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The accurate identification of dinosaur egg accumulations as nests or clutches is crucial for understanding
the reproductive behaviour of these extinct species. However, existing methods often rely on the pres-
ence of complete eggs and embryo remains, and sedimentological criteria that are only applicable to
well-structured sediments. In this study, we introduce an innovative approach to characterize egg accu-
mulations in structureless sediments, where traditional nest structures may not be preserved. Our
methodology employs a unique combination of sedimentological, taphonomic, geochemical, and geo-
physical proxies for the study of egg accumulations. We applied this approach to the egg accumulation
from Paimogo (Jurassic, Portugal), traditionally interpreted as a nest. Our findings reveal that the
Paimogo egg assemblage is a secondary deposit, resulting from a flooding event in a fluvial plain that dis-
mantled several allosauroid and crocodylomorph clutches. The eggshell vapor conductance results, cou-
pled with sedimentological evidence, suggest that allosauroid dinosaurs buried their eggs in the dry
terrain of overbank areas close to a main channel during the breeding season, likely during the dry season
to prevent the embryos from drowning. This research underscores the necessity of multidisciplinary
approaches in interpreting egg accumulations and offers a novel methodology for studying these accu-
mulations in structureless sediments. Our findings provide new insights into the breeding behaviour
and nesting preferences of these extinct organisms, contributing to our understanding of dinosaur
ecology.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The study of dinosaur egg assemblages has faced the challenge
of characterizing them as clutches, nests, or abiogenic accumula-
tions (e.g., Horner, 2000; Jackson et al., 2004; Sander et al., 2008;
Liang et al., 2009). Typically, well-preserved eggs in close proxim-
ity, and with associated embryonic bones, have been considered
unambiguous evidence of in situ clutches, or even nests if they
are associated with a nesting structure and nest arrangement
within clutch, such as egg pairing or rings of eggs (e.g., Currie
and Eberth, 1993; Horner, 1999; Varricchio et al., 1999; Huh and
Zelenitsky, 2002; Buffetaut et al., 2005; Grellet-Tinner et al.,
2006; Grellet-Tinner and Fiorelli, 2010; Jackson and Varricchio,
2016; Yang et al., 2019; Hogan and Varricchio, 2023). In general,
the preservation in the geologic record of superficial nesting traces,
such as mounds, rims, or open excavations, is difficult to assess due
to both erosion and the lack of clear sedimentary features, and only
a few exceptionally well-preserved nests have been given a realis-
tic characterization (Horner and Makela, 1979; Norell et al., 1995;
Dong and Currie, 1996; Varricchio et al., 1999; Chiappe et al.,
2004).
g).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gsf.2024.101872&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gsf.2024.101872
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lopezque@ucm.es
https://doi.org/10.1016/j.gsf.2024.101872
http://www.sciencedirect.com/science/journal/16749871
https://www.elsevier.com/locate/gsf


L. Ezquerro, R. Coimbra, B. Bauluz et al. Geoscience Frontiers 15 (2024) 101872
A set of essential criteria, such as the presence of significant
portions of eggs, articulated juvenile bones, identification of rims
and ridges, truncated stratification, and distinct fill between the
nesting structure and the surrounding deposits, have progressively
come to be accepted in attempts to identify an egg assemblage as a
nest or clutch (Varricchio et al., 1999; Chiappe et al., 2004; Vila
et al., 2010). These criteria have been established in well-
stratified deposits where most of the egg-bearing sediments corre-
spond to muddy or silty materials deposited in floodplain environ-
ments (e.g., Pietucowski, 1998; Carpenter, 1999; Grigorescu et al.,
2010; Kim et al., 2022). Recognizing nesting structures excavated
or placed in fine-grained massive and pedogenized sediments is
extremely difficult, especially if the pedogenesis was subsequent
to the egg-laying. Some recent works have proposed the use of
palaeosol horizons to discriminate between clutches and accumu-
lations, but these also present several limitations related to estab-
lishing the pedogenic profile (e.g., Jackson et al., 2015; Basilici et al.,
2017; Botfalvai et al., 2017).

