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a b s t r a c t

A gastrolith set, comprising 197 elements, associated with an indeterminate elasmosaurid plesiosaur
collected from the CampanianeMaastrichtian La Colonia Formation, Chubut, Argentina, is described.
Most of the gastroliths are discoidal (41.9%) or spheroidal (34.8%), with a mean Maximum Projection
Sphericity Index value of 0.69 and a mean OP Index value of �0.74. The values of these indices are
compared with those recorded for gastroliths associated with other Upper Cretaceous elasmosaurids to
see if patterns with palaeobiological relevance are evident. The mean values of the Maximum Projection
Sphericity Index and the Oblate-Prolate Index allow us to infer a fluvial or estuarine origin for all the
elasmosaurid gastroliths for which these indices have been calculated. This inference is palae-
obiologically informative because it indicates that at least some Upper Cretaceous elasmosaurs entered
into estuarine (or fluvial) environments. It also helps explain the interesting vertebrate assemblage of the
Allen and La Colonia formations where a rich continental fauna is recorded but elasmosaurids and
polycotylids are the only well represented vertebrates with marine affinities.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lithophagia, defined as the ingestion of rocky fragments called
gastroliths or, more specifically, geo-gastroliths (Wings, 2007), is
well documented in elasmosaurid plesiosaurs (Welles and Bump,
1949; Taylor, 1993; Everhart, 2000, 2005; Gasparini and Salgado,
2000; Whittle and Everhart, 2000; Cicimurri and Everhart, 2001;
Hiller et al., 2005; McHenry et al., 2005; Cerda and Salgado, 2008;
Kubo et al., 2012; O’Gorman et al., in press). Even though the
function of gastroliths in these marine reptiles has been under
debate since they were first recorded (see Wings, 2007 and bibli-
ography therein), it is clear that the parameters of gastroliths are
palaeobiologically informative (Darby and Ojakangas, 1980;
Everhart, 2000, 2005; Cerda and Salgado, 2008; Schmeisser and

Gillette, 2009; O’Gorman et al., in press). Cerda and Salgado
(2008) described a well-preserved gastrolith cluster associated
with an Elasmosauridae indet. (MCS Pv 4) from Río Negro, which
was collected from the upper Campanianelower Maastrichtian
levels of the Allen Formation, and they inferred a fluvial or estua-
rine environment as the original gastrolith source. In November
2011, a joint team from theMuseo de La Plata, the Universidad de La
Pampa and the Museo Paleontológico “Egidio Feruglio”, led by
Z. Gasparini, collected an elasmosaur specimen with associated
gastroliths from the CampanianeMaastrichtian La Colonia Forma-
tion. The aim of this paper is to describe the new set of gastroliths,
to compare them with other sets associated with coetaneous
elasmosaurid specimens, especially with that described by Cerda
and Salgado (2008), and to discuss their original source environ-
ment and the palaeobiological significance.

2. Geological setting

The La Colonia Formation crops out on the south-western
margin of the Somún Curá Massif, Chubut Province, Argentina
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(Ardolino and Delpino, 1987) (Fig. 1). Pascual et al. (2000) recog-
nized three facies associations in the formation. The lowermost
facies is characterized by cross-bedded sandstones and conglom-
erates deposited in a fluvial environment. The middle facies, from
which the material described in this work was collected, is
composed mostly of laminated mudstones, pelitic fine sandstones,
and banded siltstones and claystones that represent deposition in
an estuarine environment or tidal flat, influenced by occasional
high freshwater streamflows from the continent and tidal currents
from the sea (Pascual et al., 2000). This facies association was
deposited under a seasonal climate with alternating periods of
humidity and aridity (Ardolino and Delpino, 1987). The uppermost
facies association is composed of laminated pelites deposited in
a tidal flat setting (Pascual et al., 2000).

The vertebrate fauna recorded in the La Colonia Formation
includes freshwater fishes (such as dipnoans), turtles, snakes,
plesiosaurs, dinosaurs and mammals (Bonaparte, 1985; Albino,
2000; Gasparini and de La Fuente, 2000; Pascual et al., 2000;
Apesteguía et al., 2007; Rougier et al., 2009; Sterli and de la Fuente,
2011).

