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Abstract: Based on the quantitative community analysis

using species-level identifications, we track the restoration of

benthic ecosystems after the end-Permian mass extinction

throughout the Lower Triassic of the western USA. New data

on the palaeoecology of the Thaynes Group and Sinbad

Formation are provided, which fill a gap between the

recently studied palaeoecology of the Griesbachian–Dienerian

Dinwoody Formation and the Spathian Virgin Formation. In

the Sinbad Formation and Thaynes Group, 17 species (12

genera) of bivalves, 7 species and genera of gastropods and 2

species and genera of brachiopods are recognized. The new

bivalve genus Confusionella (Pteriidae) is described. A com-

prehensive review of the whole Lower Triassic succession of

benthic ecosystems of the western USA indicates that mid-

and inner shelf environments show incipient recovery signals

around the Griesbachian–Dienerian transition, during the

Smithian and, most profound, during the early Spathian.

Ecological data from youngest strata of the Dinwoody

Formation as well as stratigraphic ranges of species suggest

that the late Dienerian was likely a time interval of environ-

mental stress for benthic ecosystems. Despite some evidence

for short-term environmental disturbances (e.g. shift of

dominant taxa, transient drop in alpha-diversity) during the

Smithian–Spathian transition, benthic ecosystems did not

show any notable taxonomic turnover at that time, in con-

trast to the major crisis that affected ammonoids and con-

odonts. Whereas alpha-diversity of benthic communities

generally increased throughout the Early Triassic, beta-diver-

sity remained low, which reflects a persistently wide environ-

mental range of benthic species. This observation is in

accordance with a recently proposed model that predicts a

time lag between increasing within-habitat diversity (alpha-

diversity) and the onset of taxonomic differentiation between

habitats (beta-diversity) during biotic recoveries from mass

extinction events. The observation that beta-diversity had

not significantly increased during the Early Triassic might

also provide an explanation for the comparably sluggish

increase in benthic diversity during that time, which has pre-

viously been attributed to persistent environmental stress.

Key words: recovery, benthic ecosystems, Thaynes, Sinbad,

palaeoecology, diversity.

RECENT studies (Krystyn et al. 2003; Brayard et al. 2009;

Hautmann et al. 2011, 2013; Hofmann et al. 2011, 2013a)

provided evidence that the recovery from the end-Perm-

ian mass extinction was more volatile than traditionally

portrayed (Hallam 1991; Schubert and Bottjer 1995;

Twitchett and Wignall 1996), suggesting that ecosystems

suffered from several short-term environmental perturba-

tions during the Early Triassic rather than from long-last-

ing environmental stress. Furthermore, it has been

suggested that intrinsic aspects (Schubert and Bottjer

1995), most notably reduced interspecific competition,

had an important impact on the pace of recovery
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(Hofmann et al. 2013a, b). The Lower Triassic of the wes-

tern USA provides one of the best records of Early Trias-

sic benthic ecosystems worldwide, which facilitates tracing

benthic recovery from the end-Permian mass extinction

through different time slices, represented by comparable

sets of habitats from the same palaeogeographical region.

In previous papers (Hautmann et al. 2013; Hofmann

et al. 2013a, b), we re-evaluated the taxonomy and palae-

oecology of the Griesbachian–Dienerian and the Spathian

faunas from the western USA. Here, we add data on Smi-

thian – early Spathian benthic palaeocommunities of the

same region. Collectively, these data allow us to draw a

complete picture of the recovery of benthic marine eco-

systems at the eastern Panthalassa margin. We thereby

address the question of intrinsic and extrinsic controls of

recovery and test a previously proposed model (Hofmann

et al. 2013b) on changes in diversity partitioning during

rediversification after major diversity depletions.

GEOLOGICAL AND STRATIGRAPHICAL
SETTING OF THE THAYNES GROUP
AND THE SINBAD FORMATION

The Thaynes Group is today exposed over an area

stretching from southern Wyoming, eastern and central

Idaho, Utah and north-eastern Nevada. It represents a rel-

atively shallow epicontinental marine embayment of the

eastern Panthalassa Ocean (Fig. 1). The Thaynes Group

reaches a thickness of about 1000 m in its depot centre

(western Utah and south-eastern Idaho, own observation

HB) and pinches out towards the south, east and west.

The Thaynes Group records generally epicontinental open

marine deposits composed of alternating shale, marl, silt-

stone and limestone (Figs 2, 3A). These strata result from

a major transgression reaching its maximum extent dur-

ing the late Smithian (Collinson and Hasenmueller 1978;

Carr and Paull 1983; Paull and Paull 1993). Lucas et al.

(2007) proposed raising the Thaynes Formation to Group

status in which he also included shallow and marginal

marine deposits of the Sinbad and Virgin Formation

(Fig. 2). However, as already noted by Hofmann et al.

(2013b), the typical lithologies of both formations are

exclusively developed in southern Utah where they are

easily recognized within the Moenkopi Group (as pro-

posed by Poborsky, 1954, and endorsed by Lucas et al.

2007). To retain nomenclatural consistency with respect

to the Sinbad Formation and the Virgin Formation, we

follow Lucas et al. (2007) and refer to the Thaynes Group

for clearly marine Lower Triassic strata of the Confusion

Range, and we extend its use into the Pahvant Range and

Mineral Mountains. The Sinbad Formation of southern

Utah is mainly composed of bioclastic limestones, calcare-

ous sandstones and dolomites deposited in inner shelf

and marginal marine settings. It roughly delineates the

maximum coastal onlap of marine strata during the Smi-

thian in southern Utah.

Smithian outcrops in Utah generally contain abundant

fossils, but no detailed regional biostratigraphic zonation

has been proposed for this substage. All previous dates

obtained from macrofossils are based on ammonoids

with the twofold subdivision suggested by Kummel and

Steele (1962): the Meekoceras gracilitatis Zone and the

Anasibirites kingianus Zone, in the ascending order.

However, Brayard et al. (2009) and Stephen et al. (2010)

recently demonstrated that these zones represent only

the middle and late Smithian and can be subdivided

into more precise different subzones and beds. Based on

new ammonoid faunas, older Smithian deposits also

occur within some restricted areas. Therefore, we use a

new ammonoid biozonation (Fig. 3B; Brayard et al.

2011, 2013).

FIELD LOCALITIES AND METHODS

Fieldwork was conducted in October 2009 (by RH, AB,

KB, JJ) in the area of the Pahvant Range and the Confu-

sion Range. In June 2011, we (RH, MH, AB, JJ, KB, EV,

NO) investigated sections in the Mineral Mountains, the

San Rafael Swell and the Torrey area (see Table 1 for

detailed geographical information). Bed-by-bed logging

was carried out at five sections of the Thaynes Group and

two sections of the Sinbad Formation. Fossils were col-

lected from discrete limestone and calcareous sandstone

beds by mechanically decomposing large blocks and

quantitative sampling for identifiable specimens. In shale

intervals, fossils were representatively sampled by collect-

ing from float material. If necessary, standard invertebrate

preparation techniques were carried out to facilitate sys-

tematic examination. Beds showing evidence of reworking

(e.g. notable size sorting, gradation and strong fossil abra-

sion) were not included in the analysis. Sampling of each
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F IG . 1 . Palaeogeographical position of the Thaynes Group and

Sinbad Formation (star) during the Early Triassic (map after

Blakey 2012).
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bed was conducted until more than 100 specimens were

obtained or until additional collecting did not result in

finding new taxa. However, some outcrop conditions did

not allow for comprehensive sampling.

Sedimentological analysis was mainly based on macro-

scopic criteria in the field. Taxa recognized herein include

bivalves, gastropods and brachiopods. Abundance data of

the samples were analysed with PAST, version 2.17c

(Hammer et al. 2001), using unweighted paired group Q-

mode cluster analysis. The Morisita index of similarity

(Morisita 1959) was used as distance measure, which has

been recommended for palaeoecological data (Hammer

and Harper 2006). This procedure has been applied suc-

cessfully in Hofmann et al. (2013a, b) to detect recurrent

assemblages of taxa in comparable data sets. All subclus-

ters and respective samples with a Morisita similarity

approximately higher than 0.4 were pooled into associa-

tions (Aberhan 1992). These new species–abundance data

were then used to compute ranked species abundance,

trophic nuclei, ecological pie charts and rarefaction analy-

sis. The trophic nucleus is represented by those species

that contribute to at least 80 per cent of total specimen

number per association (Neyman 1967). Taxonomic

evenness of samples is given as dominance index D as

obtained from PAST (Hammer et al. 2001).

Diversity partitioning is analysed at the within-

community level (alpha-diversity) and between-

community level (beta diversity). Sepkoski (1988) defined

alpha-diversity as the species richness in a single locality

or sample. Alternatively, Whittaker (1972) understood

alpha-diversity as the number of species in a given area

or community. Sample richness (alpha-diversity sensu

Sepkoski 1988), is herein referred to as species richness

(of a sample). Cluster analysis was used to reconstruct

communities based on recurrent associations of species.

Accordingly, we use alpha-diversity to describe the bulk

diversity of merged samples that constitute an association

as an approximation of a palaeocommunity. A single bed

would represent an incomplete sample of such a palaeo-

community and, thus, would highly underestimate the

alpha-diversity. Beta-diversity is a measure for the taxo-

nomic differentiation between-community (beta-diver-

sity) level, following the original concept of Whittaker

(1972, 1977). Some subsequent studies used sample

diversity rather than community diversity as ‘alpha-diver-

sity’ (Bambach 1977; Sepkoski 1988), which has the

advantage that it does not depend on the somewhat sub-

jective identification of recurrent assemblages and (prob-

ably more important) that it is much less time-

consuming. However, sample diversity is also subjective

in the sense that it represents a random fraction from

the bulk of palaeontologically identifiable organisms in

the palaeocommunity/association, depending on the local

conditions at the given sampling point. Additionally,

sample or point diversity does not represent a natural

ecological entity, as the community does. We therefore

prefer using alpha-diversity in the original sense, and we

minimalize the subjective aspect of palaeocommunity

identification by combining cluster analyses of palaeonto-

logical samples with sedimentological data for habitat

discrimination. However, sample diversity is additionally

discussed in the analyses of temporal and spatial trends.
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Our basic measure of alpha-diversity is species richness,

whereas beta-diversity (between associations/habitat diver-

sity) is measured by the mean minimum beta-diversity

approach proposed by Hofmann et al. (2013a). Data for

this paper, including an Excel file with data sheets show-

ing the full lists of species occurrences, associations and

computed alpha- and beta-diversities, are available in the

Dryad digital repository (Hofmann et al. 2013c).
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AGE AND SEDIMENTARY
ENVIRONMENTS OF THE
INVESTIGATED SECTIONS

Confusion Range

The sampled part of the Disappointment Hills sections

includes strata of the Smithian (DH-1, Fig. 4A) and the

lowermost Spathian (DH-3, Fig. 4B). Some fossil speci-

mens included in the systematic analysis come from a

sampling point called DH-2B of the Disappointment Hills

locality. Here, strata are poorly exposed, but ammonoids

suggest an early-to-middle Smithian age. The base of the

section DH-1 is composed of cherty limestones of

the Middle Permian Gerster Formation. The transition to

the Triassic is complex. Discontinuous upper surfaces of

limestone beds and the presence of breccias, conglomer-

ates and some poorly exposed red beds suggest a complex

history of episodes with emersion, erosion and nondepo-

sition. The age of the massive calcarenites above the

Permian hiatus is uncertain, but these beds may corre-

spond to Lower Triassic strata. Above this interval, the

section DH-1 is mainly composed of olive-to-brown

shales and marls alternating with fossiliferous packstone

and grainstone beds. Abundant ammonoids allow a pre-

cise correlation with Smithian ammonoid zones (Fig. 3).

The shale intervals (Fig. 5A) were deposited out of sus-

pension in quiet waters of the outer shelf region. The

packstone- and grainstone-associated facies are indicative

of storm-induced conditions deposited around the mid-/

outer shelf transition as evidence for active wave rework-

ing (e.g. cross-bedding, ripple cross-lamination) is absent.

The overall presence of ammonoids in the section DH-1

indicates an open marine setting. A covered shaly interval

with an estimated thickness of about 50 m separates sec-

tions DH-1 and DH-3. The latter section is mainly com-

posed of laminated greenish shales with thin mudstone

beds. The section is topped by a series of medium-bedded

bioclastic limestone beds (Fig. 5B) with large bivalves of

the genus Eumorphotis, which are frequently observed in

life position. These beds are widespread in the study area

and mark the transition to the Spathian as they character-

istically occur between the youngest Smithian and the

oldest Spathian (Bajarunia confusionensis beds, Guex et al.

2010) ammonoid zones (Fig. 3). They typically consist of

bioclastic grainstone and rudstone and are intercalated

with thin marlstones. These beds are poorly sorted and

show no evidence of gradation. We suggest that they rep-

resent proximal storm deposits, which were colonized by

large epifaunal bivalves during quiet phases. Accordingly,

they most likely represent deposits of the middle shelf,

between the mean fair weather wave base and the storm

wave base. The same type of deposits are also recorded in

the section at Cowboy Pass section (CP; Fig. 4D) and is

herein used as a marker that allows for a continuous cor-

relation of the Thaynes Group throughout the Confusion

Range. At Cowboy Pass, the ensuing interval is character-

ized by red and purple siltstones and claystones, which

are interbedded with some thin beds of packstone and

grainstone (Fig. 5C). Some levels that exhibit ripple

cross-laminated fine-grained sandstones showing some

mud drapes suggest deposition in marginal marine and

probably tidally influenced settings. The absence of steno-

haline organisms such as crinoids and brachiopods, which

both became abundant in Spathian deposits of the wes-

tern USA (Schubert and Bottjer 1995; Hofmann et al.

2013b), supports a restricted marginal marine setting. The

first late early Spathian-aged ammonoid faunas (Guex

et al. 2010) and first abundant crinoidal debris suggesting

an open marine setting are observed further upsection

(c. 100 m above the Eumorphotis beds). These beds did

not yield abundant benthic fauna. The section continues

with outer shelf marls and shales, which are very poorly

exposed and, thus, were not further investigated.

Pahvant Range

The base of the section at Dog Valley (DV, Fig. 4C) is

composed of calcareous siltstones and marly mudstones

(Fig. 5D), which record early Smithian ammonoid faunas

(Radioceras aff. evolvens beds). It is suggested that these

strata record open marine conditions of a mid- to outer

shelf setting. The overlying interval is composed of shales

and marls indicative of an outer shelf facies. Overlying

the shales and marls is an interval of compact marly and

TABLE 1 . Geographical information on the logged sections.

