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Abstract

We describe four upper Lower Triassic to lower Middle Triassic clam shrimp—bearing
intervals from Mallorca, which include the clam shrimp species Hornestheria sp. aff.
Hornestheria sollingensis and several other forms of carapace valve morphology:
Hornestheria? Morphotype 1, Hornestheria? Morphotype 2, and other undetermined carapace
valves. All of this material was obtained from red-bed units cropping out in the Serra de
Tramuntana mountains of Mallorca (western Mediterranean). Except for a few
morphologically similar carapace valves of Middle Triassic age from China, Hornestheria is

known only from the type locality of its type species, Hornestheria sollingensis Kozur et
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Lepper, in the Solling Formation (Middle Buntsandstein Subgroup) in the German part of the
Central European Basin. According to its original definition, the larval carapace valve of
Hornestheria Kozur et Lepper is characterized by a radial sculpture, but this characteristic
apparently is only variably developed. Due to both a limited number of previously known
occurrences of Hornestheria and its poorly known carapace valve morphology, open
nomenclature is applied to the taxonomy herein. The studied specimens were freshly collected
from outcrop sections composed of greyish-green to greyish-red laminated claystones and
siltstones that accumulated in a fluvial facies. The clam shrimp specimens are accompanied
by remains of insects and fishes, invertebrate and tetrapod ichnofossils, and micro-
/macroplant remains, all of which either have been described by previous workers or are

currently part of a separate study.

Key words: Crustacea, Spinicaudata, Hornestheria, Pangaea, Balearic Islands, western

Mediterranean

Introduction

The traditional term ‘conchostracans’ designates a group of small-sized branchiopod
crustaceans, which are known from Devonian to recent times (e.g., Tasch 1969; Hegna &
Astrop 2020). They have a chitinous, bivalved carapace, composed of two symmetric valves
laterally enclosing their crustacean body. However, it is difficult to link their fossil forms to
the zoological classification scheme of their recent relatives (i.e., clam shrimps and
waterfleas) due to the often poorly preserved morphological characteristics of fossil carapace
valves. Therefore, fossil ‘Conchostraca’ are treated as a paraphyletic taxonomic group

corresponding to a composite of the extant monophyletic suborders Spinicaudata,
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Laevicaudata, Cyclestherida, and Cladocera (e.g., Rogers & Hegna 2020). In both fossil and

recent taxonomic systematics, these four suborders comprise the order Diplostraca within the
class Branchiopoda. Occurrences of modern clam shrimps in continental deposits are known

from all continents other than Antarctica (Frank 1988). Fossil clam shrimps are mostly found
in continental bodies of water, but can also be found in both brackish and shallow marine

deposits (e.g., Webb 1979; Liu & He 2000; Scholze et al. 2020).

Both modern and fossil clam shrimps are (palaeo-)geographically widely distributed
from the Devonian to the present, because of the very high dispersal potential of their minute,
drought and/or frost resistant, wind-transportable dormant eggs. Their eggs can also be
attached to other animals or survive passage through the digestive system of predators, thus
adding to their geographic dispersal mechanisms (e.g., Vanschoenwinkel et al. 2008). As
noticed by previous workers (e.g., Schneider et al. 2020), clam shrimp habitats changed
during the late Palaeozoic from perennial lakes to seasonal and temporary lakes, ponds, and
puddles, coincident with a nearly global palaeoclimate aridification that began at that time.
Like other pioneering organisms, many clam shrimp species (including all modern species of
spinicaudatans and laevicaudatans) became adapted to thrive in ephemeral freshwater pools,
as well as in water bodies with elevated salinities because of evaporation, where their

carapace valves often accumulated in mass occurrences that are useful for biostratigraphy.

Here, we study the clam shrimps from the lower Middle Triassic continental units of
Mallorca. The deposits of the study area are known for their occurrences of insects (Calafat &
Séez 1987; Calafat 1988; Zessin 2008a, 2008b; Aristov & Zessin 2009; Juarez-Ruiz &
Wachtler 2015) and tetrapod trace fossils (Juarez-Ruiz & Wachtler 2015). Additionally,
records of clam shrimps (“Euestheria sp.”), shark egg capsules (“Palaeoxyris sp.”), a fish of
unknown affinities, and arthropod trace fossils also have been mentioned by Calafat & Séez

(1987), Calafat (1988), and Zessin (2008b). Additionally, occurrences of conifers and other
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micro- and macroplant remains have been reported in detail by previous workers (e.g.,
Alvarez-Ramis et al. 1995; Grauvogel-Stamm & Alvarez Ramis 1996; Diez et al. 2010;
Juarez-Ruiz & Wachtler 2015). All of these records open a window into a local biota that
succeeded the aftermath of the end-Permian (e.g., Joachimski et al. 2012; Shen & Bowring
2014; Biswas et al. 2020) to the Early Triassic (e.g., Galfetti et al. 2007; Stanley 2009;
Hochuli et al. 2016; Zhang et al. 2019) mass extinction event, which is known to be the most
profound biotic crisis in the history of multicellular life on Earth (e.g., Benton 1995, 2018;
Stanley 2016; Delfino et al. 2020). From the upper Lower Triassic to the lower Middle
Triassic, fossil clam shrimps are known from only a few of localities apart from the ones
studied herein, such as France (e.g., Gall & Grauvogel-Stamm 2005), Germany (e.g., Kozur et
al. 1993; Mahler & Sell 2015), Poland (e.g., Zyta et al. 2013), Tunisia (Soussi et al. 2017),
and Argentina (e.g., Tassi et al. 2015). Comparing these occurrences with our new data from
Mallorca contributes to a better understanding of the Early—Middle Triassic post-crisis fauna
within a wider palaeogeographic realm than has been previously possible. Additionally, it is
hoped that our present study will motivate future working groups to improve the general
knowledge on transitional Lower Triassic—-Middle Triassic clam shrimp biostratigraphy
through additional future studies, as clam shrimps have great potential for both fine-scale
biozonation and regional to interregional biostratigraphic correlations (e.g., Kozur & Weems

2010; Scholze et al. 2016; Schneider et al. 2020).

Geologic setting

The study area is located in the Serra de Tramuntana, a mountainous area in the northwest of
the island of Mallorca (western Mediterranean). The studied sections, comprising a Lower(?)—
Middle Triassic interval of predominantly siliciclastic red-beds (‘Buntsandstein facies’), crop

out along the coastal cliffs between Cala d’Estellencs and Punta de son Serralta (Fig. 1A).
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Gomez-Gras (1993) recognised four (herein called A-D) main lithostratigraphic units in these
outcrops: (A) a basal sandstone unit representing braided rivers, (B) a lower sandstone and
siltstone unit corresponding to meandering rivers, (C) a middle sandstone unit of meandering
or braided river deposits, and (D) an upper siltstone and sandstone unit (Fig. 1B) deposited in
tidal flats transitional to the overlying shallow marine deposits of the so-called ‘Muschelkalk
facies’ (e.g., Matamales-Andreu et al. 2020). The lithostratigraphic units A-D have not been
formally described so far. Diez et al. (2010) provided age attributions based on their review of
palynomorphs found in some beds of the units B, C, and D, attributing the lowest two to the
Aegean Substage (lower Anisian Stage, lower Middle Triassic), and the upper one to an

indeterminate substage within the Anisian.

Clam shrimps studied in the present work were all collected in situ from four different
stratigraphic horizons, all of them consisting of greenish or reddish grey, finely laminated
claystones/siltstones, possibly representing small, dysoxic pools formed on fluvial floodplains
near meandering channels or in abandoned channels of the braided rivers during low-water
intervals. The four sites have been named (in ascending stratigraphic order) “Punta Roja”
(middle part of Unit B; Fig. 1C), “Pedra Alta” (upper part of Unit B; Fig. 1D), “Punta Negra
17 (base of Unit C; Fig. 1E) and “Punta Negra 2” (top of Unit C; Fig. 1F). Figure 1B shows a

synthetic stratigraphic log that indicates the location of the four sites.

Material and methods

Systematic, bed-by-bed collection of freshly exposed claystone and siltstone slabs from the
studied outcrop sections was carried out during a field campaign in 2019 (which was
authorized through an excavation permit granted by the Consell de Mallorca under the ref.

305-19, code 0313JUL2019ARQ.305-19.estellencs). About 47 slabs were obtained, each
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containing between one and 20 clam shrimp carapace valves, resulting in a total collection of
112 individual carapace valves. The best preserved individuals (25 in total) were selected for
both microscope drawing and photography of their carapace valves, using a LEICA MZ12
stereo-microscope with a WILD drawing mirror tube, and a BRESSER MikroCaml| digital
camera. Multiple photographs were taken of each of these clam shrimp carapace valves at
different focus distances, which were later vertically stacked automatically using the software
ADOBE Photoshop CS4. To make the microscope line drawings by hand with the drawing
mirror tube, a cold light source equipped with a flexible rubber light guide was used for
variable illumination of the specimens. The vector graphic software COREL DRAW 20 was

used for digitizing the microscope line drawings.

The microscope drawings were used for precisely measuring a set of carapace valve
parameters (e.g., total valve height [H], valve length [L], dorsal margin length [I], larval valve
height [h], total number of growth lines), according to the procedure and terminology
proposed by Scholze & Schneider (2015). In order to make a taxonomic determination of the
clam shrimp material, carapace valve parameters such as the total size values (valve length
and height) and their ratio values (total valve height/total valve length, dorsal margin
length/total valve length), as well as the positions of points of maximum curvature at the outer
margins of the carapace valve, were used for comparison with literature data, which primary
includes Triassic clam shrimps (e.g., Reible 1962; Gall 1971; Chang et al. 1976; Kozur &

Seidel 1983a; Kozur & Weems 2010).

During the stereomicroscopic investigation, it was observed that some microstructures
(i.e., remnants of ornamentation on the carapace valves) were partially preserved on a few
individuals. Initial attempts to photograph these ornamentation patterns under higher
magnifications, utilizing a KEYENCE VHX 6000 digital microscope failed due to ineffective

illumination through the inner lens of this digital microscope. Therefore, selected individuals
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were permanently coated with gold films, and then photographed using a PHILIPS XL30
Environmental Scanning Electron Microscope (ESEM) with an acceleration voltage of 10 kV
and up to 600x magnification. The resulting descriptions on observed microstructures could
serve as additional criteria in clam shrimp taxonomy, as generally discussed in previous

studies on other clam shrimp occurrences (e.g., Orlova 1978; Li 2017).

All specimens figured herein are permanently stored at Museu de Mallorca in the city

of Palma (Mallorca, Balearic Islands, Spain).

Results

The studied clam shrimp carapaces are preserved as a dark greyish to slightly patchy
yellowish brown-coloured substance with irregular thicknesses, which represent either
remnants of organic materials and/or a derivate of the primary (chitinous) shell substance. An
overview of their occurrences in their respective fossiliferous sites, along with a summary of
the coordinates, lithostratigraphy, and the taxonomy of the recorded clam shrimp occurrences,

is given in Table 1.