The La Colonia Formation is CampanianeMaastrichtian in age,
based on records of foraminiferans and ostracods (Page et al., 1999).
The lower andmiddle parts of the formation can be correlated with
the upper Campanianelower Maastrichtian Allen Formation,
whereas the upper part is correlative with the upper
MaastrichtianeDanian Jagüel Formation, which crops out in the
Neuquén Basin (Page et al., 1999).

3. Material and methods

3.1. Material

Specimen MPEF-PV 10602 is an incomplete postcranial skeleton
consisting of cervical, dorsal and caudal vertebrae, ribs, a carpal/
tarsal element, indeterminate fragments and 197 gastroliths (Fig. 2).

Locality and horizon. MPEF-PV 10602 was collected in Cerro Bayo
(43�000S, 67�370W), north-east Chubut Province, Argentina (Fig. 1),
from the middle facies association of the La Colonia Formation,
upper Campanianelower Maastrichtian (Page et al., 1999; Pascual
et al., 2000).

Systematic remarks and ontogenetic stage. One fragment of a cervical
vertebra shows an elongated centrum with lateral ridges and

bilobed articular faces, three features typical of Upper Cretaceous
elasmosaurs (O’Keefe, 2001, 2004).

Caudal vertebrae with strongly projected parapophyses, similar
to those of MPEF-PV 10602, are also found in the elasmosaurid
specimens MCS Pv 4, MLP 71-II-13-1 and MUC Pv 92 (Lago Pelle-
grini) and MML PV 420 (Salitral de Santa Rosa area), collected from
the upper Campanianelower Maastrichtian Allen Formation
(Gasparini and Salgado, 2000; O’Gorman et al., 2011). Although this
character could have systematic value, at the current state of
knowledge we cannot go beyond a familial assignation; thus, we
assign the MPEF-PV 10602 to Elasmosauridae indet.

The presence of the neuro-central closure in the preserved
vertebrae of MPEF-PV 10602 indicates that it is an adult (sensu
Brown, 1981).

3.2. Methods

The parameters considered in this study are those usually
employed in descriptions of plesiosaur gastroliths (Darby and
Ojakangas, 1980; Cicimurri and Everhart, 2001; Cerda and
Salgado, 2008), and they were specifically applied to draw
comparisons between MPEF-PV 10602 and previously described
gastrolith samples. In order to do that, we took into account the
number of gastroliths in the cluster, the dimensions of the three
main axes of each gastrolith: long (a), intermediate (b) and short
(c), together with the total volume and mass of the set. The linear
measurements were obtained using callipers with a precision of
about 0.1 mm. The volume was measured using the method of
displacement of liquid in a graduated container. Size was described
following the scale proposed by Wentworth (1922).

The Maximum Projection Sphericity Index (j¼ (c2/b * a)1/3) and
the Oblate-Prolate Index [OP ¼ (10/(c/a)) * ((a � b)/(a � c) � 0.5)]
(Dobkins and Folk, 1970), in particular the means and standard
deviations of these indices, were used in this work. The roundness
of the gastroliths was also assessed following the categories
proposed by Powers (1953). Shapewas described using the ratios b/
a and c/b, according to Krumbein (1941).

Several gastroliths were found broken by recent fractures and
were not considered in order to avoid the introduction of errors
related to changes in shape, sphericity and roundness.

Institutional abbreviations. MCS Pv, Museo de Cinco Saltos, Río
Negro Province, Argentina; MLP, Museo de La Plata, Buenos Aires
Province, Argentina; MML, Museo Municipal de Lamarque, Río

Fig. 1. A, general map of North Patagonia: LC, La Colonia area; LP, Lago Pellegrini locality; SR, Salitral de Santa Rosa area. B, map of the La Colonia area where the MPEF-PV 10602 was
collected (modified from Pascual et al., 2000; Gasparini et al., 2007).
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Fig. 2. MPEF-PV 10602; gastroliths. Scale bar represents 20 mm.
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Negro Province, Argentina; MPEF, Museo Paleontológico “Egidio
Feruglio”, Chubut Province, Argentina.