Code Section Geographical Information GPS coordinates (WGS 84)

DH-1 Disappointment Hills 1 Confusion Range, Utah 39°24′42.42″N, 113°41′22.23″W

DH-3 Disappointment Hills 3 Confusion Range, Utah 39°24′52.20″N, 113°40′50.00″W

CP Cowboy Pass Confusion Range, Utah 39°20′23.55″N, 113°41′43.79″W

DV Dog Valley Pahvant Range, Utah 38°40′22.80″N, 112°31′18.20″W

MV Minersville Mineral Mountains, Utah 38°13′43.00″N, 112°53′17.40″W

SR Sand Rafael Swell Central Emery County, Utah 38°59′49.29″N, 110°40′44.26″W

TO Torrey West Wayne County, Utah 38°16′20.00″N, 111°23′5.30″W
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sandy limestones with abundant bedding-plane horizontal

bioturbation, and occasionally, intercalated beds showing

oscillation ripples (Fig. 5E) are indicative of shallow

water. The top of the section shows the same lithologies

of alternating shale and storm-induced limestone beds as

observed in the section DH-1, suggesting a mid- to outer

shelf setting.

Mineral Mountains

The base of the section (MV, Fig. 6) is dominated by red

beds of terrestrial and probable marginal marine origin

(Fig. 7A). The first thick carbonate complex is composed

of limestone with brecciated horizons, microbial lamina-

tion and bird’s-eye structures (Fig. 7B), which are indica-

A B

C

D

E

F IG . 5 . Field photographs of the Thaynes Group. A, claystone and siltstone intercalated with thin limestone beds of DH-1. Hammer

for scale represents 35 cm. B, bioclastic grainstones of the ‘Eumorphotis–beds’. Top of section DH-3. Hammer for scale represents

35 cm. C, overturned, thinly bedded to laminated siltstones and claystones intercalated between thin bioclastic limestone around the

Smithian Spathian transition of CP section. Fieldbook for scale represents 20 cm. D, lower part of DV section exposing a marly lime-

stone succession. The height of exposure is about 3 m. E, fine-grained sandstone of the upper part of section showing oscillation rip-

ples in upper bedding-plane view. Note the sparse bioturbation. Scale bar represents 5 cm.
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tive of a very shallow, restricted marine settings. The top of

this complex consists of a microbe–sponge bioherm com-

plex (Brayard et al. 2011) that hosts an abundant marine

fauna including ammonoids, thus suggesting a deeper,

open marine environment. The overlying interval is charac-

terized by a succession of calcarenitic beds showing bidirec-

tional cross-bedding and mud drapes indicative of a strong

tidal influence. The ensuing part of the section (Fig. 7A)

records the typical outer shelf facies of the Thaynes Group

with intercalated shales and storm-induced limestones.

This succession is capped by two occurrences of microbe–

sponge bioherms (Fig. 7E). The upper part of the section is

composed of siltstones and marls with abundant ripple

cross-bedding (Fig. 7D) and small-scale hummocky cross-

bedding, being suggestive for an upper mid- to inner shelf

setting. These beds are intercalated with bioclastic grain-

stone and rudstone (Fig. 7C) very similar to the Eumorpho-

tis beds of the Confusion Range. The remainder of the

section is represented by marginal marine and continental

red beds. The oldest fossiliferous bed, which has been

included in the analysis, is recorded 18 m below the oldest

recorded ammonoid zone of the early Smithian (Figs 3B,

6). All sampled beds from the upper part of the section

(samples MV-4 to MV-12) represent the Smithian–

Spathian transition and the lowermost Spathian.

San Rafael Swell

A recent overview on the stratigraphy and sedimentary

facies of the Sinbad Formation in the San Rafael Swell

(Fig. 8B) is presented in N€utzel and Schulbert (2005) and

Goodspeed and Lucas (2007). The Sinbad Formation

reaches a thickness of about 20 m in the study area and

is mainly composed of some mixed carbonate–siliciclastic

lithologies of inner shelf settings including carbonate

shoals, tidal flats, backshore lagoons and shallow subtidal

open marine environments (Goodspeed and Lucas 2007).

Our sampled section was previously studied by Batten

and Stokes (1986), N€utzel and Schulbert (2005) and

Goodspeed and Lucas (2007). The sedimentary facies

inferred in these studies is largely supported by our

observations (Fig. 9A–D). All samples were derived from

beds indicating high-energy, shallow marine deposition.

However, the sampled horizons adequately represent the

palaeocommunities because of a good state of preserva-

tion, articulation of bivalves and wide spectrum of clast

sizes arguing against size sorting (Hautmann and N€utzel

2005; N€utzel and Schulbert 2005). Preliminary lithostrati-

graphical correlations and sparse ammonoid data suggest

that this section likely begins in the late middle Smithian

(top of Owenites beds) and that the uppermost beds rep-

resent the late Smithian Anisibirites zone and the earliest

Spathian (Fig. 3B).

MV-4

MV-3

MV-5

MV-6

MV-7

MV-10

MV-8

MV-9

MV-12

MV-13

30 m

MV-1

MV-2

35 m

40 m

45 m

50 m

55 m

78 m

80 m

107 m

100 m

124 m

125 m

130 m

135 m

140 m

145 m

150 m

hummocky cross beds

plane lamination

water escape structures

bioturbation

cement

flow ripples

oscillation ripples

stromatolites

birdeyes

oncoids lithoclasts

cross beds

sponges

ammonites

bivalves

gastropods

Legend

F IG . 6 . Sections of the Thaynes Group, Mineral Mountains/

Minersville.
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A

B

D E

C

F IG . 7 . Field photographs of the Thaynes Formation of the Minersville locality (section MV). A, overview photograph showing the

general succession with transitional continental to marine red beds at the base capped by a peritidal microbial complex, which is

topped by microbe–sponge bioherms. The largest part of the section is composed of offshore gray marls and limestones. The ridge in

the middle part of the picture represents a second level with microbe–sponge build-ups developed in outer shelf settings. The far right

shows the red beds of the Moenkopi Formation. B, peritidal limestone with bird’s-eye structures. C, mass accumulations of Eumorpho-

tis around the Smithian–Spathian transition. D, ripple cross-bedded sandstones of the Moenkopi Formation intercalated with red silt-

stones. E, small microbe–sponge build-ups of the Spathian sponge level. Hammer for scale represents 35 cm.
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Torrey area

In the area south of Torrey, the Sinbad Formation

attains a thickness of about 30 m. Due to the inaccessi-

bility of the lower part of the Formation, we focussed

only on the upper 15 m (Fig. 8A), which corresponds

to the middle Smithian Owenites beds and the upper

Smithian Anasibirites beds (Fig. 3B). These mixed car-

bonate–siliciclastic deposits are characterized by cross-

bedding and tempestitic layers and are thus suggestive

of inner and mid-shelf environments. Most samples

were derived from intercalated, more fine-grained beds

that were deposited between fair weather wave base and

storm wave base.

SYSTEMATIC PALAEONTOLOGY

This published work and the nomenclatural act it

contains, have been registered in Zoobank: http://zoobank.

org/urn:lsid:zoobank.org:pub:533AF636-F96A-44C9-8E4F-

8EE6FCFDF768

Benthic fossils from Lower Triassic rocks are notorious

for their poor preservation (Schubert and Bottjer 1995;
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0 mTO-A-1
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calcareous siltstone

claystone

cross

ripple cross

parallel

wavy

stromatolitic lamination

graded tempestite

F IG . 8 . Sections of the Sinbad Formation. A, Torrey. B, San Rafael Swell.
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Hautmann and N€utzel 2005). This also applies to much

of the material described in this study, which is mainly

preserved as internal and external moulds. An in-depth

review of the systematic relationship is, thus, hardly pos-

sible with the material at hand, but we aimed for species-

level identification whenever possible. Recent systematic

studies of Early Triassic bivalves (Newell and Boyd 1995;

Kumagae and Nakazawa 2009; Hautmann et al. 2011,

2013; Wasmer et al. 2012) were used as a taxonomic

framework for the palaeoecological analysis.

Gastropod identification is essentially based on the

study of Batten and Stokes (1986), which is the only

monographic synopsis of the Sinbad Gastropod fauna,

and it covers all gastropod species recognized herein.

However, supraspecific assignation of many Early Triassic

gastropods remains problematic. A revision of taxa

described from the Sinbad Formation is currently being

carried out by AN. All specimens are housed in collection

of Palaeontological Institute and Museum at the Univer-

sity of Z€urich (PIMUZ).

Bivalves

by Richard Hofmann and Michael Hautman.

Class BIVALVIA Linnaeus, 1758

Subclass AUTOLAMELLIBRANCHIATA Grobben, 1894

Superorder PTERIOMORPHIA Beurlen, 1944

Order MYTILOIDA de F"erussac, 1822

Superfamily MYTILOIDEA Rafinesque, 1815

Family MYSIDIELLIDA Cox, 1964

Genus PROMYSIDIEALLA Waller, 2005

Promysidiella sp A.

Figure 10A–D

Material. This species is extraordinarily abundant in all samples

from the SR section samples TO-A-1 and TO-A-6. It is further-

more recorded in samples DH-1-9, MV-7, CP-101 and TO-A-2.

A

C

B D

F IG . 9 . Field photographs of the Sinbad Formation (San Rafael Swell, section SR: A–C, Torrey, section TO: D). Hammer for scale

represents 35 cm. A, medium-bedded bioclastic grainstone of the inner shelf environment. B, medium- to thick-bedded grainstones

intercalated with fine-grained intervals indicative of the outer and mid-shelf environment. C, cross-bedded limestones of the inner

shelf environment. D, indistinct trough cross-bedded sandy limestone at the base of the section TO.
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The description is based on numerous specimens from sample

SR-4.

Description. Shell equivalved or slightly inequivalved in cases

with right valve being less well inflated. Retrocrescent, notably

higher than long, well inflated and variable in form ranging

from slender mytiliform to broader isognomoniform shapes.

Anterior margin straight or slightly concave. Posterio-dorsal

margin rounded. Beak narrow and terminal to slightly project-

ing. Surface smooth except for irregular growth lines. Internal

features not observed.

Discussion. Given the high morphological variability, we

evaluated the possibility that our material represents two

distinct species. However, our survey of 30 left and 31

right valves with regard to equivalved/inequivalved condi-

tion, shape of the anterior margin, inclination and shape

of the posterior auricle and inflation did not allow mor-

phologically separate populations to be distinguished. All

observable morphological characters correspond to the

diagnosis of Promysidiella Waller, 2005 (in Waller and

Stanley 2005). Another probably related species could be

Myalinella postcarbonica, which is described from the Gri-

esbachian–Dienerian Dinwoody Formation (Girty 1927;

Hautmann et al. 2011; Hofmann et al. 2013a). Some

specimens (e.g. Fig. 10C) of our new collection show

close affinities to the material of Girty (1927). However,

all specimens observed in the Dinwoody Formation (Hof-

mann et al. 2013a) have a straight or convex anterior

margin. Respective specimens of the Thaynes Group and

the Sinbad Formation have a slightly concave anterior

margin. Another possible character that is unique to

Promysidiella is its clearly projecting beak.

Ecology. The equivalved or near-equivalved condition in

combination with a straight anterior margin suggests that

this species rested byssally attached with its anterior mar-

gin on the substrate. Specimens with a somewhat flat-

tened right valve might have lived in a pleurothetically

resting position (Stanley 1972). Regardless of its life posi-

tion, this species was an epifaunal suspension feeder.

Order PTERIOIDA Newell, 1965

Suborder PTERIINA Newell, 1965

Superfamily PTERIOIDEA Gray, 1847

Family BAKEVELLIIDAE King, 1850

Genus BAKEVELLIA King, 1848

Figure 10E–F

Bakevellia cf. exporrecta (Lepsius, 1878)

cf. 1878 Gervillia exporrecta Lepsius; p. 352, pl. 1, fig. 6a–c.

1908 Gervillia exporrecta Lepsius; von Wittenburg,

p. 279, pl. 4, fig. 10.

1985 Bakevellia exporrecta (Lepsius), Neri and Posenato,

p. 92, pl. 1, figs 6, 7.

2013 Bakevellia cf. exporrecta (Lepsius); Hautmann et al.,

p. 270, fig. 5I–Q.

Material. This species rarely occurs in the SR, TO and MV sec-

tions. It is, however, abundant in sections DH-3 and CP. The

description is based on numerous well and completely preserved

specimens from bed DH-3-2.

Description. Shell slightly twisted, inequivalve, with left valve

being more convex than right valve. Outline of valves trapezi-

form. Byssal gape not observed. Umbo prosogyrate and located

on anterior 30 per cent of the dorsal margin. Beak of left valve

slightly projecting above straight hinge line. Shell of both valves

covered with fine commarginal growth lines. Internal features

not observed.

Discussion. The material described by Hautmann et al.

(2013) is conspecific with the material considered in this

study. As pointed out in Hautmann et al. (2013), general

features agree well with the material figured by Lepsius

(1878), but the presence of commissure twisting, which

may be relevant in diagnosing species of Bakevellia, cannot

be inferred from the figured type material. Accordingly,

definite species identification is avoided herein as long as

the type material has not been critically examined.

Ecology. This species was a filter feeder that pleurotheti-

cally rested on the left valve sunken in the substrate

(Hautmann et al. 2013).

Superfamily PTERIACEA Gray, 1847

Family PTERIIDAE Gray, 1847

Genus CONFUSIONELLA gen. nov.

LSID. urn:lsid:zoobank.org:act:FC20DFE6-D302-4818-B90A-

6513994AA5C9

F IG . 10 . A–D, Promysidiella sp. A from sample SR-4, scale bars represent 3 mm if not otherwise indicated. A, right valve, PIMUZ

30689. B, left valve, PIMUZ 30687. C, right valve, sample SR-2, scale bar represents 5 mm, PIMUZ 30688. D, left valve, PIMUZ

30690. E–F, Bakevellia exporrecta, sample DH-3-2, all scale bars represent 5 mm. E, right valve, PIMUZ 30692. F, left valve, PIMUZ

30691. G–L, Confusionella loczyi, all scale bars represent 5 mm if not otherwise indicated. G, left valve, sample DH-1-0, PIMUZ 30686,

scale bar represents 3 mm. H, left valve, sample DH-1-5, PIMUZ 30685. I, left valve, sample DH-1-5, PIMUZ 30682. J, right valve,

sample DH-1-gs1, PIMUZ 30681. K, left valve, sample DH-2-B, PIMUZ 30683. L, left valve, sample DH-2-B, PIMUZ 30684.
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Type species. Pecten loczyi Bittner, 1901b.

Other species. Pseudomonotis laczkoi Bittner, 1901b.