Furthermore, other uncertain factors concerning incubation
strategies and the incubation period are still under consideration:
for example, the use of vegetation or sediment cover in mounds
(e.g., Carpenter, 1999; Horner, 2000), active incubation (e.g.,
Zelenitsky, 2006; Tanaka et al., 2018), and filled holes or exposed
trenches (e.g., Vila et al., 2010; Grellet-Tinner et al., 2012;
Hechenleitner et al., 2016). Analysis of the eggshell structure can
also be used as a criterion in identifying the possible presence of
nesting structures. For example, eggshell conductance, which
depends on eggshell porosity, is relevant to the incubation strat-
egy, as it controls the diffusion of water vapour and respiratory
gases through the eggshell (Deeming, 2006). Eggshells with higher
porosity (high conductance) are associated with high humidity and
low oxygen conditions, which point to underground development
(Seymour, 1979; Tanaka et al., 2015). The presence of ornamenta-
tion on the outer surface of the eggshell, and the type of such orna-
mentation, has also been interpreted as a defence against the
plugging of the pores by vegetation and sediment (Sabath, 1991;
Grellet-Tinner et al., 2006), although this interpretation may need
to be reconsidered according to some authors (Zelenitsky and
Therrien, 2008).

Here, we present an innovative approach to the study of egg
accumulations in structureless sediments where nesting traces
can be obscured. The strengths of this work are the combination
of sedimentological, taphonomic, geochemical, and geophysical
proxies, some of them never used in the analysis of fossil egg accu-
mulations before. Each proxy corresponds to a specific question to
provide a holistic understanding of the egg assemblages and egg-
bearing materials, identifying any possible fossil nesting trace or
dinosaur-induced modifications. This work has allowed an accu-
rate characterization of an egg accumulation long after the speci-
men was collected, dealing with the inherent loss of data caused
by the preparation of the specimen and its storage over 30 years.
The methodology has been successfully applied to the Paimogo
egg accumulation, which is characterized by a high number of
intact, embryo-bearing eggs closely grouped within < 6 m2. Fur-
ther, we present some novel insights into reproductive behaviour,
the brooding period, and the incubation strategies of Late Jurassic
theropod dinosaurs.
2. Materials and methodology

The study of the Paimogo egg accumulation presented several
challenges resulting from the lack of information from the original
excavation. The scanty data available are limited to some brief
papers such as Mateus et al. (1997, 1998, 2001)), Antunes et al.
(1998), and Ricqlès et al. (2001), together with unpublished docu-
2

ments such as Cunha et al. (2004) and some field notes located in
Lourinhã Museum. A multidisciplinary approach based on a deep
taphonomic study was therefore necessary in order to make up
for the shortage of data. Here, we only include a brief summary
of each technique used and its purpose. A thorough explanation
of the state-of-the-art methods and sampling procedures can be
found in Fernandes et al. (2021).

2.1. Stratigraphic and sedimentary analyses

The study of the deposits that was undertaken in order to char-
acterize the sedimentary environment comprised a detailed log of
two dm-scale stratigraphic profiles (Vale Pombas Sul and Paimogo
Forte) in the studied area and 11 cm-scale sedimentological sec-
tions along the blocks in the museum’s repository and the outcrop-
ping walls close to the palaeontological site. Correlation between
blocks and field deposits was based on physical criteria related to
bed features such as lithology, texture, strata geometry, and sedi-
mentary structures. The study was augmented by analysis of sev-
eral thin sections to characterize the structure and texture of the
sediments at mm-scale, especially the shape and orientation of
the grains, which was established using image analysis provided
by ImageJ software following the criteria established in several
previous works (e.g., Pueyo Anchuela et al., 2013; Felleti et al.,
2016).

In addition, 59 laser grain-size analyses were performed using a
laser diffraction particle size analyser at the IPE-CSIC and the
University of Zaragoza. The statistical and geometrical distribu-
tions of the sizes (e.g., the median, mean, standard deviation, sort-
ing, and skewness) provide quantitative information on the flows,
processes, and sedimentary environments (e.g., Syvitski, 1991;
Selley, 2000; Brookfield, 2004). Grain-size analyses yield quantita-
tive information when a comparison of the character of sediments
deposited in a known environment is required (Nichols, 2009).
Curves with the same statistical distribution (mean and standard
deviation) are characteristic of the same sedimentary processes
(Syvitski, 1991).

Finally, the organic matter content was established in laborato-
ries at the University of Zaragoza through the progressive heating
and calcination of 15 samples at temperatures up to 425 �C. The
samples were taken both from the blocks and the outcrops to com-
pare the presence of organic matter. The occurrence of vegetation
cover to maintain the heat and humidity of the eggs has been
hypothesized as playing a significant role in the characteristics of
fossil clutches and nests (e.g., Horner, 2000; Jackson et al., 2004;
Zelenitsky, 2006).