4. Results

The gastrolith set has 197 elements (Fig. 2). The total volume
occupied by the gastrolith set is 250 cm3, with aweight of 441 g and
with the largest gastrolith weighting 18.6 g. The means of the
principal axes are 15.19 mm (a), 11.64 mm (b), and 7.94 mm (c),
which equate to pebble size sensu Wentworth (1922).

The mean value of theMaximum Projection Sphericity Index (j)
is 0.69, and the standard deviation is 0.11. The OP index mean value
is �0.74, and the standard deviation is 4.85. According to the
classification of Krumbein (1941), 34.8% are spheroidal, 16.8% are
cylindrical, 41.9% are discoidal, and 6.5% are blade-shaped (Fig. 3).
Following the categories established by Powers (1953), 9.9% of the
gastroliths are well rounded, 61.3% are rounded and 28.8% are
subangular. The surface of the gastroliths is very smooth and evenly
polished. Only a few gastroliths bear a surface covered by several
conchoidal fractures; most of the gastroliths have parts of the
surface covered by pits (Fig. 4). All the gastroliths are hard siliceous
rocks of black, dark or light grey colour.

5. Discussion

Specimen MPEF-PV 10602 was collected from a surface of about
2 m2: 197 small stones were spread among the associated bones of
this single specimen. Because of the absence of similar stones in the
surrounding area, we interpret these elements as gastroliths.
Although 197 gastroliths were recovered more stones may have
been lost by erosion. Bone breakage produced by erosion is very
pronounced but most of the gastroliths are intact, probably as
a result of their siliceous composition.

The number of gastroliths collected is in the range known in
other elasmosaurs: 253, Styxosaurus snowii (Welles and Bump,
1949); 197, Styxosaurus sp. (Darby and Ojakangas, 1980); 389,
Elasmosauridae indet. (Cerda and Salgado, 2008); 333, Elasmo-
sauridae indet. (O’Gorman et al., in press), with the only exception
being the 2626 gastroliths recorded by Thompson et al. (2007). The
shape proportions are similar to other records, being mostly

spheroidal or discoidal (Darby and Ojakangas, 1980; Cerda and
Salgado, 2008; O’Gorman et al., in press). The roundness and
features of the surface are also similar to those previously recorded
for plesiosaur gastroliths (Everhart, 2000, 2005; Schmeisser and
Gillette, 2009; Cerda and Salgado, 2008; O’Gorman et al., in press).

The most important parameters in gastrolith studies are the
Maximum Projection Sphericity Index (j) and the Oblate-Prolate
Index (OP), because they provide information about the original
depositional environment fromwhich the gastroliths were sourced.
Hence, they may say something about the palaeobiology of the
animal that ingested them. The mean Maximum Projection Sphe-
ricity Index recorded for MPEF-PV 10602 (0.69) is comparable to
other values recorded for elasmosaurid gastrolith sets (0.71, Darby
and Ojakangas, 1980; 0.74, Everhart, 2000, 2005; 0.69, Cerda and
Salgado, 2008; 0.7, O’Gorman et al., in press) and a polycotylid set
(j ¼ 0.73, Schmeisser and Gillette, 2009), which indicates a similar
depositional environmental origin. Dobkins and Folk (1970)
recorded similar Maximum Projection Sphericity mean values
from fluvial samples (0.68). These values are greater than those
they recorded for beach environments (0.64, low energy beaches;
0.58, high energy beaches). Therefore, the Maximum Projection
Sphericity mean values of the gastroliths of MPEF-PV 10602 and
other Upper Cretaceous elasmosaurs and polycotylids are more
similar to those recorded for fluvial samples than the values
recorded for beach samples (Darby and Ojakangas, 1980; Everhart,
2000, 2005; Cerda and Salgado, 2008; Schmeisser and Gillette,
2009; O’Gorman et al., in press; this paper).

