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Functional morphology of the Ordovician
plectambonitoid brachiopod Inversella (Reinversella)
arancibiai Herrera & Benedetto from the San Juan
Formation, Argentine Precordillera
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New well-preserved material of the plectambonitoid brachiopod Inversella (Reinversella) arancibiai Herrera &
Benedetto, 1987 collected from the San Juan Formation (Darriwilian, Middle Ordovician) of the Argentine
Precordillera is described and illustrated, allowing a better understanding of its functional morphology. Inversella
(Reinversella) is one of the earliest known brachiopods to develop a geniculate shell. Adult specimens of 1. (R.)
arancibiai have an open delthyrium indicating attachment throughout life. We infer that juvenile specimens lacking
geniculation lived umbo-down and that development of geniculation could reflect a progressive change in mode of
life from erect to reclined. The posterior thickening of valves indicates a life position with the umbonal region sunk in
the substrate and the trail orientated in a subvertical position. Since open shelf settings inhabited by 1. (R.) arancibiai
have low sedimentation rates, it seems improbable that geniculation was an adaptation to counter shell burial. Its
function was most probably to separate exhalant and inhalant currents. We hypothesize that the deep channel
developed along the periphery of the ventral valve functioned as a collector of waste waters towards the
posterolateral regions of the shell where exhalant currents were expelled.
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REINVERSELLA Bates, 1968 is a bizarre Reinversella is R. monensis Bates, 1968,

plectambonitoid brachiopod characterized
by a double deflection of valve borders and
a distinctive ornament of concentric rugae.
In most internal and external features, it
resembles the simple geniculate genus In-
versella Opik, 1933, leading Cocks & Rong
(1989) to consider Reinversella as a sub-
genus within the former. The type species of
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from the upper Arenigian Treiorwerth
Formation of Anglesey, Wales. The only
other record of this subgenus is Inversella
(Reinversella)  arancibiai  Herrera &
Benedetto, 1987, from the San Juan For-
mation of the Argentine Precordillera. The
Argentine species was defined on just two
nearly complete ventral valves, one of
which (holotype) was decalcified to show
internal features. Subsequent intensive
sampling from the upper part of the San
Juan Formation at Cerro Viejo (the type
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locality), Sierra de Villicum and Cerro la
Chilca yielded numerous better-preserved
specimens exhibiting hitherto unknown
morphological features. The primary pur-
pose of this paper is to redescribe and
illustrate this new material of 7. (R.)
arancibiai. Second, we attempt to elucidate
the functional significance of the doubly
geniculate margin and its implications for
life position.

Stratigraphic occurrence

The Argentine Precordillera is character-
ized by widespread Cambro-Ordovician
carbonate sequences recording deposition
on a passive margin platform (Fig. 1). The
topmost unit of this succession is the 300-
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Fig. 1. Map of the Argentine Precordillera showing the
distribution of Ordovician carbonate rocks and collec-
tion locations numbered: (1) Cerro Viejo (Quebrada
Los Gatos), (2) Cerro la Chilca, (3) Sierra de Villicum
(Quebrada Don Braulio).
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380 m thick San Juan Formation, which
conformably overlies the restricted-plat-
form dolostones and limestones of the
La Silla Formation (Fig. 2). The basal
contact is a flooding surface marking a
rapid change to subtidal open-marine
facies. A lower interval of microbial-
sponge reefs is succeeded by a variety of
lithofacies ranging from inner-ramp, wave-
agitated shoal environments to deep-ramp
settings (Cafas 1999, Canas & Carrera
2003). Skeletal and intraclastic wackes-
tones and packstones bearing rich marine
faunas are the most typical and widely
distributed lithologies of the San Juan
Formation (Fig. 2). Canas (1995, 1999)
interpreted these rocks as mid-ramp deposits
influenced by sporadic storm events and
developed between the fair-weather and
storm wave base. The deposits host sponge,
bryozoan, brachiopod, gastropod, rostro-
conch, cephalopod, trilobite, receptaculitid,
echinoderm and algal megafossils (see
Benedetto 2003 and references therein for
an updated compilation). The specimens of
Inversella (Reinversella) arancibiai described
here were collected from the uppermost
20 m of the San Juan Formation at Cerro
Viejo, Cerro La Chilca and Sierra de
Villicum localities (Fig. 1). In all three
stratigraphic sections, but especially in the
first, this interval consists mostly of richly
fossiliferous nodular wackestones and mud-
stones deposited in mid- to outer-ramp, low-
energy settings below the storm-wave base,
with low sedimentation rates (Cafas 1999).
A sharp contact separates these beds from
the overlying marls and black shales of the
Los Azules Formation.