Derivation of name. Referring to the occurrence in the Confu-

sion Range and the fact that it has been presumably confused

with other genera (see discussion).

Diagnosis. Pteriid with suborbicular disc and variable

obliquity ranging from infracrescent to retrocrescent.

Anterior auricle small, triangular, differentiated from disc

by auricular sinus; posterior wing well developed, narrow,

distally extending far beyond posterior end of disc.

Remarks. The external shell features and the morphology

of anterior auricle and posterior wing in particular are

highly suggestive for Pteriidae (see diagnosis in Cox et al.

1969). However, because the ligament system is unknown,

there remains the remote possibility that the new taxon

may alternatively belong to Pterineidae. However, this

family is chiefly Palaeozoic, and no Early Triassic repre-

sentatives are known. Although several older works fig-

ured material that clearly shows the generic characters

described above (see synonymy below), the taxonomic

affinity of these specimens has not been correctly recog-

nized. They were commonly assigned to Pecten, Pseudo-

monotis or Aviculopecten, which at that time were

understood in a much broader sense than today. With

the possible exception of Kumagae and Nakazawa (2009),

similar forms have not been reported in more recent

studies on Early Triassic bivalves. The excellently pre-

served material of the Confusion Range gives a hint on

the possible cause; the long posterior wing-like projection,

which is suggestive of Pteriidae, is prone to mechanical

destruction during even short transportation or moderate

wave action. If this feature is absent, which is the case in

many specimens observed herein (e.g. Fig. 10H–I), the

almost equilateral disc resembles entoliids, which are

quite abundant in Lower Triassic rocks (see synonymy for

examples of possible misidentifications such as Scythento-

lium or Entolioides).

Confusionella loczyi (Bittner, 1901b)

Figure 10G–L

*1901 Pecten l"oczyi, Bittner, p. 89, pl. 9, figs 28–32 (non

fig. 30).

1907 Pseudomonotis L"oczyi (Bittner); Frech, p. 22, pl. 6,

fig. 6.

1908 Pecten sojalis n. sp., von Wittenburg, p. 21, pl. 1,

fig. 6 non 9.

? 1927 Aviculipecten disjunctus n. sp., Girty, p. 437, pl. 30,

figs 22–24.

? 1938 Pecten (Chlamys) kryshtofowichi n. sp., Kiparisova,

p. 291, pl. 5, figs 7–10.

1972 Scythentolium sojale Wittenburg, Allasinaz, p. 311,

pl. 41, fig. 8.

? 2004 Entolium ussuricus Bittner, Kashiyama and Oji,

p. 213, fig. 8d, e.

2009 Entolium sp. indet., Kumagae and Nakazawa,

p. 165, fig. 144.14.

Revised diagnosis. Confusionella with very regular, fine but dis-

tinct commarginal ribs. Radial ornament absent.

Material. Frequently recorded in all samples DH-1-0 to DH-1-9.

The description is based on well-preserved specimens (PIMUZ

30686, 30685, 30682, 30681, 30683, 30684).

Description. Shell slightly inequivalve, with left valve being more

convex than right valve. Disc suborbicular to ovate with apical

angle of c. 85 degrees. Shell infracrescent to retrocrescent. Hinge

margin straight, with orthogyrous to prosogyrous umbo project-

ing above hinge line. Umbo located on anterior 30 per cent of

dorsal margin. Anterior auricle triangular, with well-developed

auricular sinus. Posterior wing narrow and strongly elongated.

Disc and auricles covered with regular, closely spaced, very fine,

but distinct commarginal ribs.

Discussion. A probably closely related species is what Bitt-

ner introduced as Pseudomonitis laczkoi, which is very

similar with respect to the general shape and configura-

tion of the auricles. It differs from C. loczyi in showing a

distinct radial ornament (see also Frech 1907). It is very

likely that Pseudomonitis laczkoi pertains to the genus

Confusionella as well.

The very conspicuous regular commarginal sculpture

and the discoid shape can easily be recognized in hith-

erto-described material from the western USA (Girty

1927) and Ussuri Bay (Kiparisova 1938; Kumagae and

Nakazawa 2009). Having studied the material from the

Confusion Range, some ‘entoliid’ bivalves (Allasinaz 1972;

Kashiyama and Oji 2004; Kumagae and Nakazawa 2009)

described in the literature may also belong to Con-

fusionella. If our assignation is correct, this genus would

be very common in Smithian strata such as the Hidegkut

Sandstone of the Balaton Region (Bittner 1901b), the

Campil Member of the Dolomites (Wittenburg 1908; All-

asinaz 1972) and the Thaynes Group (Girty 1927; this

paper).

Ecology. The flat right valve and shallow byssal sinus sug-

gest that Confusionella was a byssally attached epifaunal

suspension feeder.
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Order PECTINOIDA Gray, 1854

Suborder PECTININA Waller, 1978

Superfamily AVICULOPECTINOIDEA Meek and Hayden, 1864

Family ASOELLIDAE Begg and Campbell, 1985

Genus LEPTOCHONDRIA Bittner, 1891

Leptochondria occidanea (Meek, 1877)

Figure 11A–C

*1877 Aviculopecten occidaneus Meek, p. 96, pl. 12,

fig. 13a, b.

1909 Pecten viezzensis, Wilckens, p. 147, pl. 5, fig. 25.

1927 Monotis superstricta var. parksi, Girty, 1927, p. 441,

pl. 30, figs 20, 21.

1972 Leptochondria viezzensis (Wilckens), Allasinaz,

p. 259, pl. 31, figs 5–9.

1995 Leptochondria occidaneus (Meek), Newell and Boyd,

p. 70, fig. 51.3–51.9.

2012 Leptochondria viezzensis (Wilckens), Wasmer and

Hautmann, p. 1058, fig. 7K–R.

Material. Present in all samples of the Disappointment Hills

sections except DH-1-gs2, DH-1-5 and DH-1-5. Particularly

abundant in sample DH-1-3. Present in DV-5 of the Dog Valley

section. The description is based on abundant well-preserved

specimens from section DH-1 and sample CP-8.

Description. Disc almost equilateral, orbicular, slightly higher

than long. Left valve feebly convex with orthogyrate umbo

slightly projecting above straight dorsal margin. Umbo located

at anterior 40 per cent of hinge line. Anterior auricle well

demarcated from disc, with shallow auricular sinus. Posterior

auricle not preserved. Valves covered with up to 45 simple

radial ribs, rounded in shape. Few second-order ribs distally

inserted by intercalation. Radial ornamentation fading out

towards anterior and posterior margin including both auricles.

Very weak and dense commarginal riblets present on the

entire valve. Internal features unknown. Right valve not

observed.

Discussion. The specimens from the Thaynes Group and

Sinbad Formation agree well with L. occidanea figured in

Newell and Boyd (1995), including a relatively pro-

nounced anterior auricular sinus, a large posterior auricle

and second-order ribs inserted by intercalation. In terms

of ornamentation, Leptochondria viezzenensis is virtually

indistinguishable from L. occidanea, but it has been sug-

gested (Wasmer et al. 2012) that the sinuate posterior left

auricle is a diagnostic feature of L. viezzenensis. However,

published material, which has subsequently been assigned

to L. occidanea (e.g. M. superstricta var. parksi Girty

1927), shows the same morphology, which is also the case

for material described herein (Fig. 11C). Accordingly, we

suggest L. viezzenensis is a junior synonym of L. occida-

nea. As pointed out by Wasmer et al. (2012), Leptochon-

dria bittneri (Kiparisova, 1938) lacks a sinuate posterior

auricle, but is otherwise very similar to L. occidanea.

Leptochondria occidanea is very common in the Early

Triassic of the western USA, especially throughout the

Smithian and Spathian time interval (Newell and Boyd

1995).

Ecology. The genus has a flat right valve with byssal notch

(not observed in the present material), which suggests

that Leptochondria was a byssally attached epifaunal filter

feeder resting pleurothetically on the right valve.

Leptochondria xijinwulanensis Sha 1995

Figure 11D–E

*1995 ?Leptochondria xijinwulanensis sp. Sha, p. 94, pl. 26,

figs 1–6.

1995 Leptochondria cf. albertii (Goldfuss); Sha, p. 92,

pl. 26, fig. 7.

1995 Leptochondria albertii (Goldfuss); Sha, p. 92, pl. 26,

fig. 9.

1995 Leptochondria sp., Sha, 94, pl. 26, fig. 24.

1996 ?Leptochondria xijinwulanensis (Sha, 1995); Sha and

Grant-Mackie, pl. 3, fig. j.

2012 Leptochondria xijinwulanensis (Sha, 1995); Wasmer

and Hautmann, p. 1058, fig. 7D–J.

Material. Two left valves DH-1-5 and one left valve in DH-1-9.

The description is based on the figured specimens PIMUZ 30676

and PIMUZ 30680).

Description. Left valve subcircular, convex, nearly equilateral

and slightly higher than long. Auricles subequal in size, obtuse

and well demarcated from the disc. Anterior auricle subtrian-

gular. Posterior auricle with shallow sinus. Beak not projecting

above straight dorsal margin. Umbo orthogyrate to slightly

prosogyrate, located near the midst of dorsal margin. Internal

features unknown. Left valve covered with up to 30 simple,

relatively widely spaced sharp radial ribs. Second-order ribs

are distally inserted by intercalation. Very weak, commarginal

riblets present, most notably developed on posterior and

anterior side of disc. Right valve and shell interior not

observed.

Discussion. The specimens from the Confusion Range

agree very well with features of L. xijinwulanensis Sha,

1995 from the Early Triassic of western China. Most

notably, the characteristic ornamentation with compara-

bly few widely spaced and pronounced radial ribs is

virtually indistinguishable from the material figured by

Sha (1995) and Sha and Grant-Mackie (1996). Wasmer

et al. (2012) reported the same species from the Spathi-

an of Pakistan and noted a variety of morphological
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features, which further lends support to the species

identification of the material presented herein. Sha

(1995) figured some specimens of Leptochondria, which

he assigned to L. cf. albertii (pl. 26, fig. 7), L. albertii

(pl. 26, fig. 9) and L. sp. (pl. 26, fig. 24). We note that

all of these specimens closely resemble the type material

A

F

G

B C
D E

H

I

MK LJ

O

N

F IG . 11 . A–C, Leptochondria occidanea, all scale bars represent 5 mm. A, left valve, sample DH-1-4, PIMUZ 30677. B, left valve, sample

DH-1-4, PIMUZ 30678. C, left valve, sample CP-8, PIMUZ 30679. D–E, Leptochondria xijinwulanensis. D, left valve, sample DH-1-5, PI-

MUZ 30676, scale bar represents 5 mm. E, left valve, sample DH-1-9, PIMUZ 30680, scale bar represents 3 mm. F, Eumorphotis ericius,

left valve, float at the top of section DH-3, PIMUZ 30667, scale bar represents 10 mm. G–H, Eumorphotis beneckei. G, left valve, sample

DH-2-B, PIMUZ 30668, scale bar represents 5 mm. H, fragment of a left valve, sample DH-1-2, PIMUZ 30669, scale bar represents

10 mm. I, Eumorphotis hinnitidea, left valve, sample CP-4, PIMUZ 30666, scale bar represents 10 mm. J–L, Eumorphotis multiformis, all

scale bars represent 5 mm. J, left valve, sample DV-2, PIMUZ 30671. K, right valve, sample DH-3-1, PIMUZ 30670. L, left valve, sample

MV-10, PIMUZ 30672. M, Pernopecten? sp. A, right valve, sample TO-A-5, PIMUZ 30673, scale bar represents 10 mm. N–O, Crittende-

nia? sp. A, all scale bars represent 5 mm. N, left valve, sample SR-3, PIMUZ 30674. O, left valve, DH-2 B, PIMUZ 30675.
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of L. xijinwulanensis in having widely spaced and sharp

radial ribs on the shell exterior, which is not found in

any other species of Leptochondria (Wasmer et al.

2012). A possible criterion for separating these forms

on the species level could be the presence of commar-

ginal riblets in ‘L. albertii’ and ‘L. sp’ in Sha (1995).

However, our material and that described by Wasmer

et al. (2012) suggests that this feature is very variable

among specimens that are otherwise indistinguishable.

This indicates that the development of commarginal

ribs or riblets may rather reflect taphonomic and diag-

netic effects as well as potential intraspecific variation

and, thus, could not be considered as diagnostic crite-

rion for species differentiation. We follow Wasmer et al.

(2012) and unite all Leptochondria with this type of

ornamentation under L. xijinwulanensis.

Ecology. As for L. occidanea.

Family HETEROPECTINIDAE Beurlen, 1954

Genus EUMORPHOTIS Bittner, 1901a

*1901 Eumorphotis, Bittner, p. 56.

1983 Neomorphotis, Yin and Yin. [In Chinese].

2009 Neomorphotis Fang et al., p. 34. [English translation

of original diagnosis].

Discussion. Eumorphotis was erected by Bittner (1901a)

to accommodate species of aviculopectinids with

well-developed auricles and a flat right valve that were

previously placed in Pecten or Pseudomonotis. Neomorph-

otis Yin and Yin, 1983 agrees well with all typical fea-

tures of Eumorphotis except for its notably large size and

Spondylus-like ornamentation (Fang et al. 2009). How-

ever, size is generally a poor criterion for distinguishing

between taxa. Furthermore, Bittner (1901a) had already

pointed out that Eumorphotis shows a great variability

and intergradational stages regarding its ornamentation,

including what has been suggested as diagnostic for Neo-

morphotis. Accordingly, we consider Neomorphotis a

junior synonym of Eumorphotis.

Eumorphotis beneckei (Bittner, 1901a)

Figure 11G–H

*1901 Pseudomonotis beneckei, Bittner, p. 574, pl. 23,

fig. 5.

1986 Eumorphotis beneckei (Bitter, 1901) Broglio Loriga

and Mirabella, p. 271, pl. 3, figs 3–6.

2008 Neomorphotis compta (Goldfuss, 1838) Posenato,

p. 101, fig. 4A–G.

Material. Two left valves in sample DH-2-B and one left valve

in sample DH-1-5. The description is based on two specimens

(PIMUZ 30668, 30669).

Description. Left valve moderately inflated, presumably retroc-

rescent. Umbo orthogyrate and projecting above hingeline. Auri-

cles not preserved. Radial ornamentation with about 15 strong

nodular first-order ribs. A set of numerous (up to seven) fine

second-order ribs between each two-first-order ribs. Right valve

and internal features not observed.

Discussion. Eumorphotis beneckei is distinguished from all

other described species of Eumorphotis with strong squa-

mose radial ribs (see discussion of Eumorphotis ericius

and Eumorphotis hinnitidea) by numerous delicate sec-

ond-order ribs. The type specimen has been described

from the Anisian of the Dolomites (Bittner 1901a).