The OP Index has been less used than the Maximum Projection
Sphericity in descriptions of gastroliths; in particular, Cerda and
Salgado (2008) did not record the OP Index of the MCS Pv 4 set.
For comparative purposes, the OP Index of the MCS Pv 4 set was
calculated in this work based on the original data used by Cerda and
Salgado (2008). The OP Index recorded in MPEF-PV 10602 is �0.74,
and that of MCS Pv 4 is 0.15; these values fall approximately within
the range of OP mean values recorded for fluvial environments
(Dobkins and Folk, 1970). Fig. 5 shows the values of the main
sphericity (j) and OP indices, of the sets fromMPEF-PV 10602, MCS
Pv 4 and MLP 98-I-10-20 (lower Maastrichtian of Vega Island,
Antarctica). The values of these sets are closer to the normal fluvial
examples, and differ from the beach samples.

Thus, the mean values of the Maximum Projection Sphericity
and OP indices calculated for different Upper Cretaceous elasmo-
saurid and polycotylid gastrolith sets are similar to those recordedFig. 3. MPEF-PV 10602; gastrolith shape distribution after Krumbein (1941).

Fig. 4. MPEF-PV 10602; detail of the surface of one gastrolith. Scale bar represents
20 mm.
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for clasts of fluvial environments or estuaries. It is important to note
that fluvial clasts could be deposited at the distal ends of fluvial
systems in estuaries, but still retain the fluvial values of the indices
(Dobkins and Folk, 1970).

Therefore, the inference about the fluvial or estuarine source of
gastroliths (FESG) is a subject that needs to be discussed in greater
depth. Interestingly, the FESG seems to be independent of the
ontogenetic stage and taxonomy of the specimen, because it has
been recorded in both adults and juveniles of different genera of
elasmosaurs (Everhart, 2000, 2005; Cerda and Salgado, 2008;
O’Gorman et al., in press) and even in polycotylids (Schmeisser and
Gillette, 2009). The FESG inferred for Upper Cretaceous Elasmo-
sauridae and Polycotylidae (although the latter needs to be
confirmed by well-documented cases) indicates that these reptiles
ingested pebbles in fluvial or estuarine environments, where they
also would have looked for food. The locality fromwhich MPEF-PV
10602 was collected has not yielded any vertebrates with marine
affinities other than plesiosaurs, but a great deal of material
referred to Dipnoii, Chelidae, ophidians and dinosaurs has been
recovered (Bonaparte, 1985; Albino, 2000; Gasparini and de La
Fuente, 2000; Pascual et al., 2000; Apesteguía et al., 2007;
Rougier et al., 2009; Sterli and de la Fuente, 2011). The inference
about the FESG and therefore of the entry of elasmosaurs into
estuarine environments could be related to the vertebrate assem-
blage recorded for the CampanianeMaastrichtian La Colonia
Formation, which embraces vertebrates with marine affinities
(represented only by Elasmosauridae and Polycotylidae) and a rich
continental fauna. A similar case can be seen in specimenMCS Pv 4,
since the Allen Formation is very rich in continental vertebrates,
with plesiosaurs being the only marine vertebrates (Martinelli and
Forasiepi, 2004).

Acknowledgements

This research was supported by projects PIP 426, PICT 2008-
0261 (ANPCyT) and UNLP N 607. We thank E. Ruigómez (curator of
the Museo Paleontológico “Egidio Feruglio” collection) for

providing access to the material, A. Parras, J. Sterli, J. Varela and P.
Puerta for collaboration in the field, and R. Schmeisser for providing
bibliographic access. We also thank M.P. Arregui and K. Andressen
(University of Alberta) for improving the English of this manuscript
and the comment of two anonymous reviewers that greatly
improved it.

References

Albino, A.M., 2000. New record of snakes from the Cretaceous of Patagonia
(Argentina). Geodiversitas 22, 247e253.

Ardolino, A., Delpino, D., 1987. Senoniano (continental-marino). Comarca Norpa-
tagónica, Provincia del Chubut, Argentina. X Congreso Geológico Argentino,
Tucumán, Actas 3, 193e196.

Apesteguía, S., Agnolin, F.L., Claeson, K., 2007. Review of Cretaceous dipnoans from
Argentina (Sarcopterygii: Dipnoi) with descriptions of new species. Revista del
Museo Argentino de Ciencias Naturales “Bernardino Rivadavia” 9, 27e40.

Bonaparte, J.F., 1985. A horned Cretaceous carnosaur from Patagonia. National
Geographic Research 1, 149e151.