2.2. Geochemical analysis

We followed Coimbra et al. (2023) with a view to acquiring
high-quality geochemical data from the eggshell samples. We refer
to this paper for a detailed description of the methods of geochem-
ical sampling, but here we provide a brief description. The external
surface of 89 selected eggshells and seven carbonate nodules was
drilled using a hand drill with a 1-mm diamond drill. Diagenetic
overgrowth on the eggshell surfaces was removed before sampling
was undertaken using the same hand drill, which was carefully
cleaned after each eggshell had been cleaned and the sample
acquired. The obtained powder was analysed in the inductively
coupled plasma-atomic emission spectrometer (ICP-AES) at the
facilities of the Institute for Geology, Mineralogy and Geophysics
(Ruhr University Bochum, Germany). Stable isotope composition
(carbon and oxygen) and elemental concentrations of Ca, Mg, Sr,
Fe, and Mn provide substantial data on palaeoenvironmental and
palaeobiological conditions. Dissolution of 1.5 mg of the powdered
sample in 1 mL of 3 M HNO3 (over 12 h) was followed by further
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dilution with 2 mL of distilled water and filtering. The isotope com-
position of eggshells makes it possible to discriminate between dif-
ferent eggs and also between different diagenetic alterations (e.g.,
Cheong-Bin et al., 2009; Riera et al., 2013). The same powder sam-
ples were also analysed for their carbon and oxygen isotope com-
position using a Thermo Fisher Scientific Gasbench II carbonate
device connected to a ThermoFinnigan MAT 253 Mass
Spectrometer.
2.3. Anisotropy of magnetic susceptibility (AMS) analysis

AMS analysis was carried out on 190 standard cylindrical spec-
imens (2.5 cm � 2.1 cm) from 136 samples collected in four dis-
tinct sites (blocks and outcrops) with a water-cooled drill and
oriented with a magnetic compass. The AMS of each specimen
was measured with a KLY-3S Kappabridge magnetic susceptibility
meter (AGICO, Czech Republic) at the University of Zaragoza. Fur-
thermore, to characterize the magnetic mineralogy, eight
temperature-dependent susceptibility curves (two per site and
lithology) were obtained between 40 and 700 �C, using a CS-3 fur-
nace connected to the KLY-3S. The determinations were carried out
using Anisoft software (Chadima and Jelinek, 2009) and Cureval
software (Chadima and Hrouda, 2009). AMS distributions can be
correlated with the particle arrangement of the rock. They are use-
ful for determining sedimentary grain orientation and for ascer-
taining any differences between blocks and outcrops related to
sedimentary processes or dinosaur activity (Supplementary Data
Fig. 1).

Anisotropy of magnetic susceptibility (AMS) is dependent on
intrinsic magnetic susceptibility and the degree of preferred orien-
tation of the individual magnetic minerals (e.g., Chadima et al.,
2006). The technique is based on the measurement of the direc-
tional variations of susceptibility (K) in a standard volume of rock
when a weak magnetic field (�1 gT) is applied in different direc-
tions (e.g., Rees et al., 1982; Rochette et al., 1992; Borradaile and
Henry, 1997; Cifelli et al., 2009). It can be expressed as a second-
rank symmetric tensor and represented as an ellipsoid in which
the principal axes correspond to principal susceptibility axes
(Kmax � Kint � Kmin). The ellipsoid’s magnitude and strength thus
represent the preferred magnetic grain orientation and alignment
Fig. 1. (a) Location of the Lusitanian Basin in the western Iberian Peninsula. (b) Struc
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in the sample (Park et al., 2013). Various parameters relating to ori-
entation and shape emerge to characterize the magnetic fabric of
the rock (e.g. Jelinek, 1981; Hrouda, 1982; Borradaile and Henry,
1997). These include the corrected degree of anisotropy (Pj = exp
[2(g1 �gm)2 + (g2 �gm)2+(g3 � gm)2]1/2) quantifying the relative
strength of the magnetic fabric; the shape parameter (T = (2g2-
� g1 � g3)/(g1 � g3)) indicating the shape of the magnetic sus-
ceptibility ellipsoid (where g1 = ln Kmax, g2 = ln Kint, g3 = ln Kmin

and gm = (g1 + g2 + g3)/3); the magnetic lineation (L = Kmax/Kint)
characterizing the intensity of the linear-parallel orientation of the
magnetic minerals; the magnetic foliation (F = Kint/Kmin) indicating
the intensity of the planar-parallel orientation of the magnetic
minerals in the rocks; and the magnetic matrix grain degree
q = 2(Kmax� Kint)/(Kmax + Kint + Kmin) relating the intensity of mag-
netic lineation in the magnetic foliation plane with the intensity of
the foliation.
2.4. Eggshell and egg analysis

