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Tetrapod footprints from the Muschelkalk of the Germanic 
Basin have been known since Faber (1958) described 
them from the Lower Muschelkalk site of Winterswijk, 
the Netherlands (e.g., Demathieu and Oosterink, 1983, 
1988; Marchetti et al., 2019a; Fig. 1). Holst et al. (1970) 
described the first footprints from the Lower Muschelkalk 
of Germany, from Haarmühle (NW Germany). During the 
past 20 years, several studies revealed a high abundance 
of footprints from the marginal marine limestone deposits 
of the Lower and Middle Muschelkalk of N Germany, be-
tween the North Rhein-Westphalia, Hessen, Thuringia and 
Saxony-Anhalt regions (see Diedrich, 2015 and references 
therein). Further sites were described from the alluvial sili-
clastic Muschelkalk units of NE Bavaria, Germany (e.g., 

Haubold and Klein, 2002; Klein and Lucas, 2018). All lo-
calities in the Netherlands and N Germany are representa-
tive of tidal flat palaeoenvironments and are characterised 
by a high abundance of small tracks of Rhynchosauroides 
and Procolophonichnium and by the rarity of chirotheriid 
tracks, forming low-diversity ichnoassociations. Therefore, 
chirotheriid tracks are generally scattered and isolated.  
A notable exception is represented by the trampled surfac-
es from the Solvay Quarry of Bernburg, between the cit-
ies of Magdeburg and Halle, Saxony-Anhalt. Several long 
and well-preserved trackways of Chirotherium barthii 
and Isochirotherium herculis have been documented from 
this locality (Diedrich, 2012). These track-bearing surfac-
es include Rhynchosauroides, Procolophonichnium and 
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Fig. 1.	 Palaeogeographic position of Germany (red border) and, in particular, of the Solvay Quarry and the Berndorf site (both Germany) 
as well as the Winterswijk site (the Netherlands) in the Middle Triassic Germanic Basin; modified after Szulc (2000), Matysik and Szulc 
(2019). 

supposed limulid tracks, reported from 12 different layers 
of the lower Middle Muschelkalk (Karlstadt Formation, 
Anisian; e.g., Diedrich, 2015). Nevertheless, some of these 
trampled layers remained undocumented. Here we describe, 
for the first time, a selection of chirotheriid footprints found 
in layers 5 and 6 of Diedrich (2012), including incomplete 
step cycles and trackways. Although this material is gener-
ally not well-preserved, the recognised diagnostic features 
differ from Chirotherium and Isochirotherium and are in-
stead close to Synaptichnium. Synaptichnium is unknown 
from the Bernburg site and it is rare in the Muschelkalk of N 
Germany and the Netherlands. In fact, it was reported from 
only two localities in the Muschelkalk of NW Germany 
(Germete and Grossenlüder), with only an isolated single 
track being illustrated (Diedrich, 2009, fig. 5c). Therefore, 
the trackways described here are of great interest. The scope 
of this contribution is to correctly assign the morphotype 
found in layers 5 and 6 of the Bernburg site through a se-
lection of the best-preserved material and the use of photo-
grammetric techniques. The results are compared with other 
possible Synaptichnium occurrences from the Muschelkalk 
of the Germanic Basin. Finally, palaeoecological and fau-
nistic inferences are provided.

GEOLOGICAL SETTING

The economically important carbonates of the Solvay 
Quarry Bernburg (GPS: 51°49′11.9′′ N 11°43′23.7′′ E) are 
part of the Triassic Muschelkalk successions of the Tethyan 
periphery Germanic Basin (Fig. 1). 

During the earliest Triassic (lowermost Buntsandstein) 
the Germanic Basin, or Central European Basin, was com-
pletely enclosed by extensive Precambrian and Palaeozoic 
massifs, namely the London-Brabant Massif in the W and 
SW, the Fennosarmatian Massif in the N and NE and the 
Vindelician-Bohemian Massif in the S and SE, and there-
fore separated from the Tethys ocean to the South (Szulc, 
2000; Matysik and Szulc, 2019; Fig. 1). The spreading 
of the Tethys domain resulted in the opening of the East 
Carpathian and Silesian-Moravian gates (or “Silesian 
Gate”) during the Olenekian (middle-upper Buntsandstein 
facies), and in the deposition of basin-wide carbon-
ates, that began during the middle Anisian transgression 
(Muschelkalk facies). The deposition continued during a 
second transgression with the opening of the Western Gate 
(or “Burgundy Gate”), during the late Anisian (Szulc, 1999, 
2000; Götz, 2002). These transgressions were followed by a 
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Fig. 2.	 Stratigraphy, ichnology and lithostratigraphy of the 
Bernburg Solvay Quarry track site locality. A. Stratigraphic posi-
tion and ichnotaxa of the track-bearing horizons; after Radzinski 
(2008), Diedrich 2015; B. LVH-F-V-38. Synaptichnium isp.  right 
pes (rp), left pes (lp) and left manus (lm)  cut by linear, parallel 
and partly polygonal post-sedimentary cracking  on track bed 5, 
scale 10 cm; Synaptichnium isp. is also revealed in track bed 6; 
compiled after Diedrich (2015). C. Lithological transition  from  
the Jena Formation (Lower Muschelkalk) to the Karlstadt 
Formation (Middle Muschelkalk) in the quarry outcrop. D. Mainly 
planar bedded, laminated limestones of the Lowermost Karlstadt 
Formation,  partly tetrapod track-bearing, scale 1 m. E. Upper 
plane bedding surface of the Karlstadt Formation reveals  inten-
sive polygonal desiccation cracking. 