Posenato (2008) placed E. beneckei in synonymy with

Ostrea compta Goldfuss, 1838, based on the striking sim-

ilarity in ornamentation. However, the original specimen

figured by Goldfuss (1838) shows few diagnostic charac-

ters in addition to ornamentation, which gave rise to

much confusion about the proper definition of this spe-

cies, summarized in Posenato (2008) and Hautmann

and Hagdorn (2013). We therefore prefer to regard

Ostrea compta as a nomen dubium and include our

material as the well-defined E. beneckei.

Ecology. The flat right valve and the byssal sinus in the

left anterior auricle suggest that E. beneckei was epibys-

sally attached resting on its flat right valve.

Eumorphotis ericius Hautmann et al., 2013

Figure 11F

?1908 Pseudomonotis beneckei Bittner, von Wittenburg,

p. 29, pl. 4, fig. 1.

?1908 Pseudomonotis reticulatus Richthofen; von Witten-

burg, p. 30, pl. 2, figs 8, 9.

*2013 Eumorphotis ericius n. sp. Hautmann et al., p. 275,

fig. 6H–L.

Material. Frequently observed in beds around Smithian–Spathi-

an boundary interval. The description is based on several well-

preserved specimens from samples CP-3 and CP-5.

Description. Large, well-inflated left valve, higher than long, usu-

ally infracrescent, slightly retrocrescent in early growth stages.

Umbo slightly prosogyrate, near mid-point of straight dorsal

margin. Anterior auricles with shallow auricular sinus, posterior

auricles wide. Radial sculpture well developed, with numerous

(up to 70) squamose first-order ribs and weaker second-order

ribs inserted by intercalation. Ribs of third order rarely observed.

Internal features and right valves not observed.
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Discussion. This species is easily recognized by its

numerous squamose ribs. It has been described from the

lower Spathian Virgin Formation of the western USA

(Hautmann et al. 2013) and is abundant in coeval rocks

of the Thaynes Group of the investigated area. It occurs

in high abundances in the Confusion Range and at the

Mineral Mountains section and forms paucispecific bed-

ding-plane assemblages within the basalmost Spathian.

This species is also a typical constituent of diverse ben-

thic inner shelf assemblages of the Virgin Formation

(Hofmann et al. 2013b). It has also been tentatively

described from the Griesbachian to Dienerian Dinwoody

Formation of Montana (Hofmann et al. 2013a). In the

Werfen Formation of the Dolomites, it may be repre-

sented by ‘Pseudomonotis beneckei’ of Wittenburg (1908,

pl. 4, fig. 1) that closely resembles the type material

from the Virgin Formation (Hautmann et al. 2013) in

general shape and the characteristic sculpture. Another

specimen described as P. reticulatus by Wittenburg

(1908, pl. 2, figs 8, 9) is also very similar to E. ericius.

However, the type specimen of Eumorphotis reticulata (=

Spondylus reticulatus Richthofen, 1860) has never been

figured. The description by Richthofen (1860) that has

been cited by Wittenburg (1908) does not match com-

pletely the Wittenburg material. For instance, the figured

specimen of P. reticulatus is neither obliquely oval nor

does it possess three to four secondary ribs between the

primary ribs towards the margin (Richthofen 1860).

Accordingly, the affinity of Wittenburg’s P. reticulatus

and, hence, the relationship of E. ericius with Eumorpho-

tis reticulatus (Richthofen, 1860) remain unclear without

an examination of the type material of the Richthofen

(1860) material.

Ecology. As for E. beneckei.

Eumorphotis hinnitidea (Bittner, 1898)

Figure 11I

*1898 Pseudomonotis hinnitidea Bittner, p. 716, pl. 15,

figs 8–10.

1908 Pseudomonotis spinicosta von Wittenburg, p. 76,

figs 6, 7.

1986 Eumorphotis hinnitidea (Bittner), Broglio Loriga

and Mirabella, p. 266, pl. 4, figs 1–3.

Material. One left valve from sample CP-4.

Description. Relatively large, feebly inflated left valve, subcircu-

lar in outline and slightly procrescent. Umbo orthogyrate,

located in the midst of straight dorsal margin. Anterior auricle

with shallow sinus. Posterior auricle obtuse. One order of

about 25 strong spinose radial ribs. Faint commarginal riblets

forming a reticulate pattern by intersection with the radial

ribs.

Discussion. This species is characterized by its circular

outline and comparably few, robust, squamose radial ribs.

We follow the revision of Broglio Loriga and Mirabella

(1986) who suggested that Eumorphotis spinicosta is a

junior synonym of E. hinnitidea. The similar species

E. ericius is notably higher than long and has more ribs

intercalated in two ranks. This is the first report of

E. hinnitidea from Panthalassa, where it is confined to the

lowermost Spathian. In the Tethys, this species has been

observed in Smithian and Spathian strata Broglio Loriga

and Mirabella (1986).

Ecology. As for E. beneckei.

Eumorphotis multiformis (Bittner, 1899)

Figure 11J–L

*1899 Pseudomonotis multiformis; Bittner, p. 10, p1. 2,

figs 15–22.

1942 Eumorphotis multiformis (Bittner, 1899); Newell and

Kummel, p. 957, p1. 2, figs 10, 11.

1963 Eumorphotis multiformis (Bittner, 1899); Ciriacks,

p. 77, pl. 15, figs 13, 15.

1963 Eumorphotis multiformis regularaecosta Kiparisova;

Ciriacks, 1963, p. 77, pl. 15, fig. 14.

2009 Eumorphotis multiformis (Bittner, 1899); Kumagae

and Nakazawa, p. 162, fig. 144.17 (cum synonymis).

Material. Rather rare in samples DV-2, DH-3-1, DH-3-3, SR-1,

MV-3, MV-5, MV-6 and MV-10. The description is based on

several well-preserved specimens from DV-2, DH-3-1.

Description. Left valve weakly to moderately inflated, almost

equilateral, infracrescent. Umbo orthogyrate to slightly prosog-

yrate, slightly projecting above straight hinge line and placed

centrally. Anterior auricle well demarcated from disc, with

shallow auricular sinus. Posterior auricle not observed. Left

valve covered with three orders of radial ribs being irregularly

intercalated.

Discussion. Eumorphotis multiformis is characterized by

multiple orders of intercalated, mostly smooth radial ribs

in variable configurations. However, no clear distinction

of discrete morphotypes has been established so far. Ear-

lier workers introduced a number of varieties or subspe-

cies of E. multiformis (see Broglio Loriga and Mirabella

(1986) for overview), but more recent taxonomic practice

(Kumagae and Nakazawa 2009) considers the various

subspecies of E. multiformis as synonyms of a highly vari-

able species. Eumorphotis multiformis has a cosmopolitan

distribution and is reported from the Griesbachian
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(Ciriacks 1963), Dienerian (Broglio Loriga and Mirabella

1986) and the Spathian (Hautmann et al. 2013).

Ecology. As for E. beneckei.

Family DELTOPECTINIDAE Dickins, 1957

Genus CRITTENDENIA Newell and Boyd, 1995

Crittendenia? sp.

Figure 11N–O

Material. Rarely recorded in samples DH-2B, DV-3, SR-1, SR-2,

SR-3. The description is chiefly based on some well-preserved

left valves from sample SR-3.

Description. Left valve suborbicular to slightly retrocrescent,

slightly higher than long and distinctly inflated. Umbo promi-

nent, prosogyrous, with beak projecting well beyond hinge line.

Posterior auricle poorly differentiated from disc. Valves generally

smooth except for very faint commarginal growth lines. Right

valve not observed.

Discussion. Newell and Boyd (1995) introduced the genus

Crittendenia to accommodate species of the Claraia deci-

dens group of Ichikawa (1958), which are characterized by

a well-inflated left valve and absent or very weak ornamen-

tation. Crittendenia, as defined by Newell and Boyd (1995),

applies to species with an almost flat right valve, as exem-

plified by the type species Crittendenia kummeli. Newell

and Boyd also included material from the Salt Range in this

species, which however has recently been placed in Eobuchi-

a punjabensis (Wasmer et al. 2012). The left valve of Crit-

tendenia is virtually indistinguishable from that of

Eobuchia, but its right valve clearly differs in having a

strongly prosogyrate umbo and a very wide byssal notch

below the anterior auricle (Wasmer et al. 2012). Accord-

ingly, without knowledge on the morphology of the right

valve, the material at hand could be assigned to either gen-

us. Because Crittendenia has previously been reported from

the Smithian of the Thaynes Group (Newell and Boyd

1995), we provisionally place our material in this genus.

Ecology. Crittendenia was an epifaunal, byssally attached

filter feeder (Wasmer et al. 2012).

Suborder ENTOLIIDINA Hautmann, 2011

Superfamily ENTOLIOIDEA Korobkov, 1960

Family ENTOLIIDAE Korobkov, 1960

Remarks. As noted by Hautmann et al. (2013), splitting

the Entoliidae into various families and subfamilies is not

justified on the basis of observed morphological differ-

ences.

Genus PERNOPECTEN Winchell, 1865

Pernopecten? sp. A

Figure 11M

Material. Rarely recorded in samples TO-A-4, TO-A-5 and TO-

B-5. The description is based on a comparatively well-preserved

right valve from sample TO-A-5 (PIMUZ 30673) and poorly

preserved left? valves from the same sample.

Description. Shell fairly large, subcircular in outline, orthocline

and equilateral. Left valve feebly inflated. Auricles not observed

in left valves. Right valve feebly inflated, with small beak not

projecting above hinge margin, placed at or near the midst of

the straight hinge line. Auricles without scrolls, anterior auricle

small, rounded, with very shallow sinus, posterior auricle obtuse

and slightly larger than anterior one. Surface of both valves

smooth.

Discussion. As noted by Waller (2006), Pernopecten repre-

sents the only entoliid genus in which projecting auricles

(scrolls in Waller 2006) occur in the left valve and not in

the right valve, as is the case in all other entoliids that

developed this feature. Entolioides Allasinaz, 1972 lacks

scrolls in both valves, but this genus differs in having a

well-developed radial ornamentation. Based on the speci-

mens from the Thaynes Group of Nevada, Idaho and

Montana, Newell and Boyd (1995) erected Entolioides

utahensis, in which the right valve is similar to the mate-

rial presented herein. Left valves of this species should

show a distinct radial sculpture – a trait considered as

typical for the genus Entolioides by Allasinaz (1972) and

Newell and Boyd (1995, p. 76). We did not observe radial

ornamentation of this kind in our material. Although

right/left valve determination is uncertain in most cases,

we regard it unlikely that left valves are completely lack-

ing in our samples. We therefore tentatively place our

material in Pernopecten rather than in Entolioides.

Pernopecten is a chiefly late Palaeozoic genus (Newell

1938), but it also ranges into the Early Triassic (Posen-

ato et al. 2005; Waller 2006; Hautmann et al. 2013).

Waller (2006) suggested that Pernopecten gave rise to

all younger representatives of the Pectinoidea during

the Early Triassic, but this hypothesis was rejected by

Hautmann (2010) and Carter and Hautmann (2011)

who assumed a diphyletic origin of the entolioid and

pectinoid clades.

Ecology. Pernopecten was a free-lying epifaunal filter fee-

der probably capable of swimming by rapidly clapping its

valves (Stanley 1972; Hautmann 2004).
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Subclass HETEROCONCHIA Hertwig, 1895

Superorder PALAEOHETERODONTA Newell, 1965

Order MODIOMORPHOIDA Newell, 1969

Superfamily MODIOMORPHOIDEA Miller, 1877

Family KALENTERIDAE Marwick, 1953

Genus PERMOPHORUS Chavan, 1954

Permophorus cf. bregeri (Girty, 1927)

Figure 12A–D

cf. *1927 Pleurophorus bregeri n. sp.; Girty, p. 445, pl. 30,

figs 40, 41.

cf. 1927 Pleurophorus similis n. sp.; Girty, p. 446, p1. 30,

figs 38, 39.

cf. 1927 Pleurophorus rotundus n. sp.; Girty, p. 446, pl. 30,

figs 42, 43.

1963 Permophorus? bregeri (Girty); Ciriacks, p. 83, pl 16,

figs 8, 9.

Material. Recorded in relatively high numbers in sample SR-4.

Description is based on all specimens shown in Fig. 12.

Description. Shell equivalved, subrectangular in outline, consid-

erably longer than high. Umbo almost terminal, strongly prosog-

yrate, with very small beak slightly projecting above dorsal and

anterior margin. Dorsal and ventral margin straight and subpar-

allel. Posterior margin rounded. Anterior margin truncated with

small lunule. Straight carina running from the umbo towards

the posteroventral corner of shell. Faint radial ridge on the pos-

terio-dorsal part of the valves.

Discussion. We follow Ciriacks (1963) who suggested that

all three species of ‘Pleurophorus’ (P. similis, P. bergeri

and P. rotundus) represent the species of Permophorus

bregeri (see also Hofmann et al. 2013a, for discussion).

Given the considerable variability of P. bregeri, the mate-

rial from the Sinbad Formation is best placed within this

species. However, it is noted that the diagonal ridge in

some specimens is slightly S-shaped (Fig. 12C) and that

the specimens from the Sinbad Formation are somewhat

more elongated.

We note that the external morphology of this species

is very similar to Middle Triassic Protopis Kittl, 1904,

provisionally placed in the modiomorphoid family Hea-

leyidae Hautmann, 2008 by Hautmann (2008). Place-

ment of Protopis in Permophoridae appears a possible

alternative, depending on the presence or absence of a

comparable hinge dentition, which is currently

unknown in Protopis.

Ecology. The modioliform shape of P. cf. bregeri suggests

an endobyssate mode of life (cf. Stanley 1972).

Order UNIONOIDA Stoliczka, 1871

Superfamily ANTHRACOSIOIDEA Amalizky, 1892

Family ANTHRACOSIIDAE Amalizky, 1892

Genus UNIONITES Wissmann, 1841 (in M€unster)

Remarks. We follow the revision of Geyer et al. (2005) that

indicates the assignment of Unionites to Anthracosiidae

Amalizky, 1892. Most reports of Early Triassic Unionites

are based on external morphological characters, which are

of limited value in terms of genus identification. Our mate-

rial is no exception in this respect, and thus, generic assign-

ment to Unionites represents conventional practice rather

than new morphological information.

Unionites cf. canalensis (Catullo, 1846)

Figure 13A–B

cf. *1846 Tellina canalensis; Catullo, p. 56, pl. 4, fig. 4.

1859 Tellina (Myacites) canalensis Catullo, 1846;

Schauroth, p. 327, pl. 2, fig. 17.