For the following morphologic description of the clam shrimp carapace valves, the
terminology proposed by Scholze & Schneider (2015) is used. The systematic hierarchy (see
below Subchapter ‘Systematic palaeontology’) follows Kozur & Weems (2010), Hegna &
Astrop (2020), and Hegna & Olesen (2020), except for taxonomically indeterminate

individuals (see Subchapter ‘Indeterminate clam shrimps’).

Table 1. Summary of the (?)upper Lower Triassic—lower Middle Triassic clam shrimp

occurrences from the present study.



Name of the Coordinates | Lithostratigraphy Identified clam shrimp taxa
fossil site
Punta Negra2 | 39°39°41”N, | Uppermost part of Hornestheria sp. aff.
02°28°33”E | UnitC Hornestheria sollingensis
Punta Negral | 39°39°42”N, | Lowermost part of Indeterminate
02°28’31”E | UnitC
Pedra Alta 39°39°41”N, | Upper part of Unit B Hornestheria? Morphotype 1;
02°28°28”E Hornestheria? Morphotype 2
Punta Roja 39°39°54”N, | Middle part of Unit B | Indeterminate
02°28°39”E
169
170

171 Systematic palaeontology

172 Class Branchiopoda Lamarck, 1801

173 Subclass Phyllopoda Preuss, 1951

174  Order Diplostraca Gerstaecker, 1866

175  Superfamily Lioestheriacea Raymond, 1946 emended Holub et Kozur, 1981
176 ~ Family Xiangxiellidae Shen in Chang et al., 1976

177

178  Remarks. Xiangxiellidae was defined as a subfamily in Chang et al. (1976) and attributed
179  therein to the family Vertexiidae Kobayashi, 1954. Carapace valves of Vertexiidae have

180  concavely recurved growth lines along the upper posterior margin below the dorsal margin,
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and sometimes a spine-like sculpture on its larval carapace valve (Kobayashi 1954, Astrop &
Hegna 2015). These two characteristics are absent in Xiangxiellinae, which excludes this
taxon from the family Vertexiidae sensu strico. Instead, Xiangxiellidae became elevated to

family rank by Kozur & Weems (2010), which is followed herein.

Genus Hornestheria Kozur et Lepper in Kozur et Weems, 2010

Type species. Hornestheria sollingensis Kozur et Lepper (in Kozur & Weems, 2010); from
the Frohrieper Berg Quarry (East of the town of Lauenférde, Lower Saxony, Germany),
Solling Formation (Middle Buntsandstein Subgroup, Buntsandstein Group), uppermost
Spathian (uppermost Olenekian, uppermost Lower Triassic) (Kozur & Weems 2010: p. 395).
Hornestheria sollingensis was used in stratigraphic charts (e.g., Bachmann & Kozur 2004)
before the taxonomic characteristics for its genus and species levels were formally published

by Kozur & Weems (2010: appendix 1).

Remarks. A diagnosis of this genus was proposed by H.W. Kozur and J. Lepper (in Kozur &
Weems 2010), but metric values for total carapace valve length and height were not provided.
Besides a low convexity of the carapace valves and their almost straight dorsal margin, other
characteristics of Hornestheria included the location of points of maximum curvature of the
anterior margin in the horizontal midline of the carapace valve and of the posterior margin
below the horizontal midline (Kozur & Weems 2010). The larval carapace valve (= umbonal
area of the valve free of growth lines) bore a rather enigmatic radial element, which was either
“often quite distinct” (Kozur & Weems 2010: p. 395) or unrecognizable, depending on the

respective preservation state of individual carapace valves.



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Based on the description of Hornestheria in Kozur & Weems (2010), the radial
element on the larval carapace valves of Hornestheria most closely resembles that of
Lioestheria Depéret et Mazeran, 1912, which has both nodular and radial sculptures on its
larval carapace valves (e.g., Kozur et al. 1981). In contrast, however, the size of the larval
carapace valve in adult individuals of Lioestheria is greater than 1/3 of the total carapace
valve length (Holub & Kozur 1981), and this is much larger relatively than the size of the
larval valve seen in the carapace of the genus Hornestheria. This difference provides a clear

distinction between Hornestheria and Lioestheria sensu Holub & Kozur (1981).

Prominent sculptures are also found on the larval carapace valves of the clam shrimp
genus Cornia Lutkevich, 1937, which is widely distributed in the Lower Triassic (e.g., Kozur
& Seidel 1983a; Kozur & Mock 1993; Tassi et al. 2013; Scholze et al. 2016). This genus is
characterized by an umbonal spine with a circular base located on the larval carapace valve.
The spine can be variably preserved (Kozur 1983), being either perpendicular or obliquely
embedded in the sediment or being broken, due to variable deformation (e.g., sedimentary
compaction) of the rock. According to the description for Hornestheria provided by Kozur &
Weems (2010), the generally radial shape of its larval sculpture makes it consistently different

from the circular shape of the base of the umbonal spine in Cornia.

A further characteristic of Hornestheria in the sense of H.W. Kozur and J. Lepper (in
Kozur & Weems 2010) is the presence of certain types of microsculpture (ornamentation)
located on the growth bands of the carapace valves. The ornamentation of the genus
Hornestheria was originally described as a dense, fine reticulation, which became replaced by
fine, short, radial lirae in the outer margins in adult individuals (Kozur & Weems 2010).
However, it should be noted that the figures of H. sollingensis in Kozur & Weems (2010: fig.

A2) show only indistinct reticulation.
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In lateral view, the carapace valves of Hornestheria are morphologically similar to
Euestheria Depéret et Mazeran, 1912 and Magniestheria Kozur, 1982. However, in contrast
to Hornestheria, the carapace valves of Euestheria have a more strongly convex shape with
its highest convexity in the umbonal area. The highest convexity in carapace valves of
Magniestheria is located in its central area. Both Euestheria and Magniestheria differ in their
ornamentation from Hornestheria. The ornamentation of Euestheria is either finely dotted to
weakly reticulated (Kozur & Seidel 1983a) or very finely pitted, having pits of round to
round-oval shapes with diameters of about 10 um (Sell 2018), that appear generally to be
more regular and smoother than the ornamentation seen in Hornestheria. The ornamentation
of Magniestheria is indistinct, varying between coarse pits and very short, irregular, radial

lirae (Kozur & Seidel 1983a); their expression is less intense than in Hornestheria.

Occurrence. Uppermost Spathian (uppermost Olenekian; upper Lower Triassic) and Anisian
(lower Middle Triassic) in Germany (Kozur & Weems 2010), China (see discussions on

“Protomonocarina” in Kozur & Weems 2010: p. 395), and Mallorca (the present study).

Hornestheria sp. aff. Hornestheria sollingensis Kozur et Lepper (in Kozur & Weems 2010)

(Figures 2-7)

Material. DA21/03/02/58, DA21/03/02/68, DA21/03/02/72, DA21/03/02/75,

DA21/03/02/77, DA21/03/02/78, DA21/03/02/80, DA21/03/02/81.
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Description. Carapace valve medium-sized to large, elongated-oval to oval shape; dorsal
margin straight, short to long; larval carapace valve very small; umbo located submedial and
marginal to inframarginal; anterior and posterior margins sharply curved to very sharply
curved; points of maximum curvature along the anterior and posterior margins located in the
median-dorsal to median-ventral region, and along the ventral margin in the median to

median-posterior region; ornaments fine, indistinct or irregularly reticulated.

Dimensions. Height (H) of the carapace valve between 1.6-3.9 mm; length (L) of the valve
between 2.5-3.9 mm; 0.57<H/L<0.7; dorsal margin length (l) between 1.8-2.3 mm;
0.51<I1/L<0.70; larval carapace valve height (h) between 0.1-0.5 mm; 0.04<h/H<0.19; up to

20 growth lines; all measurements based on 8 valves.

Occurrence. Pedra Alta site; upper Unit B; lower Anisian (lower Middle Triassic), dated as

Aegean by Diez et al. (2010).

Remarks. H.W. Kozur and J. Lepper (in Kozur & Weems 2010) first defined Hornestheria
sollingensis as a new species, providing the following parameters: total carapace valve length
between 3.0-3.8 mm, total height between 1.95-2.85 mm, length/height ratio values between
1.3-1.66 (Kozur & Weems 2010). The morphotype of the specimens in the present study
identified as H. sp. aff. H. sollingensis (Figures 2—6) differ from H. sollingensis Kozur et
Lepper in their larger size and wider range of the height/length ratio values. Additionally, the
larval carapace valve (= “free umbonal area” in Kozur & Weems 2010: p. 397) of H.
sollingensis is smaller than that of H. sp. aff. H. sollingensis. In accordance to the general

description of the genus Hornestheria by Kozur & Weems (2010), the presence of a radial
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element on the larval carapace valve of H. sp. aff. H. sollingensis cannot be clearly observed,
except for two individuals (collection numbers DA21/03/02/80, DA21/03/02/81; Figure 2B—
E). Problematically, in most specimens the small larval carapace valve seems to be poorly
preserved and the umbonal area has been almost without exception affected by deformation
(i.e., sedimentary compaction). Generally, large sample sets — preferably including layers of
mass occurrence (see Figure 2A) — need to be analysed, in order to better understand the full

spectrum of preservation variability found in specimens attributable to Hornestheria.

When the radial sculpture cannot be clearly seen on the larval carapace valves, both H.
sollingensis Kozur et Lepper (in Kozur & Weems 2010) and H. sp. aff. H. sollingensis (the
present study) are morphologically reminiscent of both Euestheria albertii albertii (in the
sense of Kozur et al. 1993; formerly designated as “Isaura minuta albertii (Voltz, 1835)” by
Reible 1962) and Euestheria albertii mahlerselli Kozur et Lepper (in Kozur & Weems 2010).
By comparison with the literature, E. albertii albertii (figured by Kozur et al. 1993: figs. 3.1
3.2) shows a more rounded shape, whereas E. albertii mahlerselli (figured by Kozur et al.
1993: figs. 3.4, 3.6; for references to further figures see the synonymy list in Kozur & Weems
2010: p. 391) shows a more elongated shape than H. sp. aff. H. sollingensis. Additionally, E.
albertii albertii and E. albertii mahlerselli have the strongest carapace valve convexity in the
umbonal area, whereas in H. sp. aff. H. sollingensis it is more or less at the centre of the

carapace valve.

Hornestheria? Morphotype 1

(Figures 8, 9)
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Material. DA21/03/04/01, DA21/03/04/02, DA21/03/04/07-1a, DA21/03/04/07-2a,
DA21/03/04/07-1c, DA21/03/04/07-2c, DA21/03/04/07-1d, DA21/03/04/10, DA21/03/04/11,

DA21/03/04/12-1, DA21/03/04/12-2, DA21/03/04/13a, DA21/03/04/13b.