A taphonomic analysis of the preservation features of each of
the eggs in the assemblage was carried out using naked-eye obser-
vations of the shape and physical features of the eggs. Additional
observations were made using a digital polarizing microscope
(Dino lite AM7013MZT) in the Lourinhã Museum labs to establish
other aspects, such as reabsorption of the mammillae, erosion or
abrasion of the eggshells, or the presence of anomalous or sec-
ondary calcite layers. Eggshell fragments were removed from each
of the eggs in the assemblage and examined using a Carl Zeis Mer-
lin field emission scanning electron microscope (FESEM) equipped
with an energy dispersive spectroscopy detector for x-ray compo-
sitional analysis, housed at the Servicios de Apoyo a la Investi-
gación de la Universidad de Zaragoza. Selected samples were
thin-sectioned in standard 30-lm thin sections and studied with
an Olympus BX53M petrographic microscope equipped with an
Olympus DP27 digital camera, housed in the ‘Instituto Universi-
tario de Ciencias Ambientales’ (IUCA) of the University of Zaragoza.

The physical parameters of the eggshell were measured using
digital callipers and by means of SEM pictures measured using
the software Image J (Schneider et al., 2012). Pore diameter and
pore surface were measured by drawing ellipses adjusted to the
tural and subbasin division of the study area. (c) Geological map of the Paimogo.
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pore section contour, measuring both pore area and mayor axis
dimension of the ellipse. The total surface of the eggshell fragment
analysed, totalizing 574 mm2, was measured using a high contrast
binary collared picture of the thin sections and, measuring the rel-
ative surface occupied by eggshell pixels. Pore diameter and pore
abundance were compared from Antunes et al. (1998). Additional
parameters were calculated using the formulas compiled by
Deeming (2006) and references therein.

Digital replicas of the three main blocks containing eggs were
made following the rules established by the International Commit-
tee for Architectural Photogrammetry, the so-called 3X3 rules of
photogrammetric documentation (Waldhausl and Ogleby, 1994).
A series of 168 high-resolution images (overlapping more than
66%) were took with a DSLR camera with a fixed 28-mm lens, man-
ual exposure and low ISO for greater image quality and processed
using Agisoft Metashape 1.6. A dense point cloud (52 million
points) was used to construct a high-resolution digital elevation
model (DEM) (0.198 mm per pixel) with extraordinary coverage
(25.6 pt/mm2). The DEMwas the basis for the egg-shape and orien-
tation analysis performed with EllipseFit software (Vollmer, 2018),
minimizing the error in measurements and resulting in the statis-
tical distribution of the whole accumulation at once.
3. Geological setting

The Lusitanian Basin is the largest Mesozoic extensional struc-
ture at the western Iberian margin (Fig. 1a), limited by the horst
of the islands of Berlengas and Farilhões to the west and by the
uplifted Variscan Massif to the northeast. The basin was formed
as a result of extensional processes related to the North Atlantic
spreading, involving four rift phases during the Late Triassic
(Triassic-Hettangian), Early Jurassic (Sinemurian–late Oxfordian),
Late Jurassic (Kimmeridgian–early Berriasian), and Early Creta-
ceous (late Berriasian–late Aptian) (Wilson et al., 1989;
Rasmussen et al., 1998; Kullberg, 2000). During the first rift phase,
the reactivation of NW-SE, NNE-SSW and N-S inherited Variscan
faults propagated the deformation towards the continental domain
(Wilson et al., 1989; Kullberg, 2000). In the third phase, the rapid
subsidence rates together with fault-block rotation and diapirism
compartmentalized the structure into distinct sub-basins with dif-
ferential subsidence (e.g., Leinfelder and Wilson, 1989; Kullberg,
2000; Alves et al., 2002; Carvalho et al., 2005; Taylor et al., 2014).