regression resulting in the deposition of evaporites located 
in the western Germanic Basin, and of lenticular carbonates 
and “Wellenkalk facies” in the central and eastern areas of 
the basin (Götz, 2002). The basin margins are dominated 
by marly-clayey dolomite successions, which are partly 
sandy in the western margin (Schwarz, 1970). During the 
Ladinian, the Germanic Basin became separated from the 
Tethys domains, as all the gates were closed due to intense 
crustal uplift in the Polish province.

The Middle Triassic carbonates of Bernburg have a total 
thickness of 125 m (Diedrich, 2015; Fig. 2). The succession 
yields track-bearing carbonates and dolomites of the Aegean 
Röt Formation (uppermost Buntsandstein), followed by 
carbonates of the Jena Formation (Lower Muschelkalk; 
Wellenkalk facies) and track-bearing laminated lime-
stones of the overlying basal Karlstadt Formation (Middle 
Muschelkalk; Fig. 2C, D). The facies reveals high current 
and wave activity for the Lower Muschelkalk, changing into 
a very shallow marine depositional realm with increasing 
salinity for the Middle Muschelkalk. 

Twelve track-bearing beds have been documented from the 
basal Karlstadt Formation of the Bernburg section (Fig. 2A).  
Their host sediment is described as laminated mudstones 
and thin micritic to arenitic carbonate layers. The tracks 
show different preservational states but are usually dis-
played as only very shallow footprint reliefs. However, in 
some layers, preservation of scalation patterns on digit trac-
es and heel pads is common. According to Diedrich (2015), 
sedimentological patterns include wave ripples, drift marks, 
mud cracks and slickensides. 

The track-bearing layers we focus on here (beds 5 and 6) 
are part of a sequence of beds, in which each bed is about  
10 cm thick. These mostly flat beds consist of finely lami-
nated calcilutites and calcarenites. The uppermost laminae 
are visibly deformed by the footprints (Fig. 2B). The very 
shallow and non-collapsed footprints preserving some mor-
phological details suggest the presence of a relatively dry 
microbial mat covering the original surface (see Marchetti 
et al., 2019b, fig. 25). Ripple marks occur, if recognizable, 
with low crest heights. Mud cracks are common and form 
polygons of several tens of centimetres in width (Fig. 2E). 
This can be interpreted as recording shallow water deposi-
tion with alternating phases of submersion and temporary 
subaerial exposure. 

The track-bearing sediments from this site have been 
assumed to represent mainly storm-related deposits of the 
upper tidal flats under the influence of strong seismic activ-
ity (Diedrich, 2015). However, the bedding surfaces show 
no evidence of strong wave or storm activity such as inten-
sive cross-bedding or intercalated shell deposits. Moreover,  
the footprints do not show signs of erosion. So, we reject  
the hypothesis of storm-related deposits. Extensive  
NNE–SSW parallel cracks (shifting to E-W) are described 
by Diedrich (2015) as synsedimentary slickenside vein 
structures induced by seismic activity. However, these 
veins cut the whole bed, including tracks and mud cracks  
(Figs 2B, 5C). We, therefore, assume a post-sedimenta-
ry tectonic-driven origin, probably related to the rifting of  
the Tethys, that was associated with the reactivation of an-
cestral lineaments (Matysik and Szulc, 2019).   

MATERIAL AND METHODS

All material comes from the track-bearing layers 5 and 6  
of Diedrich (2012) in the upper part of the stratigraphic  
section of the Solvay Quarry of Bernburg (Germany). These 
layers are part of the Karlstadt Formation, lower Middle 
Muschelkalk, Middle Triassic (Anisian) (Fig. 2). 