Inversella (R.) arancibiai is confined to
the Ahtiella argentina Zone (Herrera &
Benedetto 1991, Benedetto 2002), from the
upper part of the San Juan Formation
(Fig. 2). The age of this biozone in the type
locality of Cerro Viejo is early Darriwilian
(Lenodus variabilis Zone; Ottone et al. 1999).
This age is supported by the occurrence in
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Fig. 2. Composite stratigraphic column of the San Juan
Formation based on data from the Cerro Viejo and
Cerro la Silla sections (modified from Canas 1999 and
Carrera et al. 1999), and biostratigraphic framework
(after Albanesi & Ortega 2002 and Benedetto 2002).
Asterisk marks the horizon bearing Inversella (Re-
inversella) arancibiai.

lithoclastic grainstone

the overlying black shales of graptolites
belonging to the Undulograptus dentatus
Zone of Darriwilian (Da2) age, which

INVERSELLA FUNCTIONAL MORPHOLOGY 55

correlates with the uppermost Arenigian—
lowermost Llanvirnian of the British Series
(Brussa et al. 2003). In the Sierra de Villicum
and Cerro La Chilca sections, the top of
the San Juan Formation has been referred to
the Eoplacognathus suecicus conodont Zone
(Albanesi & Ortega 2002, and references
therein), of Darriwilian (Da3) age.

Systematic palaeontology

Repositories. Studied specimens are depos-
ited in the palaeontological collection of
Centro de Investigaciones Paleobiologicas
(CIPAL), Facultad de Ciencias Exactas,
Fisicas y Naturales, Universidad Nacional
de Cordoba, Argentina, under the prefix
CEGH-UNC. Holotype material is housed
in the Museo de Paleontologia, Facultad de
Ciencias Exactas, Fisicas y Naturales, Uni-
versidad Nacional de Cordoba, Argentina,
prefix CORD-PZ.

Class STROPHOMENATA Williams et al.,
1996

Order STROPHOMENIDA Opik, 1934
Superfamily PLECTAMBONITOIDEA
Jones, 1928

Family TAFFIIDAE Schuchert & Cooper,
1931

Subfamily AHTIELLINAE Opik, 1933

Inversella Opik, 1933
Type species. Inversella borealis Opik, 1933
Inversella (Reinversella) Bates, 1968

Type species. Reinversella monensis Bates,
1968

Inversella (Reinversella) arancibiai Herrera
& Benedetto, 1987 (Fig. 3)

Material. One conjoined specimen, CEGH-
UNC 4456, from Quebrada Don Braulio,



56

JUAN L. BENEDETTO et al.

ALCHERINGA




ALCHERINGA

Sierra de Villicum, uppermost San Juan
Formation; two exteriors of ventral valve,
CEGH-UNC 22409-22410, from Cerro la
Chilca, uppermost San Juan Formation;
five external moulds of ventral valve, one
exterior of dorsal valve, two internal moulds
of ventral valve and two internal moulds of
dorsal valve, CEGH-UNC 4457, 4458,
10642, 21907a, 21907b, 21908a, 21908b,
21909, 21910, 22053, 22054, from Cerro
Viejo (Quebrada Los Gatos), uppermost
San Juan Formation, 3.4 m below the
contact with the Los Azules Formation.
All localities in San Juan province, Argen-
tine Precordillera.

Description. Shells up to 23.5 mm wide,
transversely semi-elliptical to subquadran-
gular in outline, with maximum width at
hinge line. Average length/width ratio 0.64.
Cardinal extremities right-angled, rounded,
in some cases expanded into small alae.
Ventral valve with gently convex disc
bordered by a doubly geniculate margin
defining a prominent, subangular peripheral
rim at two-thirds valve length (Fig. 3A, B,
H, J-O). Angle of ventral geniculation of
about 70°. Dorsal geniculation variable
from 60° to 80° in profile. Trail always well
developed, long, one-half to two-thirds of
disc length (Fig. 3E, F, I). Dorsal disc nearly
flat, with deep, rounded, marginal trough
developed immediately before the sharp
dorsal geniculation (Fig. 3D—F, I). Both
ventral and dorsal discs with up to six
concentric rugae confined to the poster-
olateral arecas, becoming more prominent

<
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and longer with growth; in one specimen
(holotype) the two last formed rugae are
weak but almost continuous through the
ventral visceral disc (Fig. 3A, B). Ventral
interarea planar, strongly apsacline, larger
than the very low, anacline dorsal interarea.
Delthyrium triangular, entirely open. No-
tothyrium open. Weak parvicostellate orna-
ment (Fig. 3G) with 15—-22 fine costellae at
valve margin between each pair of which
intercalate 4—8 parvicostellae.