Description. Carapace valves very large and round in shape; dorsal margin straight, very
short to short; larval carapace valve very small; position of the umbo anterior to slightly
submedial and inframarginal to slightly marginal; anterior and posterior margins sharply
curved to very sharply curved; points of maximum curvature of the anterior margin located
median-dorsal to median-ventral, in the posterior margin median-ventral, and in the ventral

margin median-anterior; ventral margin is often indented in its median-posterior area.

Dimensions. Height (H) of the carapace valve between 4.9-7.8 mm; length (L) of the
carapace valve between 6.0-9.9 mm; 0.76<H/L<0.87; dorsal margin length (I) between 2.7—
4.6 mm,; 0.38<I/L<0.56; larval carapace valve height (h) between 0.3-0.9 mm;
0.05<h/H<0.16; up to 55 growth lines, 57 growth lines/1 mm towards growth direction; all

measurements based on 10 valves plus counterparts.

Occurrence. Punta Negra 2 site; uppermost Unit C; Aegean (Diez et al. 2010), lower Anisian

(lower Middle Triassic).

Remarks. The use of open nomenclature at the species level is preferred for this set of
specimens, due to the small sample available for study. This careful practice follows previous

clam shrimp studies by Schneider et al. (2005: p. 11) and Schneider & Scholze (2018: p. 369),
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in order to prevent the creation of new definitions for what may prove to be synonymous
species. A formal species diagnosis for Hornestheria? Morphotype 1 should be made only

when more congeneric material from a wider study area is available.

Large clam shrimps identified as “Dictyonatella sp.” (Zyta et al. 2013: figs. 5A, B)
and “cf. Dictyonatella” (Soussi et al. 2017: figs. 13A, B) from the upper Lower Triassic—
Middle Triassic of Poland and Tunisia, respectively, have a rounded shape similar to
Hornestheria? Morphotype 1. According to Kozur (1982), the genus Dictyonatella has,
among other characteristics, an ornamentation on the growth bands represented by a coarse
reticulation and a recurvature of posterior growth lines below the dorsal margin. These two
characteristics clearly differ from the generally small reticulated ornaments of Hornestheria
sensu lato and its non-concave recurvature in the posterodorsal margin of the carapace valve.

Notably, in Hornestheria? Morphotype 1, a recurved posterodorsal margin is absent.

Shen et al. (2002) described “Euestheria (Magniestheria) truempyi” from the basal
Olenekian (basal upper Lower Triassic), which has a large size and a rounded carapace valve
shape similar to the Hornestheria? Morphotype 1. Additionally, a minute reticulated
ornamentation noted by Shen et al. (2002: plate 2, fig. 2) resembles that of H. sp. aff. H.
sollingensis (Figure 7). “Euestheria (Magniestheria) truempyi” of Shen et al. (2002),
however, shows pronounced concentric ribs in the umbonal and central areas of the carapace
valves, whereas the growth bands in all the specimens of the present study are both narrower

and their convex curvature is less intense, lacking pronounced concentric ribs.

More recently, Scholze et al. (2020: fig. 9E) described a Lower Triassic clam shrimp
fauna from the Jialingjiang Formation in southwestern China, which also contained a species
designated preliminarily as Magniestheria sp. aff. Magniestheria subcircularis (Chernyshev,
1934). Its size, shape, and the position of points of maximal curvature of the outer margins of

the carapace valve are similar to those of Hornestheria? Morphotype 1 (Figures 8, 9), but the
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umbo of M. sp. aff. M. subcircularis is located in a more submedial position. Additionally, the
strongest convexity of the carapace valves, in lateral view, is located in the umbonal area in
the case of Hornestheria? Morphotype 1, whereas in M. sp. aff. M. subcircularis it is located

in the central area of the carapace valve.

Hornestheria? Morphotype 2

(Figures 10, 11)

Material. DA21/03/04/04a, DA21/03/04/06, DA21/03/04/07-1b, DA21/03/04/07-2b,

DA21/03/04/08, DA21/03/04/09.

Description. Carapace valves very large and elongated oval to oval in shape; dorsal margin
slightly curved to curved, very short to long; larval carapace valve very small; position of the
umbo submedial and marginal to supramarginal; anterior and posterior margins sharply
curved to very sharply curved; points of maximum curvature of the anterior and posterior
margins located median or slightly median-dorsal, and in the ventral margin median-anterior;

the ventral margin is concavely indented in the median-posterior region of the carapace valve.

Dimensions. Height (H) of the carapace valve between 3.2-4.9 mm; length (L) of the valve

between 5.3-7.5 mm; 0.57<H/L<0.71; dorsal margin length (I) between 3.0-4.0 mm;
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0.48<I/L<0.70; larval carapace valve height (h) between 0.2-0.9 mm; 0.06<h/H<0.2; often

between 25-30 growth lines; all measurements based on 6 valves.

Occurrence. Punta Negra 2 site; uppermost Unit C, Aegean (Diez et al. 2010), lower Anisian

(lower Middle Triassic).

Remarks. The genus name is written with a question mark, because neither its characteristic
radial sculpture in the umbonal area nor microstructures (ornamentation) of the carapace
valves could be clearly identified, possibly due to the imperfection of their preservation.
Instead of a formal species hame, open nomenclature is applied to this distinctive carapace
valve morphology. This morphotype co-occurs with the above described Hornestheria?
Morphotype 1 (Figures 8, 9). The latter mentioned morphotype reaches greater total carapace
valve height values than Hornestheria? Morphotype 2 (Figures 10, 11). It also differs from

Hornestheria? Morphotype 2 in having a more rounded shape.

Hornestheria? Morphotype 2 is of larger size than both H. sollingensis sensu stricto
and H. sp. aff. H. sollingensis (Figures 2—6). The large carapace valves of Hornestheria?
Morphotype 2 resemble similarly sized clam shrimps, such as “Isaura minuta albertii” (see
Reible 1962: plate 7-fig. 7) or E. albertii albertii (see Kozur et al. 1993: fig. 3), but differ

from them in both its concavely recurved ventral margin and the morphology of the umbo.

Indeterminate clam shrimps
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Punta Roja site. Clam shrimps occur rarely in the Punta Roja site in the lower part of Unit B
(upper Olenekian(?)-lower Anisian). So far, the sample from this site is limited to three
individuals (specimen numbers DA21/03/01/01a, DA21/03/01/01b, DA21/03/01/02; Figure
12A-D) that possess the following characteristics (with semi-quantitative measurements
based on both microscope line drawings and attempted line drawing reconstruction of
fragments): small to medium-sized carapace valves (L=2.3-3.5 mm; H=1.6-2.6 mm),
rounded in shape (0.57<H/L<0.74); dorsal margin straight, short to long (1=1.6-1.9 mm;
0.51<I/L<0.70); larval valve very small (h=0.1-0.5 mm; 0.04<h/H<0.19); position of the
umbo submedial and inframarginal; anterior and posterior margins sharply curved to very
sharply curved; points of maximum curvature along the anterior margin located medial to
slightly medial-dorsal, in the posterior margin medial, and in the ventral margin medial to

slightly medial-posterior; about 13-19 growth lines.

Punta Negra 1 site. Two clam shrimps carapace valves were collected from the Punta Negra
1 site, in the base of Unit C, of lower Anisian (Aegean; Diez et al. 2010) age. In both
individuals, the outline of the carapace valves is incomplete; specimen DA21/03/03/02
(Figure 12E, F) appears to be strongly compressed by diagenesis; specimen DA21/03/03/01

(Figure 12G, H) is a fragment of an anterior part of a probably juvenile carapace valve.

Discussion

Taxonomic remarks on the genus Hornestheria
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In lateral view, the genus Hornestheria often shows a low convexity with its maximal
curvature located in the umbonal to central areas of the carapace valve and its umbo lying
against or slightly overtopping the dorsal margin. The presence of a radial sculpture on the
larval carapace valve represents an important taxonomic characteristic; however, its degree of
development is quite variable (Kozur & Weems 2010). This might be a consequence of
taphonomic variability, i.e. variable compression could flatten out that feature when the
carapace is not well-supported by sediment beneath during the early diagenesis. The radial
sculpture seems to be well preserved in only a few of the specimens figured by Kozur &
Weems (2010: fig. A2), showing a generally high morphologic variability. This is also true
for the material in our present study, wherein such a radial structure cannot be clearly
observed in most specimens of Hornestheria? Morphotype 1 and Hornestheria? Morphotype
2, due to the only moderately good preservation seen in the larval carapace valve areas.
Therefore, Hornestheria? is written with a question mark in order to indicate that this
variability is a problem at our current state of knowledge, which does particularly account for
these two morphotypes. More data on well-preserved specimens are required, which would
also involve making a detailed re-study of either the Hornestheria type material of Kozur &
Weems (2010) or new material from its type locality, in order to better understand the

undeformed larval carapace valve morphology of this genus.

Other species with radial sculptures on their larval carapace valves were discussed by
H.W. Kozur and J. Lepper (in Kozur & Weems, 2010: p. 395), including Protomonocarina
spp. Shen (in Chang et al. 1976). Among these species, one individual of Protomonocarina
sinensis figured in Chang et al. (1976: plate 14, fig. 6) showed a radial rib running from the
umbo towards the ventral margin of the carapace valve, which agrees with the taxonomic
range of the genus Protomonocarina Tasch, 1962. The other species, P. carinata Shen (in
Chang et al. 1976: plate 15, figs. 1, 2), P. oblonga Shen (in Chang et al. 1976: plate 15, figs.

11, 12), P. ziguiensis Shen (in Chang et al. 1976: plate 15, figs. 3-7), P. hubeiensis Shen (in
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Chang et al. 1976: plate 15, figs. 8, 9), P. buzhuangheensis Shen (in Chang et al. 1976: plate
15, fig. 10), and P. xiangxiensis Shen (in Chang et al. 1976: plate 15, fig. 13), were assigned
to the genus Hornestheria by Kozur & Weems (2010), based on the presence in those species
of a radial sculpture on their larval carapace valves. These species of Protomonocarina spp.
can be readily differentiated from H. sp. aff. H. sollingensis (Figures 2—-6) by the relatively
smaller sizes of the larval carapace valve and the radial sculpture of the latter species.
Additionally, values for total carapace valve length and height of Protomonocarina spp. sensu
Shen (in Chang et al. 1976) range between 1.9-2.9 mm and 1.2-1.8 mm, respectively; these

dimensions are distinctly smaller than those of H. sp. aff. H. sollingensis.