Specimens are stored in the collection of the Landes-
museum für Vorgeschichte, Halle (Saale), Landesamt für 
Denkmalpflege und Archäologie Sachsen-Anhalt (acronym 
LVH).

All slabs were studied first-hand and photographed with 
oblique light. 3D photogrammetric models were obtained 
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Fig. 3.	 Footprints of Synaptichnium isp., concave epirelief. A. LVH-F-V-18. Right pes-manus couple. B. LVH-F-V-13. Right  
pes-manus couple. C. LVH-F-V-38. Right pes imprint. D. LVH-F-V-37. Right pes-manus couple. E. LVH-F-VI-88. Right pes-manus  
couple.  F. LVH-F-V-34. Left pes-manus couple. G. LVH-F-V-3. Right pes imprint. IV – digit IV imprint. Scale bars 10 cm.

with standard techniques (e.g., Mallison and Wings, 2014) 
for the most significant specimens. The material was se-
lected by employing morphological preservation sensu 
Marchetti et al. (2019b), to exclude extramorphologies from 
the systematic analysis. The track measurements follow the 
conventions of Leonardi (1987).

SYSTEMATIC PALAEONTOLOGY

Synaptichnium Nopcsa, 1923 
Synaptichnium isp. 

Figs 3–5

Material: LVH-F-V-3, incomplete step cycle with footprints 
of three consecutive pes-manus couples; LVH-F-V-13, 
trackway with footprints of four consecutive pes-manus 
couples; LVH-F-V-18, trackway with three consecutive pes-
manus couples; LVH-F-V-29, incomplete step cycle with 

tracks of two consecutive right pes-manus couples; LVH-
F-V-30, incomplete step cycle with three consecutive right 
pes imprints; LVH-F-V-34, trackway with three consecutive 
pes-manus couples; LVH-F-V-38, incomplete step cycle 
with two consecutive pes-manus couples; LVH-F-V-43, 
incomplete step cycle with footprints of three consecutive 
pes-manus couples; LVH-F-VI-88, right pes-manus couple; 
all footprints preserved in concave epirelief.
Description: Semiplantigrade to semidigitigrade, penta- 
dactyl footprints of a quadruped. The pes imprint is longer 
than wide, about 10–13 cm in length and 8–10 cm in width. 
Anterior digit group I–IV compact and well-separated from 
the postero-laterally positioned and laterally everted digit V. 
The latter is preserved with a robust, proximally expanded 
basal pad impression and lacks a distinct phalangeal por-
tion. Digit group I–IV wider than long, with subparallel dig-
it imprints increasing in length continuously between digits 
I and III. Digit III imprint is about as long as or slightly 
longer than digit IV. Digit imprints are straight, thick, with 
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Fig. 4.	 Footprints of Synaptichnium isp. described here from the Solvay Quarry, interpretive drawings. A–G. See caption of Fig. 3. 
Numbers in the boxes beside tracks refer to the preservation scale of Marchetti et al. (2019b). IV – digit IV imprint. Scale bars 10 cm.

rounded phalangeal and metatarso-phalangeal pad trac-
es preserved in some specimens, and with indistinct small 
claw impressions. Manus imprint incomplete and smaller 
than pes imprint. It is about 6–7 cm long, wider than long or 
as long as wide and semiplantigrade. Relatively short dig-
it imprints, ending in rounded terminations or small claw 
marks. Digit III imprint seems to be the longest, digit V is 
postero-laterally positioned and separated from digit group 
I–IV. Trackways narrow with relatively long stride length 
(pes: 93–103 cm, manus: 92–96 cm) and pace length (pes: 
45–52 cm, manus: 45–50 cm) and high pace angulation 
(pes: 167–175°, manus: 159–167°), characterised by a sim-
ple alternating arrangement of pes-manus couples. The ma-
nus is positioned anterior to the pes, and the pes is strongly 
outwards-oriented relative to the midline.
Remarks: Although not well-preserved, these footprints 
have a clear chirotheriid morphology, because of the 
compact digit I–IV group with the sharply-defined prox-
imal margin and the well-separated and proximal digit 

V (Figs 3–5). They differ from both Isochirotherium and 
Chirotherium, the two chirotheriid ichnogenera known from 
Bernburg (e.g., Diedrich, 2012), in digit proportions and rel-
ative size of the manus. In fact, the pes digit II is too short 
and the manus is too large compared to Isochirotherium, 
while pedal digit IV is too long for both Isochirotherium and 
Chirotherium. Also, the digit I–IV group forms a consolidat-
ed block (Figs 3–5), different from both ichnogenera with 
the exception of C. sickleri (e.g., Klein and Lucas, 2010a). 
The ichnogenus Isochirotherium is characterised by dominat-
ing pes digits II and IV while pes digits I and IV are much 
shorter. Chirotherium has a functionally tridactyl (II, III, IV), 
mesaxonic pes. The digit proportions are slightly similar with 
those of Protochirotherium, but the latter is characterised by 
a shorter, often laterally diverging digit IV and a broad digit V 
with a massive basal pad impression (e.g., Fichter and Kunz, 
2004; Klein and Niedźwiedzki, 2012). 