Ventral interior (Fig. 3A, C, E, N, O)
with small teeth supported by relatively
short dental plates diverging at about 130°.
Ventral muscle field wide and short, weakly
impressed, with adductor and diductor
subtriangular in outline, approximately
equal in size. Ventral mantle canal system
saccate, with narrow, straight, slightly
diverging vascula media arising from ante-
rolateral margins of diductor scars and with
strongly bifurcated distal branches well
impressed on the trail.

Dorsal interior (Fig. 3P, Q) with thin,
rod-like brachiophores diverging anteriorly
at about 115°, continuous with chilidial
plates, which bound the notothyrium. Den-
tal sockets deep, semiconical. Cardinal
process simple, ridge-like (Fig. 3R). No-
tothyrial platform raised slightly above the
valve floor, transversely triangular to sub-
rhomboidal in outline. Dorsal median
septum absent. Dorsal muscle field and
vascular system not preserved.

Remarks. As noted by Herrera & Benedetto
(1987) in the original description, the

Fig. 3. Inversella (Reinversella) arancibiai Herrera & Benedetto, 1987. A—C, CORD-PZ 8586 (holotype), internal
mould of ventral valve (A), x 2, latex cast (B), x 2, and detail of ventral mould (C), x 3.5, Cerro Viejo (Quebrada
Los Gatos). D-F, I, CEGH-UNC 4456, dorsal (D), ventral (E), oblique (F) and lateral (I) views of conjoined
specimen, x 2.5, Sierra de Villicum (Quebrada Don Braulio). G. Detail of external ornament, specimen figured in D,
x 6. H. CEGH-UNC 22410, exterior of ventral valve, x 2, Cerro La Chilca. J. CEGH-UNC 22054, internal mould
of ventral valve, x 2, Cerro Viejo. K. CEGH-UNC 10642, exterior of ventral valve, x2. L. CEGH-UNC 21909,
exterior of ventral valve, x2. M—0O. CEGH-UNC 21907a, ventral valve, latex cast of exterior (M), internal mould
(N) and latex cast of interior (O), all x 2.5, Cerro Viejo. P, Q. CEGH-UNC 22053, dorsal valve, internal mould (P)
and latex cast of interior (Q), x4, Cerro Viejo. R. CEGH-UNC 21907b, dorsal valve, detail of cardinalia, x4.5,

Cerro Viejo.
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Argentine material of Reinversella differs
externally from the type species /. (R.)
monensis in being more transverse in out-
line, in its parvicostellate ornament and also
in the discontinuous rugae confined to the
posterolateral areas (the Welsh specimens
have prominent concentric rugae over the
entire surface of both discs). Internally,
1. (R.) arancibiai differs in its more widely
divergent dental plates and much shorter
and nonbilobate ventral muscle field.
Although no complete dorsal interiors are
known from the San Juan Formation, the
new specimens reveal that cardinalia of
I. (R.) arancibiai are rather similar to those
of the Welsh species, both having a ridge-
like cardinal process on a low, subtriangular
notothyrial platform.

The monospecific Guttasella Neuman,
1976, from the Darriwilian (lower Llanvir-
nian) Virgin Arm Tuffs of the Summerford
Group, Newfoundland, also possesses a
double geniculation and a well-defined
submarginal dorsal trough, but differs from
Reinversella in lacking concentric rugae. It
should be noted, however, that although the
internal mould figured by Neuman (1976,
pl. 5, fig. 2) is smooth, the presence of rugae
on posterolateral corners cannot be dis-
carded due to the incompleteness of the
valve. In shell outline and parvicostellate
ornament Guttasella gutta Neuman, 1976
resembles 7. (R.) arancibiai, but its cordate,
proportionally longer ventral muscle field is
most similar to that of 1. (Inversella) borealis
Opik, 1933 and I. (Reinversella) monensis.
The intergradations of many features in the
three forms suggest close phylogenetic
relationships between them.