In contrast to specimens of H. sp. aff. H. sollingensis (Figures 2—-6), specimens of both
Hornestheria? Morphotype 1 (Figures 8, 9) and Hornestheria? Morphotype 2 (Figures 10, 11)
are less well-preserved, showing a mixture of brownish carapace fragments and sedimentary
imprints or moulds. Microstructures are present in Hornestheria? Morphotype 2 but cannot be
clearly seen or imaged (Figure. 11C, D), which is most likely a consequence of its poor
preservation. Therefore, an open nomenclature is preferred instead of a formal species name
for these specimens, even though Hornestheria? Morphotype 1 and Hornestheria?
Morphotype 2 probably represent new taxa. Both of these carapace valve morphologies are
known from a single stratigraphic horizon at the same fossil site (i.e., Punta Negra 2), so they
are here separated into two different forms because of the consistently observed differences in
the carapace valve morphology of each of these morphotypes. In particular, Hornestheria?
Morphotype 1 (Figures 8, 9) has a rounded shape, whereas Hornestheria? Morphotype 2
(Figures 10, 11) is much more elongated. This might be an expression of sexual dimorphism;
it is known from other studies of fossil clam shrimps that sexual dimorphism can be
recognised within a single population by the presence of two carapace forms (e.g., Astrop et
al. 2012; Weems & Lucas 2015). By comparison with the literature, similarly high degrees of

shape variation are known from other late Olenekian—early Anisian clam shrimp species, such
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as E. albertii mahlerselli. According to H.W. Kozur and J. Lepper (in Kozur & Weems 2010:
p. 392), this differentiation is based on the length (L)/height (H) ratio values of the carapace
valves, resulting in the definition of a slender morphotype (L/H=1.57-1.74) and a stout
morphotype (L/H=1.11-1.44). Another example of a high degree of carapace valve shape
variation representing a differentiation into two morphotypes is H. sollingensis Kozur et
Lepper (in Kozur & Weems 2010), as shown in the photographs of the type material: round
carapace valves (see Kozur & Weems 2010: figs. A2.1, A2.4) represent a stout morphotype,
whereas elongated-oval carapace valves represent a slender morphotype (see Kozur & Weems

2010: figs. A2.3, A2.5-2.7).

In analogy to these examples of slender and stout morphotypes, one may assume that the
assemblage of Hornestheria? Morphotype 1 and Hornestheria? Morphotype 2 specimens
represents a monospecific fauna, which is composed of a morphologically highly variable
species that could be differentiated by its total carapace valve height (H)/total carapace valve
length (L) ratio values into a stout morphotype (=Hornestheria? Morphotype 1;
0.76<H/L<0.87) and slender morphotype (=Hornestheria? Morphotype 2; 0.57<H/L<0.71).
The stout morphotype would be characterized by both larger total carapace valve sizes and a
more round shape. Generally, separation into slender and stout morphotypes seems to be a
well-established practice for describing high morphological variability in clam shrimps (e.g.,
Astrop et al. 2012; Weems & Lucas 2015). As exemplified by Magniestheria mangaliensis
(Jones, 1862) from Lower Triassic deposits of the Buntsandstein Group in Germany (e.g.,
Kozur & Seidel 1983a; Scholze et al. 2015, 2016), the presence of slender and stout
morphotypes within a single species can be best recognized by studying large numbers of
specimens within single layers of mass occurrences. In the best case, both morphotypes occur
in a single population in direct association on a bedding plane. The latter has not been
possible to observe in most slabs of the present study, due to both a low amount of available

specimens within layers of mass occurrences and the predominantly moderate to poor



491  preservation of Hornestheria? Morphotype 1 and Hornestheria? Morphotype 2 specimens.
492  Consequently, both forms are treated as two separate morphotypes by using open

493  nomenclature at the species level owing the rather limited state of knowledge at present.

494

495  Implications for biostratigraphy

496 The sedimentary succession in the wider study area is interrupted by a widespread hiatus
497  at the Permian—Triassic transition. The onset of this stratigraphic gap in the upper Permian has
498  been identified on the Balearic Islands (e.g., Rosell et al. 1988), and has been suggested to
499  range upward approximately to the early Olenekian or locally even up to the early Anisian
500 (e.g., Linol et al. 2009). This gap is also present in the Iberian Ranges (e.g., Lopez-Gomez et
501  al. 2012) and other neighbouring regions in the western peri-Tethys (Bourquin et al. 2011).
502  On Mallorca, such a gap has not been recognised so far, because the uppermost part of the
503  Permian sequence and the lowermost part of the Triassic sequence do not crop out anywhere
504 onthe island (Calafat 1988; Gomez-Gras 1993). Previous works have dated the herein called
505  units B-D as lower Anisian (Diez et al. 2010), but an upper Olenekian age cannot be

506  excluded for (part of) Unit A. Records of conifer cones and other plant remains from Unit B
507 reveal a flora similar to that of the Gres a Voltzia Formation of the Vosges, and this was

508  considered to be an indicator for an Anisian age (Alvarez-Ramis et al. 1995; Grauvogel-

509  Stamm & Alvarez Ramis 1996; Gall & Grauvogel-Stamm 2005). Our new data on clam

510  shrimp occurrences on Mallorca generally support assumptions on an uppermost Olenekian—
511  Anisian age for this sequence of strata, because index species typical of the lower Lower

512  Triassic (Induan) were not recorded in the present study, as discussed in the following

513  paragraphs.
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Clam shrimp biostratigraphic zonation for the upper Permian—Lower Triassic transition on
the northern hemisphere of the supercontinent Pangaea were initially established by Kozur &
Seidel (1983b) and Kozur (1993), which became later expanded by Kozur & Weems (2010)
to cover a wider time span ranging from the uppermost Permian to the lowermost Jurassic.
These biozones have been critically tested (e.g., Becker 2015; Scholze et al. 2016) and
partially refined, based on new data from multiple stratigraphic intervals of different regions
(e.g., Weems & Lucas 2015; Sell 2018; Scholze et al. 2019). Recently published studies on
new finds of Lower Triassic clam shrimps, such as from European Russia (Scholze et al.
2015), Germany (Scholze et al. 2016), Jordan (Scholze et al. 2017), and southwestern China
(Scholze et al. 2020), have been summarized by Schneider & Scholze (2018) and Schneider et

al. (2020).

According to the biozonation schema proposed by Schneider et al. (2020), an interval of
the so-called Euestheria gutta Fauna (Schneider et al. 2020) correlates to the basal Lower
Triassic (lowermost Induan). Apart from occurrences of both Euestheria sp. and the
lowermost Triassic index species Euestheria gutta (Lutkevich, 1937), this fauna also includes
Palaeolimnadiopsis vilujensis Varentsov, 1955, Palaeolimnadiopsis sp., and one carapace
valve form morphologically resembling Rossolimnadiopsis Novozhilov, 1958. The latter three
taxa also have records in the upper Permian (Scholze et al. 2019), so they slightly straddle the
Permian—Triassic boundary. According to Schneider et al. (2020), this fauna is directly
followed by the so-called Cornia germari Fauna of Lower Triassic (Induan) age, which is
composed of its index species Cornia germari (Beyrich, 1857) and several radially ribbed
species belonging to the genus Estheriella Weiss, 1875. The species of both the Euestheria
gutta Fauna and the Cornia germari Fauna can be accompanied by Magniestheria
mangaliensis (Jones, 1862), which is widely distributed during the Early Triassic (e.g., Jones
1862; Kozur & Seidel 1983a; Liu & He 2000; Goretzki 2003; Ghosh 2011; Hauschke 2014;

Scholze et al. 2015, 2016; Chu et al. 2019). The studied outcrop sections on Mallorca lack all
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these species characteristically found in Lower Triassic (Induan) deposits of other regions.
Therefore, an age younger than Induan is inferred for the clam shrimp faunas found in the
Mallorcan Unit B and Unit C; the Mallorcan clam shrimp faunas show much closer affinities
with the Olenekian—Anisian interval clam shrimp faunas, specifically those designated as the
Hornestheria sollingensis Zone and “Magniestheria-Euestheria-Hornestheria Fauna” by

Kozur & Weems (2010) and Schneider et al. (2020), respectively.

According to Kozur & Weems (2010), the occurrence of H. sollingensis in the Solling
Formation (Buntsandstein Group) in the German part of the Central European Basin is
biostratigraphically indicative of the so-called Hornestheria sollingensis Zone within the
uppermost Spathian Substage (uppermost Olenekian, uppermost Lower Triassic). Kozur &
Weems (2010) also re-assigned several Anisian-aged species of the genus Protomonocarina
from China (see Chang et al. 1976: p. 112-115) to Hornestheria. An Olenekian age for
records of Protomonocarina sinensis in northern China was also reported by Liu & He
(2000). These re-assignments extend the stratigraphic range of the genus Hornestheria

upward from the uppermost Olenekian into the Anisian.

Other occurrences of upper Olenekian—Anisian clam shrimps were reported by Zyta et
al. (2013) from the Samson6w Formation (Buntsandstein Group) in the Polish part of the
Central European Basin, which includes an assemblage of Dictyonatella sp. and
Palaeolimnadia mecsekensis Nagy, 1960. The genus Dictyonatella was first described by
Kozur (1982) and so far is only known from Anisian occurrences in Poland (“Dictyonatella
spp.” in Zyta et al. 2013: fig. 5A, B) and France (“Palaeolimnadiopsis dictyonata” in Reible
1962: plate 10, figs. 1-3; Gall 1971: plate 1X, fig.2; which was later designated as
Dictyonatella dictyonata in Kozur & Weems 2010). In the Gres a Voltzia Formation of the
uppermost Buntsandstein Group in the French part of the Central European Basin,

Dictyonatella is accompanied by Palaeolimnadia alsatica (= Palaeolimnadia alsatica
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alsatica in Kozur & Seidel 1983a) and Euestheria albertii (= “Isaura minuta albertii” in
Reible 1962). According to Kozur & Weems (2010), these species belong to the Euestheria
albertii albertii Zone of the Bithynian Substage (middle Anisian). Further occurrences of
large-sized forms morphologically similar to Dictyonatella were also reported from Anisian—
lower Ladinian deposits in Tunisia (Soussi et al. 2017). The common occurrence of
Dictyonatella in all of these deposits might suggest a biostratigraphic correlation between all
of these sections in Poland, France and Tunisia, while the absence of this genus in the clam
shrimp faunas from the units B and C of Mallorca studied herein suggest that the Mallorcan
clam shrimp faunas are of a different age. Notably, other typical Anisian index species like E.
albertii and P. alsatica are absent as well. Consequently, a slightly older age is inferred for
the faunas from Mallorca studied here. For these reasons, forms similar to H. sollingensis are,
at our current state of knowledge, considered to be indicative of an upper Spathian (upper

Olenekian) to Anisian stratigraphic range.

