described in deep-water macroids 
collected in 60–100 m water depth (Bassi et al. 2011, 2012), 
which could confer upon it a greater value as an indicator of 
frequent turbulence and low sedimentation rates rather than 
as a water-depth indicator, both numerous quantitative stud-
ies and qualitative observations show a decrease in the bio-
erosion rates as a function of depth, both in the tropics and 
in high-latitude settings (see summary in Wisshak 2010). 
Generally, the presence of macroborers increases in shal-
low waters as well as with exposure time (e.g., Tribollet and 
Golubic 2005; Wisshak 2010). As an example, polychaetes 
are important macroborers from 1 to 7 m water depths and 
so Caulostrepsis isp. occurs in shallow-water environments 
and significantly decreases below its highest abundance at 
15–30 m in cold temperate areas (Wisshak et al. 2005; Wis-
shak 2010).

Kemp (1962) already described the boring activity of 
Dodecaceria in Lithophyllum incrustans Phillippi, 1837 
crusts in Mediterranean shallow environments. Gibson 
(2017) described it for Lithothamnion crusts at low spring 
tides on the coast of Great Britain, and Gravina et al. (2019), 
for a Roman mosaic submerged at 2.5 m on the Italian coast. 
Moreover, Dodecaceria disappears below salinities of 34‰ 
(Gibson 1996).

In addition, bioeroding activity by echinoids is con-
strained to high-energy very shallow waters worldwide, 
close to the low-tide line (see a review in Asgaard and 
Bromley, 2008). In the western Mediterranean Sea, Mar-
tinell (1981) described dense concentrations of Paracen-
trotus lividus within their characteristic cup-shaped traces 
(Circolites) in rockgrounds of different lithologies (lime-
stone, granite, metamorphic rock), in very shallow waters 
(0.5–5 m). Therefore, the significant presence of Circolites 
kotoucensis (with Caulostrepsis inside, in addition) in the Le 
Bez outcrop permits us to constrain the palaeodepth of the 
identified ichnoassemblage to very shallow waters (in any 
case, not deeper than 5 m). Moreover, based on observations 
by Bassi et al. (2011, 2012), this ichnoassemblage indicates 

low or null sedimentation rates as well as high water turbu-
lence, inherent to these shallow-water settings.

The presence of Circolites, Caulostrepsis and Gastro-
chaenolites, with local Entobia, would place sectors B and C 
of Les Bez in the uppermost infralittoral zone, which would 
be covered with photophilic algae, such as Lithophyllum 
and Lithothamion. Comparatively, sector A could be identi-
fied with the deepest part of the mesolittoral zone, with a 
high abundance of Circolites and Caulostrepsis, but a near 
absence of bivalve borings. On the whole, the palaeoenvi-
ronment could be attributed to the classical biocoenosis of 
photophilic algae described by Pérès and Picard (1964). The 
sole presence of scarce Gastrochaenolites at the l’Abbaye 
en Grandvaux site does not permit a precise environmental 
attribution, although an infra-meso littoral position is indeed 
compatible with the fossil content. At Verrières-de-Joux, the 
presence of Gastrochaenolites and Circolites (known from 
the literature) permits placing the outcrop in the infralittoral 
zone.

Rocky shores in the Jura mountains (s.l.) 
and geoheritage considerations

As mentioned in the introduction, there is still little infor-
mation about ancient bored rocky shores in the French Jura. 
Charollais et al. (2006) noted the presence of “bioperfora-
tions” (Ø 5–8 mm) in the Urgonian limestone that crops 
out in the southern area (Ain Department) of the Combe 
d’Evuaz-la Pesse Basin, which is unconformably covered by 
Miocene sediments. Tentatively, these borings are identified 
as possible small Gastrochaenolites. Although the authors 
do not explictly mention the traces’ position above present 
sea-level, it is inferred from their maps as under 900 m.

Les Bez and Verrières-de-Joux outcrops are also located 
at about 900 masl. No other localities of bioeroded pal-
aeocliffs are known at similar altitudes above current sea 
level within the European Miocene of the Tethys domain. 
The presence of features indicative of littoral environments 
at this altitude provides useful information contributing 
towards interpreting the evolution of the coastline itself 
during the Burdigalian, reconstructing the regional palaeo-
geography of that time and subsequently, our understanding 
of the tectonic evolution (uplift, tilting) of the Jura Mas-
sif. These aspects are beyond the research presented here, 
but could be explored in future studies.