Brown, D.S., 1981. The English Upper Jurassic Plesiosauroidea (Reptilia) and a review
of the phylogeny and classification of the Plesiosauroidea. Bulletin of British
Museum of Natural History (Geology) 35, 253e347.

Cerda, I.A., Salgado, L., 2008. Gastrolitos en un plesiosaurio (Sauropterygia) de la
Formación Allen (CampanianoeMaastrichtiano), provincia de Río Negro, Pata-
gonia, Argentina. Ameghiniana 45, 529e536.

Cicimurri, D.J., Everhart, M.J., 2001. An elasmosaur with stomach contents and
gastroliths from the Pierre Shale (Late Cretaceous) of Kansas. Transactions of
the Kansas Academy of Science 104, 129e143.

Darby, D.G., Ojakangas, R.W., 1980. Gastroliths from an Upper Cretaceous plesiosaur.
Journal of Paleontology 54, 548e556.

Dobkins, J.E., Folk, R.L., 1970. Shape development on Tahiti-Nui. Journal of Sedi-
mentary Petrology 40, 1167e1203.

Everhart, M.J., 2000. Gastroliths associated with plesiosaur remains in the Sharon
Springs Member of the Pierre Shale (Late Cretaceous), Western Kansas. Trans-
actions of the Kansas Academy of Science 103, 58e69.

Everhart, M.J., 2005. Elasmosaurid remains from the Pierre shale (Upper Creta-
ceous) of eastern Kansas. Possible missing elements of the type of Elasmosaurus
platyurus Cope 1868? PalArch’s Journal of Vertebrate Palaeontology 4, 3. http://
www.palarch.nl/category/vertebrate_palaeontology/ (accessed 20.05.12).

Gasparini, Z., de La Fuente, M., 2000. Tortugas y plesiosaurios de la Formación La
Colonia (Cretácico superior) de Patagonia, Argentina. Revista Española de
Paleontología 15, 23e35.

Gasparini, Z., Salgado, L., 2000. Elasmosáuridos (Plesiosauria) del Cretácico Tardío
del norte de Patagonia. Revista Española de Paleontología 15, 13e21.

Gasparini, Z., Salgado, L., Parras, A., 2007. Late Cretaceous plesiosaurs from northern
Patagonia, Argentina. Geological Journal 42, 185e202.

Hiller, N., Mannering, A.A., Jones, C.M., Cruickshank, A.R., 2005. The nature of
Mauisaurus haasti Hector 1874 (Reptilia: Plesiosauria). Journal of Vertebrate
Paleontology 25, 588e601.

Krumbein, W.C., 1941. Measurement and geological significance of shape and
roundness of sedimentary particles. Journal of Sedimentary Petrology 2,
64e72.

Kubo, T., Mitchell, M.T., Henderson, D.M., 2012. Albertonectes vanderveldei, a new
elasmosaur (Reptilia, Sauropterygia) from the Upper Cretaceous of Alberta.
Journal of Vertebrate Paleontology 32, 557e572.

Martinelli, A.G., Forasiepi, A.M., 2004. Late Cretaceous vertebrates from Bajo de
Santa Rosa (Allen Formation), Río Negro Province, Argentina, with the
description of a new sauropod dinosaur (Titanosauridae). Revista del Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia” 6, 257e305.

McHenry, C.R., Cook, A.G.,Wroe, S., 2005. Bottom-feeding plesiosaurs. Science 310, 75.
O’Gorman, J.P., Olivero, E., Cabrera, D.A., in press. Gastroliths associated with

a juvenile elasmosaur (Plesiosauria, Elasmosauridae) from Snow Hill Island
Formation (upper Campanianelower Maastrichtian), Vega Island, Antarctica.
Alcheringa.

O’Gorman, J.P., Salgado, L., Gasparini, Z., 2011. Plesiosaurios de la Formación Allen
(CampanianoeMaastrichtiano) en el área del Salitral de Santa Rosa (Provincia
de Río Negro, Argentina). Ameghiniana 48, 129e135.

O’Keefe, F.R., 2001. A cladistic analysis and taxonomic revision of the Plesiosauria
(Reptilia: Sauropterygia). Acta Zoologica Fennica 213, 1e63.