Functional morphology

The plectambonitoids Inversella and Gutta-
sella are the earliest known brachiopods to
have developed a geniculate shell. This
architectural pattern was later acquired
independently by Leptaena and related
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forms, a diverse and successful group of
strophomenoids characterized by a dorsally
geniculate shell. The earliest Leptaeninae
occur at the end of Darriwilian (Da4=
‘Llandeilian’), becoming abundant and
widespread through the Late Ordovician,
Silurian and Devonian, and persist until the
Early Carboniferous, spanning a time inter-
val of about 130 Myrs. The double genicu-
lation of [Inversella (Reinversella) and
Guttasella, with the associated submarginal
external ‘gutter’ on the dorsal valve, repre-
sents a further level of complexity of the
geniculate shell pattern, which appears
recurrently in some species of Leptaena
(Leptaena) Dalman, 1828, Leptaena (Ygdra-
silomena) Cocks, 2005 and Limbimurina,
Cooper, 1956. This indicates that such a
shell design was functionally successful
among the strophomenides. It is noteworthy
that development of geniculation is usually
associated with more or less prominent
rugae on the visceral areas, not only in the
leptaenins but also in other strophomenoids
such as Luhaia R60musoks, 1956 (subfam-
ily Furcitellinae), and Kjaerina Bancroft,
1929 and Kjerulfina Bancroft, 1929 (sub-
family Rafinesquininae), suggesting a func-
tional correlation between these features.
There are many hypotheses about the
mode of life of the large, concavo-convex
strophomenides. The traditional hypothesis,
first proposed by Lamont (1934) and sub-
sequently supported by Rudwick (1970),
Richards (1972), and Bassett (1984), con-
siders that after a short period of attach-
ment to the substrate, individuals detached
becoming capable of resting on soft bottoms
with the convex valve (usually the ventral)
downward, partially sunk into the sediment,
and the geniculation directed upwards,
elevating the commissure well above the
water —sediment interface. Based on biome-
chanical experiments, Savarese (1994) and
Leighton & Savarese (1996) concluded that
geniculate morphotypes of Rafinesquina
Hall & Clarke, 1892 lived convex-down,
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floating in highly fluid mud. This recumbent
attitude, however, is improbable in Reinver-
sella because its ventrally directed second
deflection would have submerged the com-
missure in the sediment.

A radically different convex-up shell
orientation was proposed by Lescinsky
(1995) wusing information from epibiont
distribution on Strophomena shells, in which
encrusting (mainly by trepostome bryozo-
ans) is not random, being greater on the
convex valves. This hypothesis has been
refuted by the argument that in such a
position, the commissure will tend to sink
into the mud (Leighton & Savarese 1996),
but perhaps the main objection is that the
convex-up position is the most stable
hydrodynamically for reworked shells, lead-
ing epibionts to colonize their surface post-
mortem and before burial.

A different life strategy was inferred by
Spjeldnaes (1984) based on the density of
encrustation on Leptaena specimens from
the Wenlock of Gotland, Sweden. He
noted that the number of epifaunal organ-
isms is greatest on the trail and peripheral
ridge and on the ventral valve. However,
encrusters are also present on the dorsal
valve, leading him to infer that Leptaena
lived attached in a subvertical position,
umbo-down, with both valves free of the
sediment. The finding of some specimens of
Leptaena depressa (J. de C. Sowerby, 1824)
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buried in a vertical position supports this
interpretation of the mode of life in species
having a functional pedicle in the adult,
such as Leptaena rhomboidalis (Wahlenberg,
1818; Hoel 2005). Evidence from muscle
attachments in this high-energy species
led Hoel (2005) to postulate a reconstruc-
tion in which the trail is orientated away
from the main water flow to avoid dama-
ging the lophophore. Contraction of the
pedicle adjustor muscle would then have
produced a rotational movement of the
shell, changing the orientation of the
commissure with respect to the current,
from approximately parallel to obliquely
upwards, creating turbulence around the
commissure that facilitated capture of food
particles.