Remarks on taphonomy

In contrast to the exceptionally well-preserved thorax, furca, and appendages of both
Palaeolimnadia alsatica Reible, 1962 (=P. alsatica alsatica sensu Kozur & Seidel 1983a)
(see Gall 1971: plate 7, fig. 4) and Palaeolimnadiopsis dictyonata Reible, 1962
(=Dictyonatella dictyonata sensu Kozur 1982) (see Reible 1962: fig. 8) from the Gres a
Voltzia Formation in France, segments of the crustacean body are not preserved in H. sp.
aff. H. sollingensis (Figures 2-6), Hornestheria? Morphotype 1 (Figures 8, 9), or
Hornestheria? Morphotype 2 (Figures 10, 11) from the units B and C of Mallorca. The fact
that the majority of observed carapace valves are preserved with intact outlines indicates that
there was no significant long-distance post-mortem transport through water currents, which is

consistent with the low energy conditions inferred for the deposition of the fine-grained beds
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containing the fossils. Additionally, there is no indication of abrasion, scavenging, or
predation on these clam shrimp carapace valves. Occasional fragmentation of some carapace
valves most likely is an artefact resulting from the splitting of claystone and siltstone slabs
during fieldwork. This was difficult to avoid because these rocks have been pervasively
affected by the development of microfractures generated during diagenesis. This pervasive
microfracturing likely also is the cause of loss of flexibility and other carapace properties
during diagenesis, at which time mineral changes in the shell substance increased its

susceptibility to fragmentation (Monferran et al. 2018).

As known from studies of modern spinicaudatan clam shrimps, their carapace valves
consist of a multi-layered cuticle of chitin, which can be taxa-specifically strengthened by
integrating calcium carbonate minerals within them (Astrop et al. 2015; Hegna et al. 2020).
Microstructures (i.e., ornamentation) of the carapace valve can appear as different
morphologies depending on the preservation of the respective cuticle layers (Monferran et al.
2018). Accordingly, the lack of clearly observable ornaments in most of the carapace valves
from Mallorca studied here is interpreted to be the result of incomplete preservation or even
the absence of primarily mineralized outer cuticles in their respective carapace valves. As the
colours of clam shrimp carapace can serve as indicator for fossilization temperatures (P.
Tasch, cited in Monferran et al. 2018: p. 1062-1063), the slightly brownish coloured
remnants of the carapace substance in H. sp. aff. H. sollingensis from the Pedra Alta site (e.g.,
Figures 2, 4) indicate temperatures between 450°C—-600°C during diagenesis. Besides heat
resulting from burial depth, such relatively high temperatures might also reflect a magmatic
heat input, possibly derived from alkaline basaltic flows that are present in the Upper Triassic
strata found in the Serra de Tramuntana mountains (e.g., Navidad & Alvaro 1985; Sanz et al.

2013).
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Summary

The transitional upper Olenekian (upper Lower Triassic) to lower Anisian (lower Middle
Triassic) deposits of the “Buntsandstein facies” in the Serra de Tramuntana mountains on
Mallorca have yielded a clam shrimp fauna composed of Hornestheria sp. aff. H. sollingensis,
Hornestheria? Morphotype 1, Hornestheria? Morphotype 2, and a few undetermined
specimens. H. sp. aff. H. sollingensis shows finely reticulated ornamentation, in agreement
with the original taxonomic description of H. sollingensis Kozur et Lepper (in Kozur &
Weems 2010). This taxon, in comparison with literature data, shows strong morphological
similarities with the group of Euestheria albertii albertii (Reible, 1962) and Euestheria
albertii mahlerselli Kozur et Lepper (in Kozur & Weems 2010) in respect to their carapace
valve size and shape. The taxonomically characteristic radial sculpture on the larval carapace
valve region of Hornestheria is demonstrably well developed in very few individuals, but this
is likely due, at least in part, to its generally small-sized larval carapace valve and only a
moderate level of preservation due to deformation (i.e., sedimentary compaction) during
diagenesis. According to both the biostratigraphic zonation schema of Kozur & Weems
(2010) and the stratigraphic range of the genus Hornestheria, the new records of H. sp. aff. H.
sollingensis from Mallorca indicate that these strata formed during the Hornestheria

sollingensis Zone, corresponding to the latest Olenekian—Anisian interval.

Large-sized carapace valves, reported here on Mallorca for the first time, are
designated preliminarily as Hornestheria? Morphotype 1 and Hornestheria? Morphotype 2;
they show a high degree of variability in their valve shape, best expressed by the variation of
the total valve height/length ratio values. This degree of variability may reflect the occurrence
of either a single morphologically variable species, possibly divided into a slender and a stout
morphotype, or two new species previously unknown. First results from ESEM observations

suggest that there is microsculpturing on the carapace valve surface of Hornestheria?
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Morphotype 2, but the exact geometry of the shape of these ornaments is not well-preserved

in the analysed sample set.

Consequently, future studies are recommended to more completely document the full
spectrum of carapace valve morphologies in Hornestheria from Mallorca and other regions,
such as from its type area in the Solling Formation (Upper Buntsandstein) in the German part
of the Central European Basin. This future study needs to include a more detailed re-study of
the rather enigmatic radial sculpture on its larval carapace valve, both by reinvestigating the
holotype material of H. sollingensis Kozur et Lepper and any other material found in the
holotype region. Nevertheless, the new data presented here on clam shrimp occurrences in the
studied outcrop sections on Mallorca emphasizes the great potential of clam shrimps for

achieving a detailed biostratigraphy of Permian—Triassic continental deposits.

Acknowledgements

R.M.A. was supported by the predoctoral grant FPU17/01922 (Ministerio de Ciencia,
Innovacion y Universidades, Spain), the CERCA program (Generalitat de Catalunya, Spain)
and the project “Mallorca abans dels dinosaures: estudi dels ecosistemes continentals del
Permia i Triasic amb especial émfasi en les restes de vertebrats” (ref. 15 - 619/2020), based at
the ICP and funded by the Departament de Cultura, Patrimoni i Politica Linguistica (Consell
Insular de Mallorca). Fieldwork campaigns on Mallorca were carried out with permission of
the Servei de Patrimoni Historic of the Consell de Mallorca (file number 305-2019, reference
code 0313JUL2019ARQ.305-19.estellencs), with the aid of Josep Juarez-Ruiz, Francesc
Baiget and Sebastia Matamalas for sampling. R.M.A. also acknowledges Josep Fortuny,
Angel Galobart, Oriol Oms and Eudald Mujal for funding and discussion on the stratigraphy

and sedimentology. F.S. acknowledges Peter Frenzel for making photographs with the ESEM.



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

The reviewers Thomas Hegna and Robert E. Weems are greatly acknowledged for their
critical comments that improved the initial manuscript. The editor Miguel Alonso is thanked

for proper handling of the manuscript.

References

Alvarez-Ramis, C., Fernandez-Marron, T. & Calafat, F. (1995) Avance sobre la megaflora
triasica, en facies germanica, de Estellencs (sector noroccidental de la sierra de
Tramontana, Mallorca). Revista Espafiola de Paleontologia, NUmero Extraordinario,

7, 55-58.

Aristov, D. & Zessin, W. (2009) Mallorcagryllus hispanicus n. gen. et sp. - eine neue
Grylloblattide (Insecta: Grylloblattida: Blattogryllidae) aus dem Buntsandstein der
Insel Mallorca, Spanien. Virgo, Mitteilungsblatt des Entomologischen Vereins

Mecklenburg, 12 (1), 30-34.

Astrop, T.l. & Hegna, T.A. (2015) Phylogenetic relationships between living and fossil
spinicaudatan taxa (Branchiopoda Spinicaudata): Reconsidering the evidence. Journal

of Crustacean Biology, 35 (3), 339-354.

https://doi.org/10.1163/1937240X-00002317

Astrop, T.1., Park, L.E., Brown, B. & Weeks, S.C. (2012) Sexual discrimination at work:

Spinicaudatan ‘Clam Shrimp’ (Crustacea: Branchiopoda) as a model organism for the
study of sexual system evolution. Palaeontologia Electronica, article number

15.2.20A.

https://doi.org/10.26879/307



https://doi.org/10.1163/1937240X-00002317
https://doi.org/10.26879/307

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

Astrop, T.1., Sahni, V., Blackledge, T.A. & Stark, A.Y. (2015) Mechanical Properties of the
Chitin-Calcium-Phosphate “Clam Shrimp” Carapace (Branchiopoda: Spinicaudata):
Implications for Taphonomy and Fossilization. Journal of Crustacean Biology, 35 (2),

123-131.

https://doi.org/10.1163/1937240X-00002332

Bachmann, G.H., Kozur, H.W., 2004. The Germanic Triassic: correlations with the
international chronostratigraphic scale, numerical ages and Milankovitch cyclicity.

Hallesches Jahrbuch fiir Geowissenschaften, Reihe B, 26, 17—62.

Becker, A. (2015) Ambiguities in Conchostracan Biostratigraphy: A Case Study of the

Permian—Triassic Boundary. Annales Societatis Geologorum Poloniae, 85, 697-701.

https://doi.org/10.14241/asgp.2015.035

Benton, M.J. (1995) Diversification and Extinction in the History of Life. Science, 268, 52—

58.

https://doi.org/10.1126/science.7701342

Benton, M.J. (2018) Hyperthermal-driven mass extinctions: killing models during the
Permian—Triassic mass extinction. Philosophical Transactions of the Royal Society A,

376 (2130), 20170076.

http://dx.doi.org/10.1098/rsta.2017.0076

Beyrich, W. (1857) 2. Protokoll der Juni-Sitzung. Zeitschrift der Deutschen Geologischen

Gesellschaft, 9, 374-377.

Biswas, R.K., Kaiho, K., Saito, R., Tian, L. & Shi, Z. (2020) Terrestrial ecosystem collapse

and soil erosion before the end-Permian marine extinction: Organic geochemical


https://doi.org/10.1163/1937240X-00002332
https://doi.org/10.14241/asgp.2015.035
https://doi.org/10.1126/science.7701342
http://dx.doi.org/10.1098/rsta.2017.0076

708 evidence from marine and non-marine records. Global and Planetary Change, 195,

709 103327.

710 https://doi.org/10.1016/j.gloplacha.2020.103327

711 Bourquin, S., Bercovici, A., Lopez-Gémez, J., Diez, J.B., Broutin, J., Ronchi, A., Durand, M.,

712 Arche, A,, Linol, B. & Amour, F. (2011) The Permian—Triassic transition and the
713 onset of Mesozoic sedimentation at the northwestern peri-Tethyan domain scale:
714 palaesogeographic maps and geodynamic implications. Palaeogeography,

715 Palaeoclimatology, Palaeoecology, 299 (1-2), 265-280.

716 https://doi.org/10.1016/j.palaeo.2010.11.007

717  Calafat, F. (1988) Estratigrafia y sedimentologia de la litofacies Buntsandstein de Mallorca.

718 Bachelor’s Thesis, Universitat de Barcelona, Barcelona, 127 pp., 31 annexed figs.

719  Calafat, F. & Saez, B. (1987) Paleofauna lacustre del Triasic Inferior de Mallorca. Jornades

720 del Medi Ambient de les llles Balears, 1, 18-19.