O’Keefe, F.R., 2004. Preliminary description and phylogenetic position of a new
genus and species of plesiosaur (Reptilia: Sauropterygia) from the Toarcian of
Holzmaden, Germany. Journal of Paleontology 78, 973e988.

Page, R., Ardolino, A., de Barrio, R.E., Franchi, M., Lizuain, A., Page, S., Silva Nieto, D.,
1999. Estratigrafía del Jurásico y Cretácico del Macizo de Somún Curá, provin-
cias de Río Negro y Chubut. In: Caminos, R. (Ed.), Geología Argentina. Buenos
Aires. Servicio Geológico Minero Argentino. Anales 29. SEGEMAR, Buenos Aires,
pp. 460e488.

Pascual, R., González, P., Ardolino, A., Puerta, P.F., 2000. A highly derived docodont
from the Patagonian Late Cretaceous: evolutionary implications for Gondwanan
mammals. Geodiversitas 22, 395e414.

Powers, M.C., 1953. A new roundness scale for sedimentary particles. Journal of
Sedimentary Petrology 23, 117e119.

Fig. 5. Plot of mean Maximum Projection Sphericity (j) values vs. mean Oblate-Prolate
Index (OP Index). :, MPEF-PV 10602 (Elasmosauridae indet.); , MCS Pv 4 (Elas-
mosauridae indet.); , MLP 98-I-10-20 (Elasmosauridae indet.);6, fluvial samples; ,
normal beach samples (modified from Dobkins and Folk, 1970). Elasmosauridae data
taken from Cerda and Salgado (2008) and O’Gorman et al. (in press).

J.P. O’Gorman et al. / Cretaceous Research 40 (2013) 212e217216



Author's personal copy

Rougier, G.W., Forasiepi, A.M., Hill, R.V., Novacek, M.J., 2009. New mammalian
remains from the Late Cretaceous La Colonia Formation, Patagonia, Argentina.
Acta Palaeontologica Polonica 54, 195e212.

Schmeisser, R.L., Gillette, D.D., 2009. Unusual occurrence of gastroliths in a poly-
cotylid plesiosaur from the Upper Cretaceous Tropic Shale, southern Utah.
Palaios 24, 453e459.

Sterli, J., de la Fuente, M.S., 2011. A new turtle from the La Colonia Formation
(CampanianeMaastrichtian), Patagonia, Argentina, with remarks on the
evolution of the vertebral column in turtles. Palaeontology 54, 63e78.

Taylor, M.A., 1993. Stomach stones for feeding or buoyancy? The occurrence and
function of gastroliths in marine tetrapods. Philosophical Transactions of the
Royal Society, Biological Sciences 1296, 163e175.

Thompson, W.A., Martin, J.E., Reguero, M., 2007. Comparison of gastroliths within
plesiosaurs (Elasmosauridae) from the Late Cretaceous marine deposits of Vega

Island, Antarctic Peninsula, and the Missouri River area, South Dakota. In:
Martin, J.E., Parris, D.C. (Eds.), The Geology and Paleontology of the Late
Cretaceous Marine Deposits of the Dakotas. Geological Society of America,
Special Paper 427, pp. 147e153.

Welles, S.P., Bump, J.D., 1949. Alzadasaurus pembertoni, a new elasmosaur from the
Upper Cretaceous of South Dakota. Journal of Paleontology 23, 521e535.

Wentworth, C.K., 1922. A scale of grade and class terms for clastic sediments. The
Journal of Geology 30, 377e392.

Whittle, C.H., Everhart, M.J., 2000. Apparent and implied evolutionary trends in
lithophagic vertebrates from New Mexico and elsewhere. In: Lucas, S.G.,
Heckert, A.B. (Eds.), Dinosaurs of New Mexico. New Mexico Museum of Natural
History and Science Bulletin 17, pp. 75e82.

Wings, O., 2007. A review of gastrolith function with implications for fossil verte-
brates and a revised classification. Acta Palaeontologica Polonica 52, 1e16.

J.P. O’Gorman et al. / Cretaceous Research 40 (2013) 212e217 217