1923 Anodontophora canalensis (Catullo, 1846); Diener,

p. 230 (cum synonymis).

1963 Unionites canalensis (Catullo, 1846); Ciriacks, p. 81,

pl. 16, figs 11, 12.

2009 Unionites canalensis (Catullo, 1846); Kumagae and

Nakazawa, p. 166, fig. 145.1–145.4 (cum synony-

mis).

Material. Recorded in samples DV-1, DV-2, SR-4 and TO-A-1.

Preserved as internal and external moulds. The description is

based on relatively well-preserved external moulds from SR-4

(PIMUZ 30700, 30696).

Description. Shell equivalved, outline elongate subelliptical. Ven-

tral margin nearly straight. Umbones prosogyrous, with beak

A B

C D

F IG . 12 . Permophorus cf. bregeri, all scale bars represent 3 mm.

Black arrows point to the faint second diagonal ridge. A, left

valve, sample SR-4, PIMUZ 30712. B, right valve, sample SR-4,

PIMUZ 30713. C, left valve, sample SR-4, PIMUZ 30714. D,

right valve, sample SR-4, PIMUZ 30715.
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projecting above dorsal margin and located approximately in the

midst or slightly shifted towards the anterior side of dorsal mar-

gin. More or less well-developed umbonal ridge. Posterior mar-

gin truncated. Anterior margin rounded. Internal features

unknown.

Discussion. Unionites canalensis is a widely reported spe-

cies from Lower Triassic rocks and is distinguished from

the similar Unionites fassaensis by its more elongated out-

line and more pronounced umbonal ridge (Kumagae and

Nakazawa 2009). Ciriacks (1963, p. 82) emphasized a

medial location of the umbones in his material of U. ca-

nalensis, but other descriptions report a position of the

umbones in the anterior part of the shell (von Schauroth

1859; Hautmann et al. 2013). In the material at hand, the

position of the umbones is variable, but generally anterior

to the centre of the dorsal margin (compare figs A and

B). Given the lack of diagnostic characters in addition to

the general shape, however, the taxon remains poorly

defined.

Ecology. Unionites canalensis was a shallow infaunal sus-

pension feeder (Hautmann et al. 2013).

Unionites cf. fassaensis (Wissmann [In M€unster]), 1841

Figure 13C–D

cf. *1841 Myacites fassaensis Wissmann, 1841, p. 9, pl. 16,

fig. 2a–c.

1963 Unionites fassaensis (Wissmann); Ciriacks, p. 82,

pl. 16, fig. 13.

?1963 Unionites breviformis (Spath); Ciriacks, p. 81, pl. 16,

figs 14, 15.

2009 Unionites fassaensis (Wissmann); Kumagae and Nak-

azawa, p. 167, fig. 144.5–144.9 (cum synonymis).

Material. Rarely recorded in samples of the TO-A, SR, DV,

DH-3, DH-1 and MV sections. The description is based on com-

paratively well-preserved external moulds from sample SR-2 (PI-

MUZ 30699).

Description. Shell equivalved, subelliptical in outline, with pro-

sogyrous umbones projecting above dorsal margin. Beaks

located approximately on anterior 40 per cent or less of dorsal

margin. Posterio-dorsal margin almost straight, anterior mar-

gin rounded. Internal features and sculpture not observed.

Discussion. Unionites fassaensis is among the most widely

reported bivalve species of the Early Triassic. The wide

geographical range and the dominance of this species may

partly result from its poor taxonomic definition. How-

ever, in contrast to strata of the immediate postextinction

interval (i.e. the Griesbachian), where it occurs in tremen-

dous numbers (Schubert and Bottjer 1995; Hofmann

et al. 2013a), it appears to recede in later time intervals.

At least in the western USA, this species is considerably

rare in the Smithian (this study) and the Spathian (Hof-

mann et al. 2013a, b, c).

Ecology. As for U. canalensis.

Order TRIGONIOIDA Dall, 1899

Superfamily MYOPHORIOIDEA Bronn, 1849

Family MYOPHORIIDAE Bronn, 1849

Genus NEOSCHIZODUS Giebel, 1855

A B C D

E
F

G H

F IG . 13 . A–B, Unionites cf. canalensis, all scale bars represent 5 mm. A, left valve, sample SR-4, PIMUZ 30700. B, left valve, sample SR-

4, PIMUZ 30696. C–D, Unionites cf. fassaensis. C, left valve, sample SR-2, PIMUZ 30699, scale bar represents 5 mm. D, right valve, sample

SR-2, PIMUZ 30698, scale bar represents 3 mm. E, Neoschizodus laevigatus, right valve, sample SR-4, PIMUZ 30695, scale bar represents

3 mm. F, Sinbadiella pygmaea, right valve, TO-A-2, PIMUZ 30693, scale bar represents 3 mm. G, Sementiconcha recuperator, right valve,

SR-4, PIMUZ 30694, scale bar represents 3 mm. H, Unicardium sp. A, left valve, DH-1-gs2, PIMUZ 30697, scale bar represents 5 mm.
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Neoschizodus laevigatus (Ziethen, 1830)

Figure 13E

*1830 Trigonia laevigata; Ziethen, p. 94, pl. 71, figs 2, 6.

1923 Myophoria laevigata (Ziethen); Diener, p. 174 (cum

synonymis).

1963 Myophoria laevigata (Ziethen, 1830); Ciriacks,

p. 82, pl. 18, figs 18, 19.

2009 Neoschizodus cf. laevigatus (Ziethen); Kumagae and

Nakazawa, p. 170, fig. 145.10–145.15.

Material. Rarely recorded in samples SR-4, MV-12 and TO-A-6.

The description is based on a right valves preserved as mould

from sample SR-4 (PIMUZ 30695).

Description. Shell equivalved, moderately inflated, subtrigonal,

slightly longer than high and inequilateral. Umbo slightly pro-

sogyrate. Anterior and posterior margin truncated. Shell with

sharp umbonal ridge. Surface smooth.

Discussion. The material at hand agrees well in all exter-

nal morphological features of N. laevigatus, which is a

widely reported species in Lower and Middle Triassic

rocks. Neoschizodus laevigatus shows a high variability in

its morphological characters. Accordingly, it is unclear

whether the wide geographical and stratigraphic range of

this species is a real phenomenon or rather an effect of its

morphological indistinctness.

Ecology. Neoschizodus laevigatus was a shallow infaunal

suspension feeder (Hautmann et al. 2013).

Superorder HETERODONTA Neumayr, 1884

Order VENEROIDA Adams and Adams, 1856

Superfamily LUCINOIDEA Fleming, 1828

Family LUCINIDAE Fleming, 1828

Genus SINBADIELLA Hautmann and N€utzel, 2005

Sinbadiella pygmaea Hautmann and N€utzel, 2005

Figure 13F

*2005 Sinbadiella pygmaea Hautmann and N€utzel,

p. 1133, pl. 1 figs 1–20, text-fig. 2.

Material. Rarely recorded in samples SR-2 and TO-A-1. The

description is based on the well-preserved specimen PIMUZ

30693.

Description. Shell equivalved, moderately inflated, subquadrate

in outline, slightly longer than high. Anterior margin

extended, posterior margin blunt. Umbones strongly prosogy-

rate and placed at about 40 per cent of the dorsal margin.

Lunule deep. Ornamentation and internal features not

observed.

Discussion. This species is easily identified by its prosogy-

rate umbo and its deep lunule. The material found herein

agrees well with the specimens from the Sinbad Forma-

tion figured in Hautmann and N€utzel (2005).

Ecology. Having been assigned tentatively to the family

Lucinidae, S. pygmaea was possibly a shallow-burrowing

infaunal chemosymbiotic bivalve (Hautmann and N€utzel

2005).

Family MACTROMYIDAE Cox, 1929

Genus UNICARDIUM Orbigny, 1850

Unicardium? sp. A

Figure 13H

Material. External mould of one left valve from sample DH-1-gs2.

Description. Valve well inflated, subelliptical in outline. Umbo

wide, slightly prosogyrate, placed at the midst of dorsal margin.

Discussion. Generic identification is tentative due to the

very few observable morphological criteria and the limited

amount of material. However, the specimen is clearly dis-

tinguished by its broad umbo from other superficially

similar forms such as the herein-described species of

Unionites. The external morphology is similar to Middle

Triassic species assigned to Unicardium (e.g. Unicardium

schmidi Geinitz, 1842), in which it is provisionally placed.

Superfamily CRASSATELLOIDEA de F"erussac, 1822

Family MYOPHORICARDIIDAE Chavan in Vokes, 1967

Genus SEMENTICONCHA Hautmann et al., 2013

Sementiconcha recuperator Hautmann et al., 2013

Figure 13G

*2013 Sementiconcha recuperator Hautmann et al., p. 284,

fig. 8A–L.

Material. One specimen from SR-4 (PIMUZ 30694).

Description. Shell equivalved, moderately inflated, with sharp

diagonal carina. Outline of valves subrectangular, posteriorly trun-

cated. Posterior dorsal margin straight. Beak located at anterior

30 per cent of dorsal margin. Umbones prosogyrate. Lunule well

developed. Ornamentation and internal features not observed.
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Discussion. Although only one specimen is available, spe-

cies identification is possible on the basis of the well-

developed carina and the distinctly prosogyrate umbo.

This species, originally described from the Spathian Vir-

gin Formation (Hautmann et al. 2013), occurs there in

high numbers in subtidal low-energy deposits (Hautmann

et al. 2013). The record in the Sinbad Formation reveals

that this species was already present in Smithian of the

western USA.

Ecology. Sementiconcha recuperator was a shallow-burrow-

ing suspension feeder (Hautmann et al. 2013).

Gastropods

by Richard Hofmann and Alexander N€utzels.

Class GASTROPODA Cuvier, 1797–1798

Order VETIGASTROPODA Salvini-Plawen, 1980

Superfamily TROCHONEMATOIDEA Zittel, 1895

Family LOPHOSPIRIDAE Wenz, 1938

Genus WORTHENIA De Koninck, 1883

Remarks. The Palaeozoic genus Worthenia and the Trias-

sic genus Wortheniella Schwardt, 1992 closely resemble

each other and are distinguished by the morphology of

the early teleoconch. The early teleoconch of the few Early

Triassic species assigned to Worthenia are unknown.

Thus, these Early Triassic species are left in the previously

suggested systematic position until better preserved mate-

rial becomes available.

Worthenia windowblindensis Batten and Stokes, 1986

Figure 14A

*1986 Worthenia windowblindensis n. sp. Batten and

Stokes, p. 6, figs 1–3.

2005 Worthenia windowblindensis N€utzel and Schulbert,

p. 507, fig. 11H.

Material. One specimen recorded from sample DH-1-3 (PIMUZ

30704).

Description. Relatively low-spired shell with gradate whorl pro-

file. Three whorls developed with well-incised sutures. Ornamen-

tation with at least three equidistant spiral chords with

intercalated fine spiral threads. Upper whorl face with broad

shallow ramp that is flat to slightly concave. Selenizone was

probably situated at edge of ramp. Collabral ornament absent.

First whorl and aperture not observed.

Remarks. Worthenia windowblindensis is easily recognized

by the missing collabral ornament, which is otherwise char-

acteristic for the genus (Batten and Stokes 1986). This spe-

cies has been erected based on material from the Sinbad

Formation (Batten and Stokes 1986), which represents a

shallow marine equivalent of the occurrence studied herein.

A B C D E

HGF I

F IG . 14 . A, Worthenia windowblindensis, sample DH-1-3, PIMUZ 30704. B, Chartronella sp. A, sample SR-3, PIMUZ 30705. C,

Abrekopsis cf. depressispirus, sample SR-3, PIMUZ 30706. D, Neritaria costata, sample, SR-4, PIMUZ 30707. E, Polygyrina sp. A, sample

DH-1-gs2, PIMUZ 30708. F–G, Laubopsis? sp. A, sample DH-1-gs1, PIMUZ 30709. F, apertural view. G, lateral view. H, Strobeus batte-

ni, sample DH-1-gs-1, PIMUZ 30710, apertural view. I, Strobeus batteni, DH-1-gs-1, PIMUZ 30711, apertural view. Scale bars represent

2 mm in A–B, D; 4 mm in C; 5 mm in E–G; 10 mm in H–I.
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Ecology. Worthenia windowblindensis was an epifaunal

detritus feeder.

Superfamily TURBINOIDEA Rafinesque, 1815

Family ATAPHRIDAE Cossmann, 1915

Genus CHARTRONELLA Cossmann, 1902

Chartronella? sp. A

Figure 14B

Material. Recorded in very low numbers in the lower part of

the Sinbad Formation from samples TO-A-1, SR-1, SR-2 and

SR-3. The description is based on specimen PIMUZ 30705.

Description. Turbiniform, relatively high-spired shell with deeply

incised sutures. Whorls convex, somewhat angulated at or

slightly above mid-whorl, moderately inflated with ramp.

Remarks. Given the poor state of preservation, identifica-

tion of the material at hand is not unequivocal. The only

genus reported from the Sinbad Formation by Batten and

Stokes (1986), which agrees with the general shape and

the presence of a subsutural ramp, is Chartronella.

Ecology. Chartronella sp. A is interpreted as an epifaunal

detritus feeder.

Order NERITIMORPHA Koken, 1896

Superfamily NERITOPSOIDEA Gray, 1847 (= Rafinesque,

1815)

Family TRICOLNATICOPSIDAE Bandel, 2007

Genus LAUBOPSIS Bandel, 2007

Laubopsis? sp. A

Figure 14F–G

Material. Very common in samples DH-1-gs-1 and DH-1-gs2.

The description is based on abundant steinkerns from sample

DH-1-gs2.

Description. Shell turbiniform, low-spired with convex inflated,

somewhat shouldered whorls. Last whorl much higher than

spire. Suture deeply incised. Periphery of mature whorls flat-

tened. Aperture subcircular, oblique, somewhat higher than

wide. Base phaneromphalous, possibly with umbilical plug.

Remarks. The present material consists of numerous

specimens, which form a distinct species in the collection

from beds DH-1-gs1 and DH-1-gs2. However, based on

steinkerns, it is almost impossible to determine this spe-

cies properly. It shares the general shape, the phaner-

omphalous condition and the form of the aperture with

the neritimorph genus Laubopsis, which was originally

described from the Late Triassic Cassian Formation of the

Dolomites (Bandel 2007). Some of the present specimens

seem to have an umbilical plug, which could also support

a placement within neritimorphs. However, shells like this

are also known from other gastropods such as naticids or

certain vetigastropods.

Ecology. Epifaunal, probably grazers or detritus feeders.