721 Chang, W.-T., Chen, P.-J. & Shen, Y.-B. (1976) Fossil Conchostraca of China. Science

722 Press, Beijing, 325 pp., 138 pls.

723 Chernyshev, B.1. (1934) O nekotorykh Branchiopoda iz kuznetskogo basseyna. Trudy

724 leningradskogo obshchestva yestestvoisnytateley, 63 (2), 115-125. [in Russian]

725  Chu, D., Tong, J., Benton, M.J., Yu, J. & Huang, Y. (2019) Mixed continental-marine biotas
726 following the Permian-Triassic mass extinction in South and North China.

727 Palaeogeography, Palaeoclimatology, Palaeoecology, 519, 95-107.

728 https://doi.org/10.1016/j.palae0.2017.10.028



https://doi.org/10.1016/j.gloplacha.2020.103327
https://doi.org/10.1016/j.palaeo.2010.11.007
https://doi.org/10.1016/j.palaeo.2017.10.028

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

Delfino, M., Kustatscher, E., Lavezzi, F. & Bernardi, M. (2020) The End-Permian Mass
Extinction: Nature’s Revolution. In: Martinetto, E., Tschopp, E. & Gastaldo, R.A.
(Eds.), Nature through Time. Springer Textbooks in Earth Sciences, Geography and

Environment. Springer, Cham, pp. 253-267.

https://doi.org/10.1007/978-3-030-35058-1 10

Depéret, C. & Mazeran, P. (1912) Les Estheria du Permien d’Autun. Bulletin de la Société

d’Histoire Naturelle d’Autun, 25, 165-174.

Diez, J.B., Broutin, J., Grauvogel-Stamm, L., Bourquin, S., Bercovici, A. & Ferrer, J. (2010)
Anisian floras from the NE Iberian Peninsula and Balearic Islands: A synthesis.

Review of Palaeobotany and Palynology, 162 (3), 522-542.

https://doi.org/10.1016/j.revpalbo.2010.09.003

Frank, P.W. (1988) Conchostraca. Palaeogeography, Palaeoclimatology, Palaeoecology, 62,

399-403.

https://doi.org/10.1016/0031-0182(88)90064-8

Galfetti, T., Hochuli, P.A., Brayard, A., Bucher, H., Weissert, H. & Vigran, J.O. (2007)
Smithian-Spathian boundary event: evidence for global climatic change in the wake of

the end-Permian biotic crisis. Geology, 35, 291-294.

https://doi.org/10.1130/G23117A.1

Gall, J.-C. (1971) Faunes et paysages du Gres a Voltzia du Nord des Vosges. Essai
paléoécologique sur le Buntsandstein supérieur. Mémoires du Service de la Carte

Géologique d'Alsace et de Lorraine, 34, 1-318.


https://doi.org/10.1007/978-3-030-35058-1_10
https://doi.org/10.1016/j.revpalbo.2010.09.003
https://doi.org/10.1016/0031-0182(88)90064-8
https://doi.org/10.1130/G23117A.1

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

Gall J.-C. & Grauvogel-Stamm, L. (2005) The early Middle Triassic ‘Grés a Voltzia’
Formation of eastern France: a model of environmental refugium. Comptes Rendus

Palevol, 4, 637—652.

https://doi.org/10.1016/j.crpv.2005.04.007

Gerstaecker, A. (1866-1879) Die Klassen und Ordnungen der Arthropoden wissenschaftlich
dargestellt in Wort und Bild. Erste Abtheilung Crustacea (Erste Hélfte). In: Bronn,
H.G. (Edi.), Die Klassen und Ordnungen des Thier-Reichs wissenschaftlich dargestellt
in Wort und Bild. Finfter Band Gliederflssler (Arthropoda). C.F. Winter, Leipzig,

Heidelberg, 1320 pp.

https://doi.org/10.5962/bhl.title.9999

Ghosh, S.C. (2011) Estheriids (fossil conchostraca) of Indian Gondwana. Palaeontologia

Indica, 54, 1-145.

GOmez-Gras, D. (1993) El Permotrias de la Cordillera Costero Catalana Facies y Petrologia

Sedimentaria (Parte 1). Boletin geol6gico y minero, 104 (2), 3-49.

Goretzki, J. (2003) Biostratigraphy of Conchostracans: A Key for the Interregional
Correlations of the Continental Palaeozoic and Mesozoic — Computer-aided Pattern
Analysis and Shape Statistics to Classify Groups Being Poor in Characteristics. PhD

thesis, Technische Universitit Bergakademie Freiberg, Freiberg, 243 pp., 64 pls.

Grauvogel-Stamm, L. & Alvarez Ramis, C. (1996) Coniféres et pollen in situ du
Buntsandstein de L'ile de Majorque (Baléares, Espagne). Cuadernos de geologia

ibérica, 20, 229-243.


https://doi.org/10.1016/j.crpv.2005.04.007
https://doi.org/10.5962/bhl.title.9999

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

Hauschke, N. (2014) Conchostraken als Zeitmarken und Faziesanzeiger in kontinentalen
Ablagerungen der Trias: Fallbeispiele aus Sachsen-Anhalt und dem 6stlichen

Niedersachsen. Abhandlungen und Berichte fur Naturkunde, 34, 19-55.

Hegna, T.A. & Astrop, T.I. (2020) The Fossil Record of the Clam Shrimp (Crustacea;

Branchiopoda). Zoological Studies, 59, 43.

https://doi.org/10.6620/zs.2020.59-43

Hegna, T.A. & Olesen, J. (2020) Branchiopoda J.-B. Lamarck 1801 [T.A. Hegna and J.
Olesen], converted clade name. In: de Queiroz, K., Cantino, P.D. & Gauthier, J.A.
(Eds.), Phylonyms: A Companion to the PhyloCode. CRC Press, Boca Raton, pp. 587—

593.

Hegna T.A., Czaja A.D. & Rogers, D.C. (2020) Raman spectroscopic analysis of the
composition of the clam-shrimp carapace (Branchiopoda: Laevicaudata, Spinicaudata,
Cyclestherida): a dual calcium phosphatecalcium carbonate composition. Journal of

Crustacean Biology, 40 (6), 756—760.

https://doi.org/10.1093/jcbiol/ruaa078

Hochuli, P., Sanson-Barrera, A., Schneebeli-Hermann, E. & Bucher, H. (2016) Severest crisis
overlooked—Worst disruption of terrestrial environments postdates the Permian—

Triassic mass extinction. Scientific Reports, 6, Article number: 28372.

https://doi.org/10.1038/srep28372

Holub, V. & Kozur, H. (1981) Revision einiger Conchostracen-Faunen des Rotliegenden und
biostratigraphische Auswertung der Conchostracen des Rotliegenden. Geologisch-

Paldontologische Mitteilungen Innsbruck, 11 (2), 39-94.


https://doi.org/10.6620/zs.2020.59-43
https://doi.org/10.1093/jcbiol/ruaa078
https://doi.org/10.1038/srep28372

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

Joachimski, M.M., Lai, X., Shen, S., Jiang, H., Luo, G., Chen, B., Chen, J. & Sun, Y. (2012)
Climate warming in the latest Permian and the Permian—Triassic mass extinction.

Geology, 40, 195-198.

https://doi.org/10.1130/G32707.1

Jones, R. (1862) A Monograph of the Fossil Estheriae. Palaeontological Society, London, 134

pp., 5 pls.

https://doi.org/10.5962/bhl.title.52947

Juarez-Ruiz, J. & Wachtler, M. (2015) Early-Middle Triassic (Anisian) Fossil Floras from

Majorca (Spain). Dolomythos, Innichen, 49 pp.

Kobayashi, T. (1954) Fossil Estherians and allied fossils. Journal of the Faculty of Science,

University of Tokyo section 2, 9, 1-192.

Kozur, H. (1982) Beitrage zur Taxonomie und stratigraphischen Auswertung der
untertriassischen Conchostracen. Geologisch-Palaontologische Mitteilungen

Innsbruck, 11 (11), 355-398.

Kozur, H. (1983) Intraspezifische und erhaltungsbedingte Variabilitat der Conchostraca-Arten
Cornia germari (BEYRICH) und Estheriella nodoscostata (GIEBEL) aus dem
Unteren Buntsandstein (Bernburg-Formation, Oberes Brahmanian, hoheres
Unterskyth). Neues Jahrbuch fiir Geologie und Paldontologie, Abhandlungen, 166 (3),

404-430.

Kozur, H.W. (1993) Range charts of conchostracans in the Germanic Buntsandstein. New

Mexico Museum of Natural History & Science Bulletin, 3, 249-253.


https://doi.org/10.1130/G32707.1
https://doi.org/10.5962/bhl.title.52947

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

Kozur, HW. & Mock, R. (1993) The importance of conchostracans for the correlation of
continental and marine beds. New Mexico Museum of Natural History & Science

Bulletin, 3, 261-266.

Kozur, H. & Seidel, G. (1983a) Revision der Conchostracen-Faunen des unteren und
mittleren Buntsandsteins. Teil 1. Zeitschrift fiir Geologische Wissenschaften, 11 (3),

295-423.

Kozur, H. & Seidel, G. (1983b) Die Biostratigraphie des unteren und mittleren Buntsandsteins
des Germanischen Beckens unter besonderer Berlicksichtigung der Conchostracen.
Teil 1l zur Revision der Conchostracen-Faunen des unteren und mittleren

Buntsandsteins. Zeitschrift fir Geologische Wissenschaften, 11 (4), 429-464.

Kozur, HW. & Weems, R.E. (2010) The biostratigraphic importance of conchostracans in the
continental Triassic of the northern hemisphere. Geological Society, London, Special

Publications, 334, 315-417.

https://doi.org/10.1144/SP334.13

Kozur, H., Martens, T. & Pacaud, G. (1981) Revision von “Estheria” (Lioestheria) lallyensis
Depéret & Mazeran, 1912 und ,,Euestheria®“ autunensis Raymond, 1946. Zeitschrift

flr Geologische Wissenschaften, 9, 1437-1445.

Kozur, H.W., Mahler, H. & Sell, J. (1993) Stratigraphic and paleobiologic importance of the
latest Olenekian and Early Anisian conchostracans of Middle Europe. New Mexico

Museum of Natural History & Science Bulletin, 3, 255-259.

Lamarck, J.B. (1801) Systeme des animaux sans vertebres. Deterville, Paris, 432 pp.