In the central-western area, four depressions called the Con-
solaçao, Bombarral-Alcobaça, Arruda and Turifal sub-basins host
thick syn-rift sedimentary successions (up to 2000 m thick) that
comprise marine and continental deposits (Fig. 1b). Due to the
complex structure and a certain degree of diachronism, the depos-
its show some differences between sub-basins. As a result, several
nomenclatures and correlations for the stratigraphic units through
time have been proposed, summarized in Mateus et al. (2017).
Even so, during the late Kimmeridgian, a shift from mixed marine
environments (Consolaçao Fm., Abadia Fm., and Alcobaça Fm.) to
terrestrial environments (Lourinhã Fm.) occurred more or less
rapidly in all the sub-basins, finishing with the establishment of
fully continental environments during the Tithonian.

The Paimogo site is located 7 km NW of the village of Lourinhã,
consisting of deposits of the Lourinhã Formation (Fig. 1c). The unit
is predominantly a fluvial succession, with shallow marine and flu-
viodeltaic intercalations, and is late Kimmeridgian to late Titho-
nian in age (Leinfelder and Wilson, 1989; Taylor et al., 2014).
According to the division proposed by Hill (1988), the unit com-
prises five members that replace one another both vertically and
laterally. The lowermost Praia de Amoreira Mb. represents a very
fine-grained unit, with thick, muddy beds and small channelled
4

sandstone deposits in extensive mudflats. This member grades into
the Porto Novo Mb., which is characterized by larger channels and
sheet-like sandstones with fewer mudstone beds that correspond
to meandering streams and floodplains. The continental facies of
the Porto Novo Mb. are interspersed in the Praia Azul Mb. This
member comprises lower delta-plain deposits, which exhibit
well-organized sandy channels and low-energy muddy beds,
including shelly beds of shallow restricted shoreline deposits.
The Assenta Mb. contains crevasse and sandy channels interfin-
gered with mudstones and occasional lacustrine and marine
deposits. The Assenta Mb. represents the upper delta-plain and flu-
vial domain of the Praia Azul Mb. Lithologically, the Santa Rita Mb.
is much more coarsely grained, with thick gravelly channels of
well-rounded clasts in a moderately sinuous meandering system,
showing a rapid transition with respect to the Porto Novo and
Assenta members.
4. Stratigraphic and sedimentological analysis

4.1. Stratigraphic succession of the Paimogo area

4.1.1. Description
Overall, the studied succession corresponds to a � 75 m-thick

succession of fine-grained deposits (reddish to greyish silts, mud-
stones, and marls) that intercalate coarser-grain-sized beds
(brownish to greyish sandstones) (Fig. 2a). The correlation of the
two sections shows both vertical and lateral changes in the depos-
its, making it possible to establish four simplified facies associa-
tions. The main features of each facies association (lithology,
texture, stratal geometry, sedimentary structures) as well as the
inferred sedimentary processes and sub-environments are summa-
rized in Table 1.

Mudstones, silts, and marls are the most common lithology in
the area and correspond to laterally continuous tabular beds
(dm- to m-thick), massive in texture, with occasional laminae
appearing in dark-coloured beds. Reddish beds show frequent
pedogenic evidence, such as green and yellowish mottles, root
traces, and carbonate nodules (both spherical and elongated). Grey
strata exhibit scattered root traces and mottling, but nodulization
is very common. Irregular, light-coloured sheets (dm-thick), com-
posed predominantly of spherical carbonate nodules (cm-
diameter) that coalesce in a calcrete-like bed, appear occasionally
interbedded in red mudstones. The sandstones are very coarse to
fine in grain size, commonly in fining-upwards sequences, forming
thick, well-organized channel bodies (up to 7 m thick) that contain
sets of trough and planar cross-bedding, parallel and cross-
lamination, and rare ripples; massive levels are rare. Muddy drapes
and coal debris are frequent at the bottom; cross-bedding is pre-
dominant in the lower and middle parts, whereas burrowing and
bioturbation are not infrequent at the top of the brown bodies.
Occasionally, there are thin conglomerates with erosive lower
and gradational upper contacts, comprising subrounded to
rounded pebbles (mostly reworked nodules) in the channel-floor.
Well-laminated sets or beds are more frequent in fine-grained sets
or beds. The whole succession is highly micaceous, but the grey
sandstones and silts contain larger subangular to subrounded bio-
tite and muscovite grains than the muddy beds.

The palaeocurrent pattern for the overall area, mainly consist-
ing of cross-bedding, imbricated pebbles, and scour axes, shows a
general trend to S, with two maxima in SSW and SE directions
(Fig. 2a). The features of the channelled bodies, together with the
palaeocurrent distribution, suggest a low to moderate sinuosity
for the channels, consistent with a meandering drainage.