Overall morphology, digit proportions and digit arrange-
ment (Figs 3–5) are in agreement with the ichnogenus 



326 L. MARCHETTI et Al.

Fig. 5.	 Trackways of Synaptichnium isp., concave epirelief. A. LVH-F-V-18. Three consecutive pes-manus couples. B. LVH-F-V-18. 
False-colour depth map. C. LVH-F-V-13. Three consecutive pes-manus couples. D. LVH-F-V-13. False-colour depth map. Scale bars 10 cm.

Synaptichnium, especially because of the parallel digits I–IV  
and the relative length of digits III and IV (e.g., Avanzini 
and Mietto, 2008; Klein and Lucas, 2018; Fig. 6A, C). 
Additionally, the orientation and morphology of pedal 
digit V and the mesaxonic manus are consistent with this 
ichnogenus. Nevertheless, some features such as the rela-
tively thick digits, sometimes with rounded terminations, 
and the relatively long pes digit III differ from the ichno-
species S. pseudosuchoides, S. cameronense and S. diablo-
ense (e.g., Klein and Lucas, 2010a; 2018) and are instead 
similar to several Lower-Middle Triassic footprints origi-
nally assigned to Brachychirotherium and later considered 
a Synaptichnium morphotype showing Brachychirotherium-
like features (Klein and Lucas, 2010b, 2018; Fig. 6). This 

morphotype includes the ichnospecies “Brachychirotherium” 
hessei (Soergel, 1925), “B.” harrasense (Haubold, 1967) and 
“B.” praeparvum (Haubold, 1967) from the Buntsandstein 
of Germany, “B.” circaparvum Demathieu 1971 and “B.” 
pachydactylum Demathieu and Gand, 1973 from the Middle 
Triassic of France and “B.” paraparvum Demathieu and 
Oosterink, 1988 from the Muschelkalk of the Netherlands 
(Fig. 6D). Further occurrences of this morphotype are 
known from the Middle Triassic of Argentina (Melchor and 
De Valais, 2006, fig. 4a) and Italy (Brandner, 1973, pl. 1.3). 
It has also been found in the alluvial Muschelkalk of SE 
Germany (Klein and Haubold, 2004; Klein and Lucas, 2018). 
All this material, currently considered as Synaptichnium by 
some authors (e.g., Klein and Lucas, 2010, 2017), needs to 
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Fig. 6.	 Comparison with morphologically-similar material. A. Synaptichnium pseudosuchoides, pes-manus set, Eschenbach 
Formation (Middle Triassic, Anisian), NE Bavaria, Germany. B. Brachychirotherium thuringiacum, pes-manus set, Hassberge Formation 
(Upper Triassic, Carnian), N Bavaria, Germany. C. Synaptichnium isp., pes-manus set, Roet Formation (Anisian), N Bavaria, Germany. 
D. “Brachychirotherium” paraparvum, pes imprint with skin texture, Vossenveld Formation (Anisian), Winterswijk, the Netherlands. 
Scale bar in B = 1 cm. A, B. From Klein and Lucas (2018, 2010a). C, D. Photographs by Ikuko Tanaka and Henk W. Oosterink.
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be comprehensively revised in order to be eventually as-
signed to an ichnospecies, that may be the first introduced 
for this material, “Brachychirotherium” hessei (Soergel, 
1925). The possibility that this morphotype is related to ex-
tramorphological variability is not plausible, because sev-
eral specimens, although not those from Bernburg, show 
an optimal morphological preservation sensu Marchetti  
et al. (2019b), indicating that the observed differences could 
be diagnostic. Nevertheless, Klein and Haubold (2004) and 
Klein and Lucas (2018) observed a possible morphologi-
cal transition between characteristic Synaptichnium and  
a morphotype similar to “Brachychirotherium” hessei 
and “Brachychirotherium” paraparvum on same surfac-
es. These authors, however, emphasised that their conclu-
sions were first based on studies and observations in the 
Eschenbach Formation (Muschelkalk, Anisian) of south-
eastern Germany, so they did not formally re-assign Middle 
Triassic “Brachychirotherium” to Synaptichnium. Also, it 
cannot be excluded that some of the former represent an 
ichnogenus different from Synaptichnium. This can only be 
resolved by a comprehensive future study. 