Superfamily NERITOIDEA Rafinesque, 1815

Family NERITIDAE Rafinesque, 1815

Genus ABREKOPSIS Kaim, 2009

Abrekopsis cf. depressispirus (Batten and Stokes, 1986)

Figure 14C

cf. 1986 Naticopsis depresispirus n. sp., Batten and Stokes,

p. 12, figs 11–13.

cf. 2009 Abrekopsis depressispirus, Kaim, p. 150, fig. 140.

Material. Fairly abundant in samples SR-1, SR-2, MV-2, DV-3,

otherwise recorded in smaller numbers in samples SR-3 and

TO-A-1 to TO-A-6. The description is based on a well-preserved

specimen from sample SR-3 (PIMUZ 30706).

Description. Shell globose, egg-shaped, very low-spired. Whorls

rounded, rapidly increasing, embracing most of the preceding

whorls. Shallow suture. Faint prosocline growth lines.

Discussion. This form is probably conspecific with A. de-

pressispirus (Batten and Stokes 1986; Kaim 2009).

However, because the aperture and the apex are not

preserved in our material, we prefer to present it in open

nomenclature. This form is known from Early Triassic of

the western USA (Batten and Stokes 1986) and Far East

Russia (Kaim 2009). Similar neritimorphs have repeatedly

been documented from Early Triassic formations of vari-

ous areas, for example, Naticopsis sp. from the Salt Range,

Pakistan, Naticopsis from Oman (Kaim et al. 2013; Whee-

ley and Twitchett 2005). Due to a low number of shell

characters, their taxonomy is very difficult especially if

the preservation is not excellent.

Family NERITARIIDAE Wenz, 1938

Subfamily NERITARIINAE Wenz, 1938

Genus NERITARIA Koken, 1892
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Neritaria costata Batten and Stokes, 1986

Figure 14D

*1986 Neritaria costata Batten and Stokes, p. 16, figs 20, 21.

Material. Recorded with one specimen in sample SR-4 (PIMUZ

30707).

Description. Small depressed neritiform shell with rapidly

expanding whorls and deeply incised suture. Ornamentation

consists of prosocline, slightly prosocyrt axial ribs. First whorl

and aperture not observed.

Remarks. This species was first described from the same

locality by Batten and Stokes (1986), which is also the

only locality from which it has thus far been reported.

Neritimorphs with prominent axial ribs are not very

diverse in the Early Triassic. Only ‘Natiria’ costata is fre-

quently observed in upper Werfen Formation of the Dol-

omites (N€utzel 2005). Bandel (2007) erected two Late

Triassic genera, which have a prominent axial ornament:

Colubrellopsis and Ladinaticella. Neritaria costata may

belong to one of these genera. However, the type species

of Neritaria is entirely smooth.

Ecology. Neritaria aequicostata was an epifaunal detritus

feeder.

Order CAENOGASTROPODA Cox, 1962

Superfamily ACTEONINOIDEA Cossmann, 1895

Family SOLENISCIDAE Knight, 1931

Genus STROBEUS de Koninck, 1881

Strobeus batteni Kaim et al., 2013

Figure 14H

1986 Strobeus cf. paludinaeformis (Hall); Batten and

Stokes, p. 29, figs 49–51.

2005 Soleniscus sp. or Strobeus sp., N€utzel, p. 441, fig. 7

middle and right.

2005 Soleniscus?, Wheeley and Twitchett, p. 40, fig. 2L, M.

2010 ‘?Naticopsis-?Omphaloptycha’, Brayard et al., p. 148,

fig. 1A, B.

2013 Strobeus batteni, Kaim et al. p. 6, fig. 6C–E, I.

Material. Very common in samples DH-1-gs1, DH-1-gs2 and

DH-1-9. The description is based on abundant steinkerns from

the sample DH-1-gs2.

Description. Shell egg-shaped, varying from elongated to rather bul-

bous, low-spired with last whorl much higher than spire. Spire

acutely conical. Whorls convex evenly rounded, embracing some-

what below suture. Suture distinct. Aperture tear drop-shaped,

round anteriorly, acute posteriorly. Parietal lip convex. Columellar

fold present, but rarely visible. Aperture probably with weak anterior

canal. Growth lines more or less orthocline to slightly prosocyrt.

Remarks. The present material seems to be close to Strob-

eus batteni as described by Kaim et al. (2013) from the

early Smithian of Pakistan. These authors also included

material from the Sinbad Formation, which was described

as Strobeus cf. paludinaeformis by Batten and Stokes

(1986). However, the assignment is somewhat tentative

due to the steinkern preservation of the present material.

There are broader, bulbous specimens (Fig. 14H) as well

as somewhat more slender specimens (Fig. 14I) present in

our collection. We interpret this as intraspecific variability

although it is possible that two species are present.

Ecology. Epifaunal to semi-infaunal, detritus or sediment

feeders, microcarnivory possible.

Family POLYGYRINIDAE Bandel, 1993

Genus POLYGYRINA Koken, 1892

Poylgyrina sp. A

Figure 14E

?1986 Coelostylina species b, Batten and Stokes, p. 25, fig.

40.

2010 ‘Polygyrina’, Brayard et al., p. 148, figs 1C–H, 3.

Material. Rather rare in the samples TO-A-1, TO-A-2, SR-2,

SR-3, DH-1-0, DH-1-gs2. Fairly abundant in the samples MV-2

and TO-A-2. The description is based on the comparatively large

specimens from sample DH-1-gs2 (PIMUZ 30708).

Description. High-spired shell. Whorls smooth, convex, evenly

inflated. Suture well-incised and straight. Protoconch and aper-

ture missing.

Remarks. Similar high-spired gastropods of the Early Tri-

assic were traditionally assigned to the genus Coelostylina.

However, most of the Early Triassic material assigned to

Coelostylina is preserved as steinkerns and provides very

few criteria to facilitate a precise genus and species identi-

fication. Accordingly, species tend to be lumped into

poorly defined dustbin genera such as Coelostylina or Po-

lygyrina (N€utzel 2005). The same is true for the material

of the Sinbad Formation and the Thaynes Formation. The

specimens observed in this study are very likely conspecific

with ‘Polgyrina’ reported in Brayard et al. (2010) from the

same bed as the specimen figured herein, but no system-

atic discussion accompanied that study. Coelostylina spe-
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cies b in Batten and Stokes (1986) from the Sinbad Lime-

stone (San Rafael Swell) agrees well with our material and

could be conspecific although it has a slightly larger apical

angle. The Late Triassic type species of Coelostylina and

Omphaloptycha are small- to medium-sized shells, which

have a much lower spire than the present material, that is,

the last whorl exceeds the spire height by far in both gen-

era. Moreover, they have umbilical niches. The general

shape of the present material is close to that of Polygyrina

lommeli from the Late Triassic Cassian Formation where it

is most abundant in autochthonous soft bottom commu-

nities or algal meadow assemblages (F€ursich and Wendt

1977). However, material with shell preservation is

required for a precise taxonomic assignment.

Ecology. Polygyrina was an epifaunal detritus feeder.

Brachiopods

by Richard Hofmann

Phylum BRACHIOPODA Dumeril, 1806

Class LINGULATA Goryansky and Popov, 1985

Order LINGUILIDA Waagen, 1895

Family LINGULIDAE Menke, 1828

Genus LINGULARIA Biernat and Emig, 1993

Discussion. Lower Triassic lingulids were traditionally

(Bittner 1899; Newell and Kummel 1942) but also in more

recent studies (Rodland and Bottjer 2001, Hofmann et al.

2013b) placed in Lingula. Biernat and Emig (1993) pointed

out that Palaeozoic and many Mesozoic ‘Lingula’ show

marked internal differences to extant species of the genus,

such as the shape of the posterior adductor muscle, the size

of the lophophoral cavity and shorter ventral vascular lat-

eralia. The state of preservation in our material does not

allow identification of these features with certainty. How-

ever, the conspicuous, relatively deep paired grooves

(Fig. 15A) along the midline join at the posterior end of

the shell and are suggestive of Lingularia because they

imply the presence of a symmetrical heart-shaped adductor

muscle scar diagnostic for this genus (Biernat and Emig

1993). In Lingula, this structure is reduced to one lateral

scar, which results in curved continuous pedicle grooves.

Lingularia borealis (Bittner, 1899)

Figure 15A

*1899 Lingula borealis nov. spec.; Bittner, p. 25, pl. 4,

figs 1–7.

1942 Lingula borealis Bittner; Newell and Kummel,

p. 953, pl. 2, figs 1–4.

?1993 Lingularia similis sp. n.; Biernat and Emig, p. 11,

fig. 3.

2013 Lingula borealis Bittner; Hofmann et al., p. 868,

fig. 8.24.

Material. Recorded from the samples DH-1-0, DH-1-1a, DH-1-

3, DV-1, DV-2, DH-3-1.

Description. Shells elongate and oval in outline, lateral margins

subparallel, posterior parts of both valves weakly inflated along

median longitudinal line. Shell surface generally smooth except

for concentric fine growth lines. Ventral valve with parallel pedi-

cle ridge terminating towards the posterior part.

Discussion. The specimens from the Thaynes Group agree

well with figures and the description of ‘Lingula’ borealis

(Bittner 1899; Newell and Kummel 1942), which has been

included in the type species of Lingularia (L. similis) by Bi-

ernat and Emig (1993). This allocation remains dubious

because it was based on the fact that Bittner (1899) did not

provide descriptions of criteria considered as diagnostic by

Biernat and Emig (1993). This might be unfortunate, but

does not justify priority of their new species L. similis. If

Bittner’s material turns out to share the same diagnostic

characteristics with L. similis, L. borealis would be the older

and thus valid synonym (Holmer and Bengtson 2009). In

our view, L. borealis is, thus, a valid species, and the figures

provided by Bittner (1899) and Newell and Kummel

(1942) allow a precise allocation of our material.

Peng and Shi (2008) erected the new species Sinol-

ingularia huananensis, which is very similar to L. bore-

alis. This has been also noted by Peng and Shi (2008)

who tentatively assigned ‘some […] Early Triassic Lin-

gula borealis into the new species Sinolingularia huanan-

ensis’. However, without a proper synonymy list, it

remains unclear which published Lingula borealis’ were

A
CB

D

F IG . 15 . A, Lingularia borealis, sample DV-1, ventral valve,

PIMUZ 30701. B–D, Obnixia thaynesiana, sample CP-102. B,

dorsal view, PIMUZ 30703. C, ventral view, PIMUZ 30703. D,

anterior view, PIMUZ 30702. All scale bars represent 3 mm.
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assigned to S. huananensis. According to Peng and Shi

(2008), the diagnostic differences between Lingularia

and Sinolingularia are the presence of separated dorsal

anterolateral muscle scars and posteriorly extended

pedicle grooves in the ventral valve. Our material does

not allow a clear differentiation because the dorsal

valves are too poorly preserved. However, because Bier-

nat and Emig (1993) noted the close morphological

similarity of the specimens of Newell and Kummel

(1942) to L. similis, we prefer to include our material

in Lingularia.

Lingularia borealis has been frequently reported from

the Panthalassa margin (Bittner 1899; Rodland and Bott-

jer 2001; Shigeta et al. 2009). The prolific appearance of

Lingularia in the aftermath of the end-Permian mass

extinction has been linked to particular ecological condi-

tions, environmental stress or a combination of both

factors (Rodland and Bottjer 2001). Lingularia is particu-

larly abundant in the Griesbachian to Dienerian Din-

woody Formation (Rodland and Bottjer 2001). Our

studies (Hofmann et al. 2013a) suggest that the wide

occurrence of L. borealis may be attributed to a combi-

nation facies effects and ecospace vacation, which

enables eurytopic taxa such as Lingularia to thrive in

habitats, which are inhabited by more specialized taxa

during background times. Observations in the Dinwoody

Formation indicate that L. borealis becomes rare or

absent as soon as other taxa became established in ben-

thic communities. This supports the hypothesis that the

proliferation of Lingularia seems, besides certain facies

effects, a real phenomenon that is attributed to a pre-

ceding extinction event. With respect to this consider-

ation, it is interesting to note that L. borealis is

exclusively recorded in lower Smithian strata in the

investigated area, which could indicate that benthic eco-

systems may have been affected by faunal decimation

just before the initial Thaynes transgression.

Ecology. Based on the ecology of similar extant species of

Lingula, L. borealis is interpreted as a shallow infaunal

suspension feeder.

Class RHYNCHONELLATA Williams et al., 1996

Order TEREBRATULIDA Waagen, 1883

Suborder TEREBRATULIDINA Waagen, 1883

Superfamily CRYPTONELLOIDEA Thomson, 1926

Family CRYPTONELLIDAE Thomson, 1926

Subfamily CRYPTACANTHIINAE Stehli, 1965

Genus OBNIXIA Hoover, 1979

Obnixia thaynesiana (Girty, 1927)

Figure 15B–D

*1927 Terebratula thaynesiana n. sp., Girty, p. 435, pl. 30,

figs 8–11.

?1979 Protogusarella smithi n. sp. Perry and Chatterton,

p. 317, pl. 2, figs 1–32, text-figs 4–6.

1979 Obnixia thaynesiana (Girty, 1927), Hoover, p. 12,

pl. 2 figs 8–27, pl. 3 figs 1–13.

Material. This species is exclusively record in sample CP-102.

The description is based on the well-preserved specimens PI-

MUZ 30703 and 30702.

Description. Shell rounded subpentagonal, length and width

being subequal. Ventral valve notably more convex than dorsal

valve. Apex suberect. Commissure wide uniplicate. Surface

smooth.

Remarks. This species is exclusively observed from the

Early Triassic of the western USA (Hoover 1979). Very

few terebratulide brachiopod species, on which Hoover

(1979) gave a systematic overview, are known from the

Early Triassic of the western USA. The material observed

herein agrees very well with the features and figures of

O. thaynesiana, which was originally introduced as

T. thaynesiana by Girty (1927). Although the internal

morphology has not been figured in Girty (1927), we fol-

low Hoover (1979) in suggesting that the material of

Girty (1927) is conspecific with his specimens. A very

similar form, P. smithi, was erected by Perry and Chatter-

ton (1979). This species probably differs from T. thaynesi-

ana in being more equiconvex, having a weaker ventral

fold, possessing a dorsal sulcus and lacking a medial pli-

cation. However, Girty (1927) noted that his T. thaynesi-

ana is morphological highly variable. Unfortunately, he

did not figure internal features, which are important for a

correct identification. The internal features figured by

Hoover (1979) refer to the paralectotype, and thus, it

cannot be excluded that P. smithi and O. thaynesiana

(sensu Girty 1927) are conspecific. If this is the case (1)

P. smithi is an obsolete species, and (2) Obnixia takes pri-

ority over Protogusarella or vice versa. Both genera were

erected in 1979, and it has to be worked out which one

was published earlier.