Li, G. (2017) SEM plays an important role in the study of fossil clam shrimps. Journal of

Environmental Geology, 1 (1), 22-23.


https://doi.org/10.1144/SP334.13

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

https://doi.org/10.4172/2591-7641.1000006

Linol, B., Bercovici, A., Bourquin, S., Diez, J. B., Lopez-Gémez, J., Broutin, J., Durand, M.
& Villanueva-Amadoz, U. (2009) Late Permian to Middle Triassic correlations and
palaeogeographical reconstructions in south-western European basins: New
sedimentological data from Minorca (Balearic Islands, Spain). Sedimentary Geology,

220 (1-2), 77-94.

https://doi.org/10.1016/j.sedgeo.2009.06.003

Liu, S.W. & He, Z.J. (2000) Marine conchostracans from the “Sunjiagou Formation” of
Qishan, Shaanxi. Acta Palaeontologica Sinica, 39 (2), 230-236. [in Chinese with

English summary]

Lopez-Gomez, J., Galan-Abellan, A.B., De la Horra, R., Barrenechea, J.F., Arche, A.,
Bourquin, S., Marzo, M. & Durand, M. (2012) Sedimentary evolution of the
continental Early—Middle Cafiizar Formation (Central Spain): implications for life

recovery after the Permian—Triassic crisis. Sedimentary Geology, 249/250, 26-44.

https://doi.org/10.1016/j.sedge0.2012.01.006

Lutkevich, E.M. (1937) O nekotorykh Phyllopoda SSSR. Ezhegodnik Vsesoyuznogo

Paleontologicheskogo Obshchestva, 11, 60-70. [in Russian with English summary]

Mahler, H. & Sell, J. (2015) Profile im Oberen Buntsandstein (Rot 4-Subformation) von
Unterfranken und Sudthuringen. Naturwissenschaftliches Jahrbuch Schweinfurt, 27,

27-93.

Matamales-Andreu, R., Oms, O., Galobart, A. & Fortuny, J. (2020) Middle—Upper Triassic
marine vertebrates of Mallorca (Balearic Islands, western Mediterranean). Historical

Biology.


https://doi.org/10.4172/2591-7641.1000006
https://doi.org/10.1016/j.sedgeo.2009.06.003
https://doi.org/10.1016/j.sedgeo.2012.01.006

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

https://doi.org/10.1080/08912963.2020.1810682

Monferran, M., D’ Angelo, J., Cabaleri, N., Gallego, O. & Garban, G. (2018) Chemical
taphonomy and preservation modes of Jurassic spinicaudatans from Patagonia: A

chemometric approach. Journal of Paleontology, 92 (6), 1054-1065.

https://doi.org/10.1017/jpa.2018.40

Nagy, E. (1960) A Mecsek-Hegység Mezozbos Phyllopoda. Foldtani Kozlony, 90 (1), 137-

141.

Navidad, M. & Alvaro, M. (1985) EI vulcanismo alcalino del Triasico Superior de Mallorca

(Mediterraneo Occidental). Boletin Geoldgico y Minero, 96 (1), 10-22.

Novozhilov, N.I. (1958) Recueil D’ Articles sur les Phyllopodes Conchostracés. Annales du
Service d’Information Géologique du Bureau de Recherches Géologiques,

Géophysiques et Miniéres, 26, 1-135.

Orlova, E.F. (1978) The use of replicas to study fossil conchostracans. Paleontological

Journal, 3, 401-404.

Preuss, G. (1951) Die Verwandtschaft der Anostraca und Phyllopoda. Zoologischer Anzeiger,

147, 49-64.

Raymond, P.E. (1946) The genera of fossil Conchostraca — An order of bivalved crustaceans.

Bulletin of the Museum of Comparative Zoology, 96, 217-370.

Reible, P. (1962) Die Conchostraken (Branchiopoda, Crustacea) der Germanischen Trias.

Neues Jahrbuch fiir Geologie und Paldontologie Abhandlungen, 114, 169-244.


https://doi.org/10.1080/08912963.2020.1810682
https://doi.org/10.1017/jpa.2018.40

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

Rogers, D.C. & Hegna, T.A. (2020) Fossil and Modern Clam Shrimp (Branchiopoda:
Spinicaudata, Laevicaudata): The World’s First Clam Shrimp Symposium and a

Celebration of Brian V. Timms. Zoological Studies, 59, 32.

https://doi.org/10.6620/zs.2020.59-32

Rosell, J., Arribas, J., Elizaga, E. & Gomez-Gras, D. (1988) Caracterizacion sedimentoldgica
y petrogréfica de la serie roja permo-triésica de la isla de Menorca. Boletin Geoldgico

y Minero, 99 (1), 71-82.

Sanz, T., Lago, M., Galé, C., Ubide, T., Pocovi, A. & Gil, A. (2013) Las rocas magmaticas de
la Sierra de Tramuntana (N de Mallorca, Espafa): contexto estratigrafico. Geogaceta,

54, 39-42.

https://doi.org/10.5209/rev JIGE.2013.v39.n1.41759

Schneider, J.W. & Scholze, F. (2018) Late Pennsylvanian—Early Triassic conchostracan
biostratigraphy: a preliminary approach. Geological Society, London, Special

Publications, 450, 365-386.

https://doi.org/10.1144/SP450.6

Schneider, J.W., Goretzki, J. & Rossler, R. (2005) Biostratigraphisch relevante nicht-marine
Tiergruppen im Karbon der variscischen Vorsenke und der Innensenken. Courier

Forschungsinstitut Senckenberg, 254, 103-118.

Schneider, J.W., Lucas, S., Scholze, F., Voigt, S., Marchetti, L., Klein, H., Oplustil, S.,
Werneburg, R., Golubev, V., Barrick, J., Nemyrovska, T., Ronchi, A., Day, M.,
Silantiev, V., RoBler, R., Saber, H., Linnemann, U., Zharinova, V. & Shen, S. (2020)
Late Paleozoic—early Mesozoic continental biostratigraphy—Ilinks to the Standard

Global Chronostratigraphic Scale. Palaeoworld, 29 (2), 186-238.


https://doi.org/10.6620/zs.2020.59-32
https://doi.org/10.5209/rev_JIGE.2013.v39.n1.41759
https://doi.org/10.1144/SP450.6

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

https://doi.org/10.1016/j.palwor.2019.09.001

Scholze, F. & Schneider, J.W. (2015) Improved methodology of ‘conchostracan’ (Crustacea:
Branchiopoda) classification for biostratigraphy. Newsletters on Stratigraphy, 48,

287-298.

https://doi.org/10.1127/n0s/2015/0065

Scholze, F., Golubev, V. K., Niedzwiedzki, G., Sennikov, A.G., Schneider, J.W. & Silantiev,
V.V. (2015) Early Triassic Conchostracans (Crustacea: Branchiopoda) from the
terrestrial Permian—Triassic boundary sections in the Moscow syncline.

Palaeogeography, Palaeoclimatology, Palaeoecology, 429, 22—40.

https://doi.org/10.1016/j.palaeo.2015.04.002

Scholze, F., Schneider, J.W. & Werneburg, R. (2016) Conchostracans in continental deposits
of the Zechstein-Buntsandstein transition in central Germany: Taxonomy and
biostratigraphic implications for the position of the Permian-Triassic boundary within
the Zechstein Group. Palaeogeography, Palaeoclimatology, Palaeoecology, 449, 174—

193.

https://doi.org/10.1016/j.palaeo.2016.02.021

Scholze, F., Abu Hamad, A., Schneider, J.W., Golubev, V.K., Sennikov, A.G., Voigt, S. &
Uhl, D. (2017) An enigmatic ‘conchostracan’ fauna in the eastern Dead Sea region of
Jordan: First records of Rossolimnadiopsis Novozhilov from the Early Triassic Ma'in

Formation. Palaeogeography, Palaeoclimatology, Palaeoecology, 466, 314-325.

https://doi.org/10.1016/j.palae0.2016.11.047



https://doi.org/10.1016/j.palwor.2019.09.001
https://doi.org/10.1127/nos/2015/0065
https://doi.org/10.1016/j.palaeo.2015.04.002
https://doi.org/10.1016/j.palaeo.2016.02.021
https://doi.org/10.1016/j.palaeo.2016.11.047

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

Scholze, F., Golubev, V.K., Niedzwiedzki, G., Schneider, J.JW. & Sennikov, A.G. (2019) Late
Permian conchostracans (Crustacea, Branchiopoda) from continental deposits in the

Moscow Syneclise, Russia. Journal of Paleontology, 93 (1), 72-97.

https://doi.org/10.1017/jpa.2018.58

Scholze, F., Shen, S., Backer, M., Wei, H., Hibner, M., Cui, Y., Feng, Z. & Schneider, J.W.
(2020) Reinvestigation of conchostracans (Crustacea: Branchiopoda) from the

Permian-Triassic transition in Southwest China. Palaeoworld, 29 (2), 368-390.

https://doi.org/10.1016/}.palwor.2019.04.007

Sell, J. (2018) Die Euestheriidae (Conchostraca) des Oberen Muschelkalks und Unteren

Keupers von Unterfranken. Semana, 33, 55-90.

Shen, S.-z. & Bowring, S.A. (2014) The end-Permian mass extinction: a still unexplained

catastrophe. National Science Review, 1 (4), 492—495.

https://doi.org/10.1093/nsr/nwu047

Shen, Y., Garassino, A. & Teruzzi, G. (2002) Studies on Permo-Trias of Madagascar. 4. Early
Triassic Conchostracans from Madagascar. Atti della Societa italiana di scienze

naturali e del Museo civico di storia naturale di Milano, 143 (1), 3-11.

Soussi, M., Niedzwiedzki, G., Tatanda, M., Dr6zdz, D., Sulej, T., Boukhalfa, K., Mermer, J.
& Btazejowski, B. (2017) Middle Triassic (Anisian-Ladinian) Tejra red beds and Late
Triassic (Carnian) carbonate sedimentary records of southern Tunisia, Saharan
Platform: Biostratigraphy, sedimentology and implication on regional stratigraphic

correlations. Marine and Petroleum Geology, 79, 222—-256.

https://doi.org/10.1016/j.marpetgeo0.2016.10.019



https://doi.org/10.1017/jpa.2018.58
https://doi.org/10.1016/j.palwor.2019.04.007
https://doi.org/10.1093/nsr/nwu047
https://doi.org/10.1016/j.marpetgeo.2016.10.019

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

Stanley, S.M. (2009) Evidence from ammonoids and conodonts for multiple Early Triassic

mass extinctions. PNAS, 106 (36), 15264-15267.

https://doi.org/10.1073/pnas.1613094113

Stanley, S.M. (2016) Estimates of the magnitudes of major marine mass extinctions in earth

history. PNAS, 113 (42), E6325-E6334.

https://doi.org/10.1073/pnas.1613094113

Tasch, P. (1962) Taxonomic and evolutionary significance of two new conchostracan genera
from the midcontinent Wellington Formation. Journal of Paleontology, 36 (4), 817—

821.