We concur that the Middle Triassic “Brachychirotherium” 
morphotype is clearly different from the Brachychirotherium 
type ichnospecies B. hassfurtense and also from B. thur-
ingiacum (Fig. 6B) from the Upper Triassic Hassberge 
Formation (Carnian) of Germany (e.g., Klein and Lucas, 
2010b; see also Karl and Haubold, 1998). The differenc-
es include: 1) thicker and shorter pes digit impressions, 2)  
a wider digit divarication, 3) a relatively longer pes digit II, 
4) a relatively shorter pes digit IV (IV < II), 5) a relatively 
smaller and differently-oriented pes digit V, and 6) a rela-
tively smaller manus imprint in B. hassfurtense and B. thur-
ingiacum (Fig. 6B) The ichnospecies Brachychirotherium 
parvum (Hitchcock, 1889) from the Upper Triassic of North 
America is certainly more similar to this morphotype, be-
cause of the more parallel and relatively longer pes digit im-
prints. This is especially true for the type material described 
as Chirotherium parvum (Syn. C. copei Bock, 1952) by Baird 
(1957). However, the digit proportions still differ from this 
morphotype, and the manus is relatively smaller compared 
to the pes. So, pending a comprehensive revision of the ich-
nogenera Synaptichnium and Brachychirotherium, we assign 
the studied material to Synaptichnium isp. avoiding ichnospe-
cific assignments, because of the overall poor preservation 
of the specimens (preservation grade 1.5 or lower; Fig. 4).

Synaptichnium is a very abundant ichnotaxon in Lower 
(Olenekian) and Middle Triassic units, and it has been found 
from a number of sites in North America, South America, 
North Africa and Europe (e.g., Haubold, 1971a, 1971b; 
Avanzini and Mietto, 2008; Klein and Lucas, 2010a, 2010b; 
Klein et al., 2011; Klein and Niedźwiedzki, 2012). Its track-
makers are considered archosauromorphs with a non-de-
rived pes structure (e.g., Klein et al., 2011).

DISCUSSION
The marginal marine units of the Lower and Middle 

Muschelkalk of the Germanic Basin currently include the ich-
nogenera: Chirotherium, Isochirotherium, Synaptichnium, 
Procolophonichnium and Rhynchosauroides (Table 1).  

These palaeoenvironments were dominated by small tracks 
of Rhynchosauroides and Procolophonichnium, as em-
phasised by Diedrich (2000, 2002a, b), who interpreted 
the track-bearing laminated limestones as intertidal en-
vironments. Chirotheriid footprints are significantly rar-
er and, although the Bernburg site seems to constitute an 
exception, the finding of more chirotheriid trackways is 
probably due to extensive exposures compared to other 
sites rather than to a real difference in the ichnotaxa abun-
dance. Among the chirotheriid tracks of the Bernburg site, 
Chirotherium is the most abundant ichnotaxon, while larger 
Isochirotherium and smaller Synaptichnium are significant-
ly rarer. The Muschelkalk ichnoassociation from tidal units 
of N Germany and the Netherlands can be compared with 
the alluvial Muschelkalk units of SE Germany (e.g., Klein 
and Lucas, 2018; Table 1). All the above-mentioned ich-
nogenera occur in both settings, but the ichnospecies often 
differ. Other ichnogenera are also found in alluvial settings, 
such as Atreipus-Grallator, Rotodactylus, Gwyneddichnium 
and some tracks resembling Dicynodontipus (Klein and 
Lucas, 2018). Moreover, the relative abundance of ich-
notaxa is very different: chirotheriid tracks, especial-
ly Chirotherium and Synaptichnium, are numerically 
predominant, Rhynchosauroides is less common, and 
Procolophonichnium is rare (Klein and Lucas, 2018). 
Therefore, while the overall ichnofaunal composition in 
different palaeoenvironmental conditions, such as tidal flats 
and alluvial plains, is similar, there are evident differenc-
es in ichnospecies, relative proportions between ichnotaxa, 
and diversity that can probably be attributed to a different 
palaeoecology of the trackmakers. Some marginal marine 
ichnosites with a similar age from Spain and Italy, inter-
preted as sabkha and alluvial environments, are also char-
acterised by abundant Rhynchosauroides tracks and rarer 
chirotheriid tracks (e.g., Avanzini and Renesto, 2002; Mujal 
et al., 2018). This, as suggested by Diedrich (2002b) and 
Mujal et al. (2018), may be interpreted as a distinct ichno-
coenoses linked to marginal marine settings.