Ecology. Obnixia thaynesiana was a pedunculate epifaunal

suspension feeder.

PALAEOECOLOGY OF THE THAYNES
GROUP AND SINBAD FORMATION

In the Smithian part of the Thaynes Group and Sinbad

Formation, the most dominant benthic guilds (sensu Ab-

erhan 1994) are shallow infaunal, epibyssate and endo-

byssate epifaunal (bivalves) suspension feeders as well as
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epifaunal grazers (gastropods). The gastropod Strobeus,

which is locally abundant, probably represents an epi- to

semi-infaunal carnivore. Free-lying suspension feeders

(Pernopecten) are also present, but rare. Sinbadiella pyg-

maea was possibly an infaunal chemosymbiotic lucinid

bivalve (Hautmann and N€utzel 2005). Although not rec-

ognized in this study, sponges as cementing suspension

feeders became definitely established by Smithian times

in the western USA (Brayard et al. 2011). Ophiuroids

and asteroids, which are epifaunal carnivores or detritus

feeders, were very rarely observed and were not recog-

nized in samples contributing to the associations studied

herein. However, microfacies analysis that is currently

carried out (Vennin et al. in. prep.) demonstrates that

they may be extremely abundant in thin sections. This

adds up to 9 of 13 typically Mesozoic benthic guilds

(Aberhan 1994). The ecological spectrum of the Spathian

part of the Thaynes Formation (sections MV and CP) is

the same with the only exception that crinoids and

articulate brachiopods are locally abundant. Brachiopods

are absent before the Spathian in the investigated

sections.

Faunal associations and assemblages are obtained by Q-

mode cluster analysis (Fig. 16), which groups individual

samples based on the occurrence and abundance of taxa

within the data set. Seven associations and one assem-

blage (sensu F€ursich 1984) are recognized in the Thaynes

Group and the Sinbad Formation. These are characterized

in the following paragraphs.

Unionites cf. canalensis association. This association

(Fig. 17A) is represented by samples DV-1 and DV-2.

The trophic nucleus comprises the species Unionites cf.

canalensis, L. borealis and Eumorphotis mutliformis. Also

recorded is the infaunal suspension feeding bivalve Union-

ites cf. fassaensis. Species richness is 3 in both samples.

Dominance is moderate with D values ranging from 0.52

to 0.55. The ecological spectrum comprises epifaunal and

infaunal suspension feeders. The rarefaction curve indi-

cates that further sampling would not have significantly

increased alpha-diversity of this association. Although the

low number of samples and specimens impedes reliable

statements, this association shows a very low alpha- and

guild diversity, and it is confined to the lowermost Smi-

thian interval of the investigated area.

Eumorphotis ericius association. This association

(Fig. 17B) comprises samples CP-2, CP-3, CP-5 and MV-

10. The trophic nucleus involves E. ericius and E. mutli-

formis. The remaining species are Bakevellia cf. exporrecta,

L. occidanea, Unionites cf. canalensis and Permophorus cf.

bregeri. Sample species richness ranges from 1 to 5 (mean

2.75). Dominance ranges from 0.33 to 1 (mean 0.69).

Guild diversity is 3 with epifaunal suspension feeding biv-

alves representing the main constituents. Semi-infaunal

and infaunal bivalves play only a minor role, especially in

terms of absolute abundance of guilds. The rarefaction

curve indicates that the overall diversity of six species

approximates expected diversity. The E. ericius association

is most notably recorded in strata, which are early Spathi-

an in age. Abundant occurrences of large E. ericius and

E. multiformis, which form thick-bedded bioclastic lime-

stones, were observed in all sections exposing strata of

this time interval, which suggests that these species expe-

rienced a rapid expansion, at least in mid- and inner shelf

habitats.

Bakevellia cf. exporrecta association. This association

(Fig. 17C) is represented by samples CP-101, MV-4, MV-

3, CP-4, MV-12, MV-7, CP-0, MV-9 and MV-3-2. Bake-

vellia cf. exporrecta constitutes its trophic nucleus. All

other species (E. ericius, E. multiformis, E. hinnitidea,

L. occidanea, N. laevigatus, Unionites cf. fassaensis, Promy-

sidiella sp. A and Permophorus cf. bregeri) are recorded in

very small numbers. Sample diversity ranges from 1 to 5

(mean 2.3). Dominance values range from 0.34 to 1

(mean 0.69). Guild diversity is 3 with epifaunal, semi-

infaunal and infaunal suspension feeding bivalves

recorded. Epifaunal bivalves dominate in terms of species

per guild, whereas semi-infaunal bivalves clearly dominate

in terms of abundance. The rarefaction curve indicates

that the merged diversity of nine species is slightly lower

than expected diversity. This association is limited to the

lowermost Spathian in all sections where strata of this

time interval are exposed.

Strobeus batteni association. The Strobeus batteni

association (Fig. 17D) comprises samples DH-1-gs1 and

gDH-1-s2. The trophic nucleus includes Strobeus batteni

and Laubopsis? sp. A. C. loczyi may be abundant. All other

species (L. occidanea, Polygyrina sp. A and Unicardium sp.

A) are rare. Sample diversity is 4–5 (mean 4.5), and domi-

nance is 0.39–0.41 (mean 0.4). The trophic guild diversity

is 4 with epifaunal grazers, carnivores and suspension feed-

ers as well as infaunal suspension feeders that are balanced

in terms of species per guild. In absolute abundances,

infaunal suspension feeders are merely an accessory ele-

ment. The overall diversity of six taxa seems to reflect the

actual diversity as indicated by the rarefaction curve. This

association is confined to an interval of the section DH-1,

which exposes shales intercalated with thin limestone beds.

Leptochondria occidanea association. This association

(Fig. 18A) is represented by samples CP-8, CP-7, CP-1,

TO-A-5 and DH-1-3. The trophic nucleus is formed by

L. occidanea. The second most common species is C. loc-

zyi. All other species (L. borealis, Abrekopsis cf. depressispi-

rus, Pernopecten sp. A, Bakevellia cf. exporrecta,
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L. xijinwulanensis and W. windowblindensis) are very rare.

Sample diversity ranges from 1 to 5 (mean 2.4), and

dominance values range from 0.66 to 1 (mean 0.89).

Trophic guild diversity is 5, with free-lying, epifaunal,

semi-infaunal and infaunal suspension feeders as well as

epifaunal grazers. Whereas the species per guild spectrum

is balanced, the absolute abundance pattern shows that

epifaunal suspension feeding bivalves are overwhelmingly

dominant in this association. The overall diversity of

eight taxa slightly underestimates the expected diversity as
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F IG . 18 . Features of the benthic association of the Thaynes Group and Sinbad Formation. A, Leptochnodria occidanea association. B,

Confusionella loczyi association. C, Promysidiella sp. A association.
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indicated by the rarefaction curve. The L. occidanea asso-

ciation occurs in both inner and outer shelf settings and

is not confined to a certain stratigraphic level.

Confusionella loczyi association. This association

(Fig. 18B) is recorded by samples TO-A-2, DH-1-0, DH-

1-2, TO-A-3, DH-1-5, DH-1-0a, DH-1-12 and DH-1-9.

The trophic nucleus is represented by C. loczyi. Also

recorded but not particularly abundant are the species

L. occidanea and Polygyrina sp. A. Accessory elements are

the species L. xijinwulanensis, L. borealis, Promysidiella sp.

A, Eumorphotis cf. beneckei, Abrekopsis cf. depressispirus

and Strobeus batteni. Diversity ranges from 2 to 6 (mean

3.6). Dominance values range from 0.28 to 0.94 (mean

0.57). Trophic guild diversity is 4, with epifaunal and

semi-infaunal suspension feeders being present in addi-

tion to epifaunal grazers and carnivores. Species guild

diversity is balanced, but the epifaunal suspension feeders

form the numerically dominating group. The well-levelled

rarefaction curve indicates that the overall diversity of

nine species in this association is close to the expected

diversity. The C. loczyi association is predominantly

recorded in outer shelf settings of section DH-1 and to

far lesser extent in section TO-A.

Promysidiella sp. A association. This association

(Fig. 18C) is recorded by samples: SR-1, SR-2, SR-3, SR-

4, SR-5, MV-2, TO-A-6 and TO-A-1. The trophic nucleus

is represented by the species Promysidiella sp. A, Abrekop-

sis cf. depressispirus and L. occidanea. Minor elements are

C. loczyi, Polygyrina sp. A and Permophorus cf. bregeri.

The remaining species are very rare (Chartronella sp. A,

L. xijinwulanensis, N. laevigatus, Bakevellia cf. exporrecta,

Unionites cf. canalensis, S. pygmaea, Crittendenia sp. A,

Unionites cf. fassaensis, E. multiformis, S. recuperator,

N. costata). Sample diversity ranges from 2 to 10 (mean

6.1), and dominance values range from 0.24 to 0.67

(mean 0.47). Trophic guild diversity is 4 and involves epi-

faunal, semi-infaunal and infaunal suspension feeders, as

well as epifaunal grazers. The species per guild diversity is

balanced, whereas in terms of absolute abundance, epifau-

nal bivalves are clearly dominating. The well-levelled rare-

faction curve suggests that the overall diversity of 17

species matches the expected diversity of this association.

This association is largely confined to inner shelf habitats

of the Sinbad Formation.

Spatial and temporal trends

The most notable pattern (Fig. 19) shown by the Smithi-

an data is a distinction between inner and outer shelf

communities with some overlap seen in mid-shelf set-

tings. The Promysidiella sp. A association is exclusively

found in strata deposited above the storm wave base. The

C. loczyi association and the Strobeus batteni and the

L. occidanea associations predominate in outer- and mid-

shelf settings of the Confusion Range. The Unionites cf.

canalensis association, found exclusively in the basal part

of the section at Dog Valley, is recorded just above the

oldest ammonoid beds (early Smithian) observed in the

area, which could indicate a stratigraphic signal. Section

Confusionella loczyi association

Eumorphotis ericius association
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F IG . 19 . General distribution of benthic associations from Smithian to Spathian in inner to outer shelf settings.
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DH-1 contains beds rich in benthic fauna from late early

to latest Smithian. Faunal composition does not change

over the recorded time span. The interfingering of the

C. loczyi, Strobeus batteni and L. occidanea associations is

most likely related to proximal–distal trends. The Strobeus

batteni association is restricted to rhythmic fine-scale inter-

beddings of marly shales and limestones, which points to

a more proximal position in an upper mid-shelf position.

The other two associations are exclusively recorded in

packstone and grainstone that occur within barren shale

intervals, which are typical of mid- and outer shelf

settings. Benthic communities were thus not affected by

significant turnovers during the Smithian.

Beds of Spathian age indicate a remarkable shift in fau-

nal composition. As observed in all settings, there is a

shift from typical Smithian association to associations

that are dominated by Bakevellia cf. exporrecta and E. eri-

cius. The latter seems to be more common in thick bio-

clastic limestones deposited in mid- and inner shelf facies.

In the early Spathian, outer shelf deposits again contain

the L. occidanea association.

In conjunction with the distribution of the associa-

tions (Fig. 19), some trends in alpha-diversity (or sam-

ple richness per association) and dominance can be

deduced with respect to facies (Fig. 20) and time

(stratigraphic age). The Promysidiella sp. A association,

which is predominantly observed in inner shelf settings,

exhibits the highest mean and bulk diversity. All other

associations have a much lower range of sample rich-

ness, a lower mean and overall diversity. The exceed-

ingly higher overall diversity of the Promysidiella sp. A

association may partly indicate some mixing of com-

munities in the more heterogeneous inner shelf habi-

tats. However, the fact that its species composition is

reproduced relatively well in several samples (Fig. 16)

suggests that this effect is of minor importance. The

E. ericius assemblage dominates in lower Spathian inner

shelf environments and is characterized by much lower

diversity values. The Bakevellia cf. exporrecta association,

which is predominantly recorded in Spathian outer

shelf settings, also exhibits a low species diversity and

high dominance value.

Trends in dominance values seem to be indistinct.

Samples with high and low dominance values are essen-

tially present over the whole stratigraphic and spatial

range (Fig. 20). The only notable pattern is that domi-
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nance increases in lowermost Spathian samples when

compared to samples from the Smithian (Fig. 20).

DISCUSSION

Earlier studies (Schubert and Bottjer 1995) suggested that

recovery in benthic ecosystems did not start before the

last stage of the Early Triassic (Twitchett and Wignall

1996) and that full recovery did not occur before the

Middle Triassic (Schubert and Bottjer 1995). However,

there is now a growing body of evidence for at least

incipient benthic recovery during the Early Triassic (Krys-

tyn et al. 2003; Shigeta et al. 2009; Kaim et al. 2010; Bra-

yard et al. 2011; Hautmann et al. 2011, 2013; Hofmann

et al. 2011). In combination with previous studies on the

Early Triassic of the western USA (Hofmann et al. 2013a,

b), new data presented herein enable a comprehensive re-

evaluation of the benthic recovery at the eastern margin

of the tropical Panthalassa ocean. We outline and discuss

below these data with respect to possible controls by

intrinsic and extrinsic factors.

The early aftermath of the end-Permian mass extinction

Hofmann et al. (2013a) documented relatively diverse

communities around the Griesbachian–Dienerian bound-

ary in shallow marine habitats of the Dinwoody Forma-

tion, in accordance with observations of the same time

interval in other regions such as Far East Russia (Shigeta

et al. 2009), western (Krystyn et al. 2003; Hofmann et al.

2011) and eastern Tethys (Hautmann et al. 2011). This

observation implies a relatively fast recovery during the

Griesbachian, given the low richness and high dominance

of faunas from the early Griesbachian. Communities of

outer shelf settings have a poor record in the Dinwoody

Formation and, where present, are mostly low in richness

and high in dominance. This pattern could reflect harsh

environmental conditions such as oxygen deficiency

(Wignall and Hallam 1992) in the more distal settings or

alternatively an onshore–offshore trend, with higher rich-

ness in more proximal settings (Jablonski et al. 1983;

Miller 1988; Bottjer et al. 1996), poor preservation and

record or a combination of each of these factors.

A Dienerian crisis?

The upper part of the Dinwoody Formation is poorly con-

strained in terms of biostratigraphy. The presence of the

bivalve species Claraia mulleri and Claraia stachei, which

were recently correlated with ammonoid data (Ware et al.