Fig. 2. (a) Main stratigraphic and sedimentology features close to the Paimogo site. (b) Detailed definition of this work units and egg-bearing layer in the original quarry
(photo of the first diggings).
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Table 1
Facies associations for the Porto Novo and Praia Azul mbs. in the Paimogo area.

Facies
association

Lithology Texture Geometry and sedimentary structures Interpretation

Sandstones Sandstone
(90%–100%)

Very coarse to fine-grained sandstone with
rarely disperse pebbles and plant remains.
Carbonaceous material is often preserved
on lamination.

Channelled bodies and rarely tabular.
Trough and planar cross-bedding. Parallel,
cross- and ripple-lamination. Common
fining-upwards cycles.

Fluvial channels dominated by confined streams in
less-cohesive banks and frequent lateral migration.
During waning discharges some channels with
longitudinal bars developed; Overbank areas
poorly preserved.Conglomerate

(0–10%)
Clast-supported textures and subangular to
rounded pebbles. Fine sandy or silty
matrix. Reworked carbonate nodules.

Decimetric erosive or irregular bodies with
trough cross-bedding and cross-
lamination.

Mudstone
(0–10%)

Massive with occasional disperse pebbles. Decimetric tabular or irregular bodies.
Dessication cracks.

Mudstones Mudstone
(70%–100%)

Massive. Yellow and green mottling.
Spheric and elongated carbonate nodules.

Tabular bodies with occasional parallel-
laminae. Rhizoliths, Root casts.

Floodplains: mudflat areas fed by unconfined
water flows and episodically reached by isolated
shallow channels. Alternation between dry and
near-surface water level favoured pedogenic
processes. Locally permanent freshwater flooded
areas also existed.

Silt
(0–20%)

Mainly massive. Decimetric tabular bodies or with rare
parallel and cross-lamination. Common
root traces and burrowing. Carbonate
nodules.

Sandstone
(0–10%)

Coarse- to fine-grained sandstone with
disperse pebbles. Massive or laminated.

Decimetric tabular or channelled bodies
with trough cross-bedding, parallel or
cross-lamination. Root traces and
burrowing.

Calcretes Carbonate
nodules
(80%–100%)

Massive coalescent spheric and elongated
carbonate nodules.

Decimetric tabular bodies. Structureless or
ralrely prismatic structure.

Floodplains with episodic clastic sedimentation
rates and steady pedogenic processes.

Mudstone
(0–20%)

Massive or highly bioturbated. Decimetric tabular bodies.

Marls
&
Shelly
beds

Marl
(30%–80%)

Massive, bioturbated or brecciated with
abundant vegetal remains.

Decimetric-metric tabular bodies with
occasional parallel lamination. Common
burrowing, root casts and carbonate
nodules.

Coastal plain – Interdistributary bayswith mixing
carbonate precipitation and detrital deposition.
Marginal exposed areas with rooted vegetation.
Frequent water-level oscillations. Shelly debris.

Silts
(0–20%)

Massive or laminated with common
spherical carbonate nodules.

Decimetric-metric tabular or irregular
bodies.

Shell
(0–10%)

Massive. Irregular bed with bivalves.
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4.1.2. Interpretation
The studied sections of the Vale Pombas Sul and Paimogo Forte

are interpreted as having formed in a fluvial environment with
low-sinuosity meandering streams and extensive adjacent flood-
plains, in areas located close to the shoreline. The observed fea-
tures indicate that the fluvial influence was higher in the Vale
Pombas Sul profile than in the Paimogo Forte profile, where mar-
ine and tidal processes imprinted their signal. The Paimogo egg
accumulation appears in the floodplain deposits of the upper part
of the Porto Novo Mb. close to the vertical and lateral change to
the Praia Azul Mb. (Hill, 1988). If the deposits are referred to
the stratigraphic division of Taylor et al. (2014), the succession
corresponds to the São Bernardino and Porto das Barcas members,
respectively.

The erosive bases, coupled with the sedimentary structures and
fining-upwards trends, suggest that confined streams with com-
mon fluctuations in their discharge were predominant in the chan-
nels. Large bedforms were formed during high-energy events that
transported significant amounts of bedload. The migration of the
bedforms was high in the lower and middle parts of the channels,
as suggested by the common cross-bedding, probably related to
currents of � 1 m/s (Allen, 1982). However, thin cross-
laminations or ripples sandwiched between parallel-laminated
sets suggest waning streams, reflecting low-current velocities dur