Adult specimens of . (Reinversella)
arancibiai have a large, entirely open
delthyrium indicating that they lived at-
tached throughout their life. However, the
two-phase geniculation of this species
(Fig. 4), first directed ventrally and then
dorsally (the latter is responsible for the
long trail), once again poses questions about
this structure’s function. For example, it
may be important for separating inhalant
and exhalant currents, preventing a rapid
sinking of the animal into the substrate,
generating eddies around the commissure,
or anchoring partially buried shells in an
inclined or vertical position, among other

5 mm

Fig. 4. Slightly oblique longitudinal section of ventral valve CEGH.UNC 4457 from Sierra de Villicum, showing

progressive thinning of valve towards geniculation ( x 7.5).
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interpretations (Bassett 1984, Datillo 2004,
Hoel 2005). First, it is significant that
juvenile shells of 1. (Reinversella), like the
leptaenines, lack geniculation, being thin-
shelled, plano-convex to gently biconvex,
and that changes in growth direction start at
about two-thirds of valve length, possibly at
the onset of sexual maturity: see discussion
of Timms & Brunton (1991) for produc-
tides. It seems likely that juveniles, lacking
geniculation, lived umbo-down, and prob-
ably were able to adjust the shell position
relative to the water currents (Fig. SA). The
question is: what does development of the
geniculation imply for life position? Super-
ficially, it could reflect a progressive change
in mode of life, from erect to reclined.
Among brachiopods, there are many exam-
ples of morphological trends during onto-
geny related to drastic changes in the mode
of life (e.g. Mancenido & Walley 1979). The
first deflection of valve margin may be
viewed as a hypertrophied concentric ruga,
and one of its functions may have been, as
we speculate below, to facilitate water
circulation within the mantle cavity. The
corresponding outermost ridge along the
periphery of the ventral valve may in turn
have played an important role in elevating
the commissure above the sediment when
individuals began to recline (Fig. 5C). Once
the reclined position was achieved more or
less permanently, the trail grew upwards
without any restriction. In transverse sec-
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tion (Fig. 4), valves are thicker posteriorly,
and become progressively thinner towards
the geniculation, the marginal ridge and the
trail being particularly thin. In this respect,
Reinversella clearly differs from Leptaena, in
which the shell is thickest in the marginal
ridge. This indicates a life position with the
posterior third of the shell sunk in the
substrate and the anterior commissure
considerably more elevated. As a result,
the trail becomes orientated in a subvertical
position (Fig. 5D). Since the low-energy,
open-shelf settings inhabited by 7. (R.)
arancibiai have low sedimentation rates, it
seems improbable that geniculation had
been an adaptation to mitigate rapid shell
burial. At such a depth, the bottom is
affected only by weak, sporadic, storm-
induced currents, so that the most probable
function of the trail was to separate
exhalant and inhalant currents, being func-
tionally analogous to the plicate commis-
sure of other brachiopod groups (Hoel
2005).

The function of the pronounced channel
along the periphery of the ventral valve,
which corresponds to the external marginal
ridge (Figs 3A, B), is difficult to assess.
Inversella (R.) arancibiai probably possessed
a ptycholophous or schizolophous lopho-
phore similar to that inferred for the
strophomenide Leptaenoidea and most plec-
tambonitoids (Williams & Rowell 1965,
Hurst 1975, Vogel 1986, Williams et al.

Fig. 5. Reconstruction of hypothesized mode of life of Inversella ( Reinversella) arancibiai. A, juvenile stage; B, C,
intermediate stages; D; adult stage. vv, ventral valve, dv, dorsal valve.
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1997). If an analogy is established with the
pattern of water circulation inferred by
Hoel (2005) for Leptaena depressa, the
inhalant current in 1. (R.) arancibiai would
have entered through the entire anterior
commissure, well above the muddy sub-
strate. Our interpretation of the marginal
channel is that it may have helped to collect
and conduct waste waters towards the
posterolateral regions of the shell, where
exhalant currents were expelled just above
the water—sediment interface. As noted
above, concentric rugae are confined to the
posterolateral areas, becoming stronger as
the shell grows, culminating a complete
semicircular ruga, which precedes the first
geniculation. We infer that development of
rugae in I. (R.) arancibiai is unrelated to
strengthening of the shell, but they play a
role in conducting water out of the shell.
Since juvenile individuals lack geniculation,
and probably were capable of orientating
the shell relative to the currents, this would
make elimination of metabolic residues
more efficient than in adults. We hypothe-
size that the function of the first complete
ruga was essentially similar to that of the
marginal channel developed subsequently,
and marks the start of the change from an
umbo-down subvertical to a reclined posi-
tion. However, the permanent reclined
mode of life, with the posterior part of the
shell partially buried into the sediment, was
probably not achieved until the second main
geniculation and trail became fully devel-
oped.
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