In the German Jura, various outcrops of Jurassic base-
ment with borings of Miocene (Burdigalian) age have been 
known for a long time. Although they belong to the Para-
tethyan domain, these outcrops are comparable with the 
studied ones because of the same age for the rocky shores 
(Burdigalian) and their geological location in the NE 
branch of the Jura mountains. Reiff (1989) described the 
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Heldenfingen site in the northern part of the Swabian Alb 
(Baden-Württemberg state). More recently, Hoffmann and 
Friedrich (2017) studied this site and a neighbouring and 
similar outcrop at Burgmagerbein. Both localities are part 
of the so-called Swabian Alb cliff-line, which runs discon-
tinuously for about 100 km from E to W, and are located at 
645 and 455 m above present sea level, respectively. Hoff-
mann and Friedrich (2017) assigned the borings to sponges 
and lithophagous bivalves and record the spatial pattern and 
the dimensions of bivalve boreholes by defining classes of 
borehole diameters ranging from < 0.4 cm to > 2 cm, while 
counting those holes in defined squares. Moreover, they 
recorded the positions of holes of different sizes relative to 
each other. Ichnotaxonomic aspects are not considered in 
this approach. Hoffmann and Friedrich (2017) distinguished 
two different bioerosion levels in these outcrops, determin-
ing that the marine features of the Heldenfingen site suggest 
a greater water depth compared to Burgmagerbein site. The 
Heldenfinger site (known as Heldenfinger Kliff) makes up 
part of the UNESCO Global Geopark Swabian Alb and was 
designated as a Geotope in 2019.

Beyond its ichnofossil record, the rocky cliff identified 
at the Les Bez site provides convincing evidence of the 
Miocene palaeo-shoreline in the Jura chain, thanks to the 
bioerosion features documented here. The Les Bez outcrop 
deserves a high level of protection to avoid any destruction 
of the rock face and its exceptional fossil traces, resulting 
from their location at the side of a main road. The section 
corresponds to the actual surface of the cliff, and any dam-
age would completely eliminate the fragile, yet exceptional, 
fossil record. At present, this locality is recognized as Geo-
tope nº 39–59 “Littoral burdigalien à Grande-Rivière”. The 
patrimonial consideration of this geotope in the Franche-
Comté Regional Geological Heritage Inventory is 2 stars 
(on a scale of 0–3), with a heritage value of 29 (on a scale 
of 0 to 48) and with a necessary protection level of 7 (from 
0 to 12) [see Bichet et al. (2014) for an explanation of the 
scales used].

Conclusions

Following an ichnological study of the bored Miocene rocky 
surfaces outcropping in the central area of the Jura Massif 
(eastern France), we draw the following conclusions:

(1)	 In Les Bez (Jura département) and Verrières-de-Joux 
(Doubs département) two Miocene marine rocky shores 
have been identified on the Cretaceous limestones on 
the basis of the bioerosion traces. The Les Bez one 
has been characterised for the first time. The second—
already known in the geological literature—has been 
revisited and revised.

(2)	 The Entobia ichnofacies is found at both sites, with 
extensive Gastrochaenolites and Circolites (known 
only from the literature at Verrières), and Caulostrepsis 
at Les Bez. This ichnofacies corresponds to sdecidedly 
littoral marine environment (upper infralittoral), which 
in this area seems to point to a shallower level than 
in other already described, and indeed southernmost 
basins, in any case, not deeper than 5 m.

(3)	 Traces are not evenly distributed along the Les Bez 
site. Their occurrences at sections A, B and C have 
been characterised and differentiated on the basis on 
their ichnological composition. Digital analysis pro-
vides data to compare different zones with respect to 
the percentage of affected surface, allowing to distin-
guish a lower and an upper zone in the outcrop, which 
were affected by slightly different palaeoenvironmental 
conditions.

(4)	 A Circolites–Caulostrepsis association is well devel-
oped at the Les Bez outcrop. Annelid borings are dis-
tributed in different patterns inside echinoid bowls: 
in some cases covering all the surface, and in others 
located in the most external part. This situation sug-
gests an ecological relationship between the involved 
organisms.

(5)	 The calibration of the percentage of surface affected 
by endolithozoans (boring bivalves) provides a new 
way to evaluate their biological activity, which com-
plements the data on the number of specimens/surface. 
In these examples, whereas the Gastrochaenolites den-
sity (number of borings/m2) at Les Bez is 1.4 times 
higher than in Verrières-de-Joux, the same relation to 
the bored surface increases by 1.9 times. In terms of 
the surface, the cliff was more affected at Les Bez, even 
showing Gastrochaenolites with diameters smaller than 
those at Verrières.

(6)	 The palaeoenvironment deduced from the identified 
Entobia ichnofacies and the ecological requirements 
of their producers suggest their affiliation with the clas-
sical biocoenosis of photophilic algae.

(7)	 The outcrop of Abbaye du Grandvaux, in the vicinity 
of the Les Bez site, is ichnologically characterised by 
the presence of rare Gastrochaenolites in cobbles of the 
bedrock.

(8)	 The Les Bez and Verrières-de-Joux outcrops are located 
at about 900 m a.s.l. The presence at this altitude of fea-
tures indicative of littoral environments provides useful 
information in order to interpret the evolution of the 
Burdigalian coastline itself, the regional palaeogeog-
raphy and the tectonic evolution of the Jura Massif. 
Finally, further studies should look to combine data 
from the French and German Miocene rocky shores.
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(9)	 The rarity and the exceptional preservation of the Les 
Bez site demand a reevaluation of its degree of protec-
tion, in order to ensure its future existence.
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