2011), suggests an age close to the Griesbachian–Dienerian

boundary. Strata above this interval remain biostratigraphi-

cally unresolved, and the biostratigraphic context of the

probable diachronous retreat of marine sedimentation in

the Dinwoody basin is virtually unknown. Despite these

uncertainties, strata above the last occurrence of C. mulleri

and thus of a Dienerian age show a significant decline back

to simple benthic communities in the Gros Ventre Canyon

section (Hofmann et al. 2013a). Data from Far East Russia

(Shigeta et al. 2009) show the same trend with the highest

benthic diversity observed in the upper Griesbachian and

the lower Dienerian and a subsequent drop before a new

diversification at the base of the Smithian. The significance

of this signal in the western USA is unknown, but an over-

all review of species ranges in the Early Triassic of the wes-

tern USA indicates a notable turnover between post-

Griesbachian and pre-Smithian strata in the western USA,

with 13 of 19 species disappearing (Fig. 21). Four of these

species became extinct on a global scale.

Some support for deleterious environmental conditions

during the Dienerian is provided by environmental data.

Ware et al. (2011) showed that anoxic conditions in open

oceanic settings of eastern Panthalassa were confined to the

Dienerian. The same environmental signal has been shown

by means of geochemistry for mid-latitude settings of east-

ern Panthalassa (Grasby et al. 2012). Palynofacies analysis

confirms oxygen-restricted conditions for equatorial Teth-

yan successions of the Salt Range (Hermann et al. 2011). A

further hint of at least local environmental deterioration is

indicated by the proliferation of the disaster brachiopod

genus Lingularia, which may be locally abundant in stressed

habitats or becomes widespread in normal marine habitats

by expanding into vacant ecospace after large defaunation

events (Rodland and Bottjer 2001). Although Lingularia

occurs throughout the Dinwoody Formation, it clearly

dominates in the immediate aftermath of the extinction,

but retreats in younger communities (Hofmann et al.

2013a), with the exception of a short resurgence in the early

Smithian of the study area. In all but these two time inter-

vals of the Early Triassic, Lingula is absent or very rare in

the western USA. This pattern seems to support the

hypothesis that environmental conditions deteriorated dur-

ing or before the lowermost Smithian.

In summary, a comparison between the Dinwoody For-

mation and the Thaynes Group in combination with data

from other regions suggests that the Dienerian was likely

a time of crisis for benthic communities, although direct

information is absent due to the lack of marine strata in

the western USA.

The Smithian

Data presented in this paper show that faunas were eco-

logically and taxonomically relatively stable throughout

580 PALAEONTOLOGY , VOLUME 57



the Smithian substage. Correlation of the benthic associa-

tions with the ammonoid zonation (Figs 19, 20) indicates

that variations in diversity, dominance, ecological and

taxonomic composition are independent of their chrono-

stratigraphic context. The only discernible trend is

observed in the spatial distribution of communities. More

diverse and balanced assemblages are confined to inner

and mid-shelf habitats of the Sinbad Formation. Accord-

ingly, an onshore–offshore diversity trend, which is

already seen in the Dinwoody Formation (Hofmann et al.

2013a), continues in the Thaynes Group and the Sinbad

Formation. The mean alpha-diversity as well as overall

diversity of the Smithian associations is higher than in

the Griesbachian and the Dienerian. The stratigraphic

range of species (Fig. 21) shows that this rise is related to

the establishment of species (18 of 24) that were not

recorded in the Dinwoody Formation. It is unlikely that

all of these species evolved in the course of Smithian in

this area. We therefore assume that the transgression dur-

ing the early Smithian produced a more open marine

shelf setting in comparison with the Dinwoody Forma-

tion, which promoted immigration of species, as previ-

ously suggested by Schubert and Bottjer (1995). This

observation is further supported by the fact that ammo-

noids were virtually absent in the study area until the

Smithian.

The late Smithian witnessed a dramatic and global

decline in ammonoid diversity, which is also well docu-

mented in rocks in the western USA (Brayard et al.

2009). Romano et al. (2013) recently demonstrated that

this crisis is associated with large-scale fluctuations in

the oxygen isotope record, which indicates dramatic

climatic change across the Smithian substage. These

fluctuations ranged from presumably temperate condi-

tions during the early Smithian, hot conditions during

the middle Smithian and dramatic cooling during the

late Smithian. Evidence for a benthic crisis is scarce.

On a global scale, bellerophontoid gastropods became

virtually extinct during the Smithian. They were diverse

and globally distributed in Lower Triassic formations

prior to the Spathian (Kaim and N€utzel 2011). Only

one younger occurrence of the bellerophontoid Dicello-

nema is reported from the Anisian of Tibet (Y€u 1975),

but remains controversial (see Kaim et al. 2013 for dis-

cussion). However, in the data from the Thaynes

Group, there is no indication that the nekton crisis had

an equivalent in benthic ecosystems. Samples from the

ammonoid extinction interval (i.e. the Anasibirites

Zone) are not notably different in taxonomic composi-

tion, ecological structure, diversity or dominance

(Fig. 20). To test whether benthic ecosystems suffered

from any type of stress during the terminal Smithian, a

comparison with samples from the Spathian is neces-

sary.

A Smithian–Spathian boundary event?

Examined strata occur notably below the oldest Spathian

ammonoid zone recognized by Guex et al. (2010) and

above the youngest Smithian ammonoid zone. As noted

G/D Sm Sp

Bakevellia cf. exporrecta

Promyalina putiatinensis

Promyalina spathi

Neritaria costata

Sementiconcha recuperator

Promysidiella sp. A

Pernopecten sp. A

Leptochondria occidanea

Lingularia (Lingula) borealis

Neoschizodus laevigatus

Unionites cf. canalensis

Unionites cf. fassaensis

Eumorphotis multiformis

Leptochondria curtocardinalis

Leptochondria nuetzeli

Lenticidaris utahensis 

Bakevellia costata

cf.Trigonodus  orientalis

cf. Trigonodus sandbergi

Cypellospongia  sp. A

Holocrinus smithi 

Piarorhynchella triassica

Obnixia thaynesiana

Protogusarella smithi

Eumorphotis virginensis

Eumorphotis cf. venetiana

Eumorphotis hinnitidea

Coelostylina sp. A

Periallus woodsidensis

Pteria ussurica

Abrekopsis cf. depressispirus

Worthenia windowblindensis

sp. APolygyrina 

Strobeus batteni

Laubopsis ? sp. A

Chartronella ? sp. A

Sinbadiella pygmaea

Leptochondria xijinwulanensis

sp. AUnicardium 

sp. ACrittendenia? 

Confusionella loczyi

Eumorphotis  cf. beneckei

Dicellonema abrekensis

Claraia cf. stachei

Claraia mulleri

Claraia aurita

Eumorphotis amplicostata

Eumorphotis ericius

Myalinella postcarbonica

Permian relics range through newly evolved

Permophorus bregeri

F IG . 21 . Stratigraphic range of species reported by Hofmann

et al. (2013a, b) and this work. G/D, Griesbachian–Dienerian;

Sm, Smithian; Sp, Spathian. Grey scale code refers to evolution-

ary fate of respective genera.
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earlier, this time interval documents a remarkable shift in

the composition of dominant species in benthic faunas of

the western USA. Fine-grained intervals typically host the

Bakevellia cf. exporrecta association, while bioclastic lime-

stones record the E. ericius association. This signal is

accompanied by a drop in diversity and a rise in domi-

nance of faunas (Fig. 20), possibly resulting from tran-

sient environmental changes. This shift is significant

(Mann–Whitney U-test p-values < 0.05, performed with

PAST and R) for the diversities from all Smithian and all

Spathian samples, even if more diverse samples from the

Sinbad Formation are excluded from the data set. The

same is true for the dominance values, but not if the

samples of the Sinbad Formation are excluded

(p = 0.11).

The bloom of the E. ericius association is observed in

all sections described. We herein refer to this bloom as

the ‘Eumorphotis bioevent’, which may be of stratigraphic

value for intrabasinal correlations. In contrast to the Die-

nerian–Smithian transition, there is however, no genus

that actually went extinct at the Smithian–Spathian

boundary. The shift in taxonomic composition of the

benthic associations is not predominantly generated by

the origination or immigration of new taxa, but by the

increasing abundance of previously rare species. The

majority of species that apparently disappeared in the

lowermost Spathian belong to newly evolved or range-

through lineages that have a rich record later in the Trias-

sic. Despite high dominance values and reduced species

richness, there is thus no evidence for extinction of ben-

thic taxa during this time interval.

The Spathian

Data from the late early Spathian Virgin Formation indi-

cate that richness and ecological diversity of benthic fau-

nas significantly increased in comparison with the

Smithian. This is reflected by the high alpha-diversity,

high guild diversity and the generally more diverse eco-

logical spectrum (Hofmann et al. 2013b) as well as by the

high overall diversity (Hautmann et al. 2013). In terms of

diversity and guild structure, the Virgin Fauna is actually

more similar to Anisian benthic faunas than to any pre-

Spathian fauna (McGowan et al. 2009; Hofmann et al.

2013b). Contrary to previous reports (Pruss and Bottjer

2004; Mata and Bottjer 2011), recent geochemical and

palaeoecological data (Marenco et al. 2012) suggest that

the strata of the Virgin Formation did not accumulate

under oxygen-restricted conditions. This view is well sup-

ported by the faunal analysis of Hofmann et al. (2013b).

The base of the Spathian, which has been sampled in the

Thaynes Group only (this study), is taxonomically and

ecologically less diverse than the benthic communities of

the Virgin Formation. This difference may be partly due

to more advanced recovery in the slightly younger Virgin

Formation, but it also appears possible that the main

cause is an onshore–offshore trend with higher diversities

occurring more proximally (i.e. in the Virgin Formation),

as already observed in the Griesbachian–Dienerian and

Smithian. In addition, there are fewer samples from the

Spathian Thaynes Group than from the Virgin Formation,

which possibly adds a bias when data are directly com-

pared. A preliminary comparison with data from the wes-

tern tropical Tethys (Hofmann et al. 2013b and references

therein) suggests a significant interregional early Spathian

recovery pulse.

Patterns in alpha- and beta-diversity

Eurytopicity has frequently been cited as a typical trait of

Early Triassic faunas (Schubert and Bottjer 1995) and was

usually interpreted as evidence for ongoing environmental

stress (Boyer et al. 2004; Pruss and Bottjer 2004; Mata

and Bottjer 2011). An alternative explanation has been

proposed by Hofmann et al. (2013a, b), who suggested

that reduced competition after the end-Permian mass

extinction allowed species to exploit virtually the full

range of their fundamental niches until competition

exceeded a certain threshold. Accordingly, the prediction

was made that an increase in within-habitat diversity

(alpha-diversity) precedes an increase in between-habitat

diversity (beta-diversity) during rediversifications from

mass extinction events (Fig. 22A). This explanation

accounts for the conflicting observations of (1) a rela-

tively advanced ecological recovery and high within-habi-

tat diversity (alpha-diversity) contrasted by (2) the

eurytopic character of most species, expressed in ongoing

low beta-diversity.

Assuming that the contribution of beta-diversity to

global biodiversity is higher than the contribution of

alpha-diversity (Holland 2010), this model may also

account for the accelerated increase in interregional

diversity in post-Early Triassic times (rebound sensu

Sepkoski 1998). The underlying rationale is that the

major increase in diversity occurs when competition fos-

ters speciation events by differential adaption of species

along environmental gradients, thereby increasing beta-

diversity.

Our data from the Lower Triassic of the western USA

allow the predictions of the model for the first recovery

phase to be tested. This is documented in three consecutive

time slices: the Griesbachian – ?lower Dienerian of the Din-

woody Formation (Hofmann et al. 2013a), the Smithian

Thaynes Group (this paper) and the Spathian part of the

Thaynes Group (this paper) together with the late early

Spathian Virgin Formation (Hofmann et al. 2013b). These
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data confirm the model prediction that alpha-diversity

increases during the first phase, whereas beta-diversity

remains stable (Fig. 22B). The somewhat lower beta-diver-

sity of the Virgin Limestone is most likely due to the

much shorter time interval and smaller outcrop area of

the Spathian samples. Further work is necessary to

confirm: (1) whether the post-Early Triassic diversification

of marine invertebrates is associated with an increase in

beta-diversity, whereas average alpha-diversity remained

stable; and (2) whether the postrecovery level of beta-

diversity is comparable to pre-extinction times.

CONCLUSIONS

In addition to the description of the benthic palaeoe-

cology of the Thaynes Group and the Sinbad Forma-

tion of the western USA, we have presented a revised

interpretation of the recovery from the end-Permian

mass extinction at the tropical eastern Panthalassa mar-

gin. The succession of faunas and palaeoecological

parameters suggests that benthic ecosystems probably

suffered from environmental perturbations during parts

of the Dienerian, but not from long-lasting deleterious

conditions during the entire Early Triassic. The late

Smithian–Spathian transition might have been another

time of environmental stress, which however had no

long-term effect on benthic ecosystems. Notable restora-

tion signals are recorded in shallow shelf settings dur-

ing the late Griesbachian to early Dienerian, the

Smithian and the early Spathian. Diversity of outer

shelf communities remains rather low throughout the

studied time interval. We interpret this to represent a

general proximal–distal trend that reflects an evolution-

ary delay of rediversification in distal settings compared

with more proximal settings where evolutionary innova-

tions are concentrated (cf. Jablonski et al. 1983; Miller

1988). The wide environmental range of taxa probably

relates to a nonactualistic low degree of competition in

Early Triassic ecosystems. We conclude that the Early

Triassic recovery pattern of benthic ecosystems was lar-

gely driven by intrinsic dynamics of low-competition

ecosystems and short-lived environmental perturbations.
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F IG . 22 . A, generalized model (after Hofmann et al. 2013b)

illustrating the role of habitat saturation in recovery processes.

The drop in alpha-diversity during the course of an extinction

(E) leads to a corresponding loss of beta-diversity and highly

reduced competition among species. A lag phase marks a time

interval in which no significant radiation and increase in alpha-

diversity are observed (Erwin 2001). After initial diversification

(T1, start of recovery interval 1), competition within habitats

increases following the recovering alpha-diversity. Beta-diversity

remains low throughout this interval because adding new species

does not result in significant competition for resources. Eventu-

ally, alpha-diversity reaches a threshold value where a critical

number of species compete for the same, limited resources. The

time when this habitat saturation is reached is herein referred to

as T2. From this time onward (recovery interval 2), species are

increasingly restricted to particular niches because of competitive

exclusion from neighbouring habitats. Recovery interval 2 ends

when all curves level off. Logistic growth of alpha-diversity is

adopted from Erwin (2001). B, test of the model based on own

field data. Data for the Griesbachian–Dienerian are from the

Dinwoody Formation (Hofmann et al. 2013a). Data for the Smi-

thian are from the Sinbad Formation and the Smithian part of

the Thaynes Group (this study). Data for the Spathian are from

the Virgin Formation (Hofmann et al. 2013b).
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