CONCLUSIONS
The analysis of undescribed footprints from the low-

er Middle Muschelkalk of the Solvay Quarry of Bernburg 
documents the occurrence of Synaptichnium isp. for the 
first time, not only from this site but from Saxony-Anhalt  
(N Germany). Synaptichnium is a rare ichnotaxon in the 
Lower and Middle Muschelkalk tidal facies of the Germanic 
Basin. Furthermore, these are the first Synaptichnium 
step cycles described from this unit. Previous works re-
ported only isolated tracks or pes-manus couples assign-
able to this ichnotaxon. The studied material differs from  
other known Synaptichnium ichnospecies and is similar 
to other “Brachychirotherium-like” Synaptichnium foot-
prints, which are in need of revision because some of the 
characterising features appear unrelated to extramorpho-
logical variability. The tidal units of the Lower and Middle 
Muschelkalk of the Germanic Basin, including the Bernburg 
site, show a low-diversity ichnoassociation dominated by 
tracks of Rhynchosauroides and Procolophonichnium, 
while chirotheriid tracks are rarer. This clearly differs from  
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Table 1 

 Occurrences of tetrapod ichnogenera in the Muschelkalk of the Germanic Basin.

Lower Muschelkalk Middle Muschelkalk

The Netherlands N Germany SE Germany N Germany SE Germany

Vossenveld Osnabrück Jena Eschenbach Karlstadt Diemel Grafenwöhr

Ichnogenus tidal tidal tidal alluvial tidal tidal alluvial

cf. Dicynodontipus X

Procolophonichnium X X X X X X

“Coelurosaurichnus” X

Rhynchosauroides X X X X X X X

Gwyneddichnium X

Rotodactylus X

Synaptichnium X X X

“Brachychirotherium” X

Isochirotherium X X

Chirotherium X X

“Sphingopus” X

Atreipus-Grallator X

the ichnoassociation of the alluvial Muschelkalk facies of 
SE Germany, which is more diverse and numerically domi- 
nated by chirotheriid tracks, although the overall ichno-
faunal composition is similar. Further studies are needed 
to correctly relate the differences between Middle Triassic 
alluvial and marginal marine tetrapod ichnoassociations to 
the different depositional palaeoenvironments and to, even-
tually, revise the related tetrapod.

Acknowledgements

We would like to thank Harald Meller of the LVH for permis-
sion to study the collection. Roman Mischker and the LVH staff 
are gratefully acknowledged for providing access to the speci-
mens and for their valuable aid during the study of the material. 
Maximilian Albrecht greatly helped in moving and (un-)wrap-
ping the specimens too. Eudald Mujal and Spencer G. Lucas 
are thanked for their constructive reviews. LM is funded by the 
Bundesministerium für Bildung und Forschung (BMBF) for  
the BROMACKER project 2020.

REFERENCES
Avanzini, M. & Mietto, P., 2008. The occurrence of the vertebrate 

ichnogenus Synaptichnium in the Anisian (Middle Triassic) of 
Southern Alps. In: Avanzini, M. & Petti, F. M. (eds), Italian 
Ichnology. Studi Trentini di Scienze Naturali, 83: 259–265.

Avanzini, M. & Renesto, S., 2002. A review of Rhynchosauroides 
tirolicus Abel, 1926 ichnospecies (Middle Triassic: Anisian–
Ladinian) and some inferences on Rhynchosauroides trackmak-
er. Rivista Italiana di Paleontologia e Stratigrafia, 108: 51–66.

Baird, D., 1957. Triassic reptile footprint faunules from Milford, 
New Jersey. Bulletin of the Museum of Comparative Zoology, 
117: 449–520.

Bock, W., 1952. Triassic reptilian tracks and trends of locomotive 
evolution. Journal of Paleontology, 26: 395–433.

Brandner, R., 1973. Tetrapodenfährten aus der unteren Mitteltrias 
der Südalpen. Festschrift Heissel Veröffentlichungen der 
Universität Innsbruck, 86: 57–71. 

Demathieu, G., 1971. Cinq nouvelles espèces d‘empreintes de 
Reptiles du Trias de la bordure nordest du Massif Central. 
Comptes Rendus de l‘Académie des Sciences, Paris, 272: 
812–814. 

Demathieu, G. & Gand, G., 1973. Deux espèces ichnologiques 
nouvelles de grès à empreintes du Trias du Plateau d’Antully. 
Bulletin de la Société d’Histoire Naturelles d’Autun, 67: 11–27. 

Demathieu, G. & Oosterink, H. W., 1983. Die Wirbeltier-
Ichnofauna aus dem Unteren Muschelkalk von Winterswijk 
(Die Reptilfährten aus der Mitteltrias der Niederlande). 
Staringia, 7: 1–51. 