Tasch, P. (1969) Branchiopoda, Order Conchostraca. In: Moore, R.C. (Edi.), Treatise on
Invertebrate Paleontology. Part R. Arthropoda 4. The University of Kansas and The

Geological Society of America, Lawrence, pp. R141-R163.

Tassi, L.V., Monti, M., Gallego, O.F., Zavattieri, A.M. & Lara, M.B. (2013) The first
spinicaudatan (Crustacea: Diplostraca) from Permo-Triassic continental sequences in

South America and its palaeoecological context. Alcheringa, 37, 189-202.

https://doi.org/10.1080/03115518.2013.736793

Tassi, L.V., Zavattieri, A.M. & Gallego, O.F. (2015) Triassic spinicaudatan fauna from the
Cerro de Las Cabras Formation (Cuyo Basin), Mendoza Province (Argentina):
description of new species and revision of previous records. Ameghiniana, 52, 241

264.

https://doi.org/10.5710/AMGH.29.11.2014.2823



https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1073/pnas.1613094113
https://doi.org/10.1080/03115518.2013.736793
https://doi.org/10.5710/AMGH.29.11.2014.2823

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

Vanschoenwinkel, B., Gielen, S., Vandewaerde, H., Seaman, M., Brendonck, L. (2008)
Relative importance of different dispersal vectors for small aquatic invertebrates in a

rock pool metacommunity. Ecography, 31, 567-577.

https://doi.org/10.1111/j.0906-7590.2008.05442.x

Varentsov, .M. (1955) O sostave i rasprostranenii roda dvustvorchatykh listonogikh
rakoobraznykh Palaeolimnadiopsis v paleozoe. Doklady Akademii Nauk S.S.S.R., 104,

310-312. [in Russian]

Voltz, P.L. (1835) Notice sur le grés bigarré de la grande carriere de Soultz-les-Bains: avec
observations de M. Schimper. Mémoires de la Société du Muséum d’Histoire

Naturelle de Strasbourg, 2, 1-14.

Webb, J.A. (1979) A Reappraisal of the Palaeoecology of Conchostracans (Crustacea:
Branchiopoda). Neues Jahrbuch flir Geologie und Paldontologie Abhandlungen, 158,

259-275.

Weems, R.E. & Lucas, S.G. (2015) A revision of the Norian conchostracan zonation in North
America and its implications for Late Triassic North American tectonic history. New

Mexico Museum of Natural History and Science Bulletin, 67, 303-317.

Weiss, W. (1875) 1. Protokoll der Juli-Sitzung. Zeitschrift der Deutschen geologischen

Gesellschaft, 27, 709-712.

Zessin, W. (2008a) Einige neue Insekten aus der Unteren Trias (Buntsandstein) von Mallorca,
Spanien (Blattaria, Coleoptera, Diptera, Heteroptera und Megaloptera). DGaaE-

Nachrichten, 22 (1), 20-21.


https://doi.org/10.1111/j.0906-7590.2008.05442.x

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

Zessin, W. (2008b) Neue Insekten aus der Unteren Trias (Buntsandstein) von Mallorca,
Spanien (Blattaria, Coleoptera, Diptera, Heteroptera, Orthopteroidea und Homoptera).

Virgo, Mitteilungsblatt des Entomologischen Vereins Mecklenburg, 11 (1), 99-101.

Zhang, L., Orchard, M.J., Brayard, A., Algeo, T.J., Zhao, L., Chen, Z.-Q. & Lyu, Z. (2019)
The Smithian/Spathian boundary (late Early Triassic): A review of ammonoid,

conodont, and carbon-isotopic criteria. Earth-Science Reviews, 195, 7-36.

https://doi.org/10.1016/j.earscirev.2019.02.014

Zyta, D., Wegierek, P., Krzysztof, O. & Niedzwiedzki, G. (2013) Insects and crustaceans
from the latest Early—early Middle Triassic of Poland. Palaeogeography,

Palaeoclimatology, Palaeoecology, 371, 136-144.

https://doi.org/10.1016/j.palae0.2013.01.002

Figure Captions

Figure 1. Position of the study area, lithostratigraphy, and field photographs of outcrop
sections with respective clam shrimp occurrences. A: Simplified geological map of the island
of Mallorca with indication of the location of the study area. B: Lithostratigraphic framework
of the Lower—Middle Triassic red-beds of Mallorca, indicating the four main units
(lithostratigraphic units A-D) and the stratigraphic position of the clam shrimp-bearing
horizons. The colour of each unit represents the dominant colour of the rocks that constitute it.
C-F: Qutcrop conditions of the Punta Roja site (Fig. C), Pedra Alta site (Fig. D), Punta Negra
1 site (Fig. E), and Punta Negra 2 site (Fig. F); with stars marking the respective fossiliferous

horizons.
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Figure 2. Clam shrimps and plants from Pedra Alta site; upper Unit B, lower Anisian. A:
mass-occurrence of Hornestheria sp. aff. Hornestheria sollingensis and coalified plant
remains (marked with yellow arrows); DA21/03/02/80. B: external view on a right carapace
valve of Hornestheria sp. aff. Hornestheria sollingensis. C: radial sculpture on the larval
carapace valve (marked by red arrow), which is a diagnostic character for the genus
Hornestheria; white arrows mark concentric growth lines in the umbonal area of the carapace
valve; DA21/03/02/81. D: detail of Fig. A, external view on a left carapace valve of
Hornestheria sp. aff. Hornestheria sollingensis); DA21/03/02/80. E: detail of Fig. D, showing
an indistinct radial sculpture on the larval carapace valve (red arrow) and earliest growth lines

(white arrows).

Figure 3. Light microscopic photographs (Figs. A, C), line drawings, and ESEM images (D,
E) of Hornestheria sp. aff. Hornestheria sollingensis from Pedra Alta site; upper Unit B,
lower Anisian. A—B: external view on a right carapace valve (DA21/03/02/75). C-E: details
of the same individual showing finely reticulated ornaments (highlighted by yellow dashed

lines) on the growth bands.

Figure 4. Light microscopic photographs and line drawing of Hornestheria sp.
aff. Hornestheria sollingensis from Pedra Alta site; upper Unit B, lower Anisian. A-B:
external view on a right carapace valve (DA21/03/02/72). C: details of the same individual

showing indistinct fine ornaments on the growth bands.

Figure 5. Light microscopic photographs and line drawing of Hornestheria sp.
aff. Hornestheria sollingensis from Pedra Alta site; upper Unit B, lower Anisian. A-B:

external view on a left carapace valve, slightly shifted against the underlying internal side of
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the right carapace valve (DA21/03/02/77). C-D: details of the same individual showing

indistinct fine ornaments on the growth bands.

Figure 6. Light microscopic photographs and line drawings of Hornestheria sp.

aff. Hornestheria sollingensis from Pedra Alta site; upper Unit B, lower Anisian. A-B:
external view on a right carapace valve (DA21/03/02/58). C-D: external view on a left
carapace valve (DA21/03/02/78). E-F: external view on a left carapace valve

(DA21/03/02/68).

Figure 7. ESEM image of the ornamentation on the external side of a right carapace valve of
Hornestheria sp. aff. Hornestheria sollingensis from the Pedra Alta site, upper Unit B, lower
Anisian; collection number DA21/03/02/72. A: Image taken in the central area of the
carapace valve; concentric growth lines are marked by white arrows. B: Detail showing

irregularly reticulated ornaments on the growth band.

Figure 8. Light microscopic photographs and line drawings of Hornestheria? Morphotype 1
from Punta Negra 2 site; uppermost Unit C, lower Anisian. A-B: compacted carapace in
lateral view (DA21/03/04/11). C-D: external view on a right carapace valve (DA21/03/04/07-
1a). E-F: internal side of a right carapace valve, appearing optically inverted through

artificial shallow-angle illumination (DA21/03/04/07-2a).

Figure 9. Light microscopic photographs and line drawings of Hornestheria? Morphotype 1
from Punta Negra 2 site; uppermost Unit C, lower Anisian. A-B: compacted carapace in

lateral view; rock surface was covered with adhesive (DA21/03/04/07-1d). C-D: external side
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of a left carapace valve (DA21/03/04/12-1). E-F: external side of a fragmented right carapace

valve (DA21/03/04/13a).

Figure 10. Light microscopic photographs and line drawings of Hornestheria? Morphotype
2 from Punta Negra 2 site, showing more or less developed concave bending of the ventral
margin in the median-posterior area of the carapace valve; uppermost Unit C, lower Anisian.
A-B: Right carapace valve, almost completely preserved as a steinkern (DA21/03/04/07-1b).
C-D: imprint of a right carapace valve, appearing optically inverted through shallow
illumination (DA21/03/04/07-2b). E-F: external side of a left carapace valve, overlying the
internal side of the corresponding right carapace valve; both carapace valves are shifted

relative to each other (DA21/03/04/08).

Figure 11. Light microscopic photograph (Fig. A), line drawing, and ESEM images (Figs. C,
D) of Hornestheria? Morphotype 2 from Punta Negra 2 site; uppermost Unit C, lower
Anisian. A: external view on a right carapace valve (DA21/03/04/09). B: Line drawing
showing the positions of the ESEM images. C-D: irregularly (not smoothly) preserved

surface; the ornamentation is not clearly detectable even under high magnification.

Figure 12. Light microscopic photographs and line drawings of indeterminate clam shrimp
fragments; specimens from Punta Roja site, middle Unit B, upper Olenekian(?)-lower Anisian
(Figs. A-D); and from Punta Negra 1 site, lowermost Unit C, lower Anisian (Figs. E-H). A—
B: compacted fragments of the left and right carapace valves (DA21/03/01/01a). C:
compacted carapace fragment (DA21/03/01/01b). D: steinkern of a right carapace valve
(DA21/03/01/02). E-F: compacted carapace in lateral view (DA21/03/03/02). G—H: external

view on an anterior fragment of a right carapace valve (DA21/03/03/01).



]
A o B
et o N
40° 20' N g
A 150
MALLORCA
100
50
300 20 0 10 20 km
39°20°N = (m)0
[—JIQuaternary W Punta Negra 2

[ Post-orogenic (upper Miocene to Pliocene) Punta Negra 1
[ Pre-orogenic (Carboniferous to middle Miocene) *Pedra Alta
[l Studied area ¢ Punta Roja

1085

1086  Figure 1



1087

1088  Figure 2



—

b~

1 mm

[*)]
<)
o
i

Figure 3

1090



R 1 mm

1091

1092  Figure 4



(a2
D
o
i

Figure 5

1094



1095

1096  Figure 6



1097

1098  Figure 7



1099

1100  Figure 8



—
o
i
i

Figure 9

1102



1103

1104  Figure 10



LN
o
—
—

Figure 11

1106



1107

1108  Figure 12