Demathieu, G. & Oosterink, H. W., 1988. New discoveries of 
ichnofossils from the Middle Triassic of Winterswijk (the 
Netherlands). Geologie en Mijnbouw, 67: 3–17.

Diedrich, C., 2000. Wirbeltierfährten aus dem Unteren Muschelkalk 
(Mitteltrias) des Osnabrücker Berglandes und Teutoburger 
Waldes (NW-Deutschland) und ihre stratigraphische und 
paläogeographische Bedeutung im Germanischen Becken.  
Neues Jahrbuch für Geologie und Paläontologie, 
Abhandlungen, 217: 369–395. 

Diedrich, C., 2002a. Vertebrate track stratigraphy at new megatrack 
sites in the Upper Wellenkalk member (Lower Muschelkalk) 
and orbicularis member (Middle Muschelkalk, Middle 
Triassic) in carbonate tidal flat environments of the west-
ern Germanic Basin. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 183: 185–208.

Diedrich, C., 2002b. Die Ausgrabungsergebnisse der 
Wirbeltierfährtenfundstelle aus der Oolith-Zone (Bithyn, 
Unterer Muschelkalk) von Borgholzhausen (Teutoburger 



330 L. MARCHETTI et Al.

Wald, NW-Deutschland). Paläontologische Zeitschrift, 76: 
35–56. 

Diedrich, C., 2009. Palaeogeographic evolution of the marine 
Middle Triassic marine Germanic basin changements – with 
emphasis on the carbonate tidal flat and shallow marine hab-
itats of reptiles in central Pangaea. Global and Planetary 
Change, 65: 27–55.

Diedrich, C., 2012. Middle Triassic chirotherid trackways on 
earthquake influenced intertidal limulid reproduction flats 
of the European Germanic Basin coasts. Central European 
Journal of Geosciences, 4: 495–529.

Diedrich, C., 2015. Isochirotherium trackways, their possible 
trackmakers (?Arizonasaurus): intercontinental giant archo-
saur migrations in the Middle Triassic tsunami-influenced car-
bonate intertidal mud flats of the European Germanic Basin. 
Carbonates and Evaporites, 30: 229–252.

Faber, F. J.,1958. Fossiele voetstappen in de Muschelkalk van 
Winterswijk. Geologie en Mijnbouw, 20: 317–321. [In Dutch.]

Fichter, J. & Kunz, R., 2004. New genus and species of chirother-
oid tracks in the Detfurth-Formation (Middle Bunter, Lower 
Triassic) of Central Germany. Ichnos, 11: 183–193.

Götz, A. E., 2002. Hochauflösende Stratigraphie im Unteren 
Muschelkalk (Mitteltrias, Anis) des Germanischen 
Beckens. Schriftenreihe der Deutschen Gesellschaft für 
Geowissenschaften, 15: 101–107.

Haubold, H., 1967. Eine Pseudosuchier-Fährtenfauna aus dem 
Buntsandstein Südthüringens. Hallesches Jahrbuch für 
Mitteldeutsche Erdgeschichte, 8: 12–48. 

Haubold, H., 1971a. Die Tetrapodenfährten des Buntsandsteins. 
Paläontologische Abhandlungen A, 4: 395–548. 

Haubold, H., 1971b. Ichnia Amphibiorum et Reptiliorum fossi-
lium. Encyclopedia of Paleoherpetology, 18: 1–124. 

Haubold, H. & Klein, H., 2002. Chirotherien und Grallatoriden aus 
der Unteren bis Oberen Trias Mitteleuropas und die Entstehung 
der Dinosauria. Hallesches Jahrbuch für Geowissenschaften 
B, 24: 1–22. 

Hitchcock, C. H., 1889. Recent progress in ichnology. Proceedings 
of the Boston Society of Natural History, 24: 117–127.

Holst, H. K. H., Smit, J. & Veenstra, E., 1970. Lacertoid footprints 
from the early Middle Triassic at Haarmühle near Altstätte, 
W. Germany. Procedings van het Koninklijk Nederlandse 
Akademie Wetenschapen Sektion B, 73: 157–165.

Karl, C. & Haubold, H., 1998. Brachychirotherium aus dem 
Coburger Sandstein (Mittlerer Keuper, Karn/Nor) in 
Nordbayern. Hallesches Jahrbuch für Geowissenschaften B, 
20: 33–58. 

Klein, H. & Haubold, H., 2004. Überlieferungsbedingte Variation 
bei Chirotherien und Hinweise zur Ichnotaxonomie nach 
Beispielen aus der Mittel- bis Ober-Trias (Anisium–Karnium) 
von Nordbayern. Hallesches Jahrbuch für Geowissenschaften 
B, 26: 1–15. 

Klein, H. & Lucas, S. G., 2010a. Tetrapod footprints – their use in 
biostratigraphy and biochronology of the Triassic. In: Lucas, 
S. G. (ed.), The Triassic Timescale. Geological Society, 
London, Special Publications, 334: 419–446.

Klein, H. & Lucas, S. G., 2010b. Review of the tetrapod ichno-
fauna of the Moenkopi Formation/Group (Early–Middle 

Triassic) of the American Southwest. New Mexico Museum of 
Natural History and Science Bulletin, 50: 1–67.

Klein, H. & Lucas, S. G., 2018. Diverse Middle Triassic tetrapod 
footprint assemblage from the Muschelkalk of Germany. 
Ichnos, 25: 162–176.

Klein, H. & Niedźwiedzki, G., 2012. Revision of the Lower 
Triassic tetrapod ichnofauna from Wióry, Holy Cross 
Mountains, Poland. New Mexico Museum of Natural History 
and Science, Bulletin, 56: 1–62.

Klein, H., Voigt, S., Saber, H., Schneider, J. W., Hminna, A., 
Fischer, J., Lagnaoui, A. & Brosig, A., 2011. First occurrence 
of a Middle Triassic tetrapod ichnofauna from the Argana 
Basin (Western High Atlas, Morocco). Palaeogeography, 
Palaeoclimatology, Palaeoecology, 307: 218–231.

Leonardi, G., 1987. Glossary and Manual of Tetrapod Footprint 
palaeoichnology. Ministerio Minas Energie, Departamento 
Nacional Producão Mineral, Brasilia, 117 pp.

Mallison, H. & Wings, O., 2014. Photogrammetry in paleontology –  
a practical guide. Journal of Paleontological Techniques, 12: 1–31.

Marchetti, L., Belvedere, M., Voigt, S., Klein, H., Castanera, D., 
Díaz-Martínez, I., Marty, D., Xing, L., Feola, S., Melchor, R. N.  
& Farlow, J. O., 2019b. Defining the morphological quality of 
fossil footprints. Problems and principles of preservation in 
tetrapod ichnology with examples from the Palaeozoic to the 
present. Earth-Science Reviews, 193: 109–145.

Marchetti, L., van der Donck, H., van Hylckama Vlieg, M.  
& During, M. A. D., 2019a. Leaving only trace fossils – the 
unknown visitors of Winterswijk. Staringia, 16: 250–257. 

Melchor, R. N. & De Valais, S., 2006. A review of Triassic tet-
rapod track assemblages from Argentina. Palaeontology, 49: 
355–379.

Matysik, M. & Szulc, J., 2019. Shallow-marine carbonate sedi-
mentation in a tectonically mobile basin, the Muschelkalk 
(Middle Triassic) of Upper Silesia (southern Poland). Marine 
and Petroleum Geology, 107: 99–115.

Mujal, E., Iglesias, G., Oms, O., Fortuny, J., Bolet, A. & Méndez, 
J. M., 2018. Rhynchosauroides footprint variability in a 
Muschelkalk detrital interval (late Anisian – middle Ladinian) 
from the Catalan Basin (NE Iberian Peninsula).  Ichnos,  25: 
150–161. 

Nopcsa, F., 1923, Die Familien der Reptilien. Fortschritte der 
Geologie und Paläontologie, 2: 1–210.

Radzinski, K. H., 2008. Muschelkalk. In: Bachmann, G. H., 
Ehling, B. C., Eichner, R. & Schwab, M. (eds), Geologie von 
Sachsen-Anhalt. Schweizerbart‘sche Verlagsbuchhandlung 
(Nägele u. Obermiller), Stuttgart, pp. 201–212. 

Schwarz, H. U., 1970. Zur Sedimentologie und Fazies des unter-
en Muschelkalkes in Südwestdeutschland und angrenzenden. 
Gebieten. Dissertation, Universität Tübingen, 297 pp. 

Soergel, W., 1925. Die Fährten der Chirotheria. Gustav Fischer 
Verlag, Jena, 92 pp. 

Szulc, J., 1999. Anisian–Carnian evolution of the Germanic basin 
and its eustatic, tectonic and climatic controls. Zentralblatt für 
Geologie und Paläontologie, 1: 813–852.

Szulc, J., 2000. Middle Triassic evolution of the northern Peri-
Tethys area as influenced by early opening of the Tethys 
Ocean. Annales Societatis Geologorum Poloniae, 70: 1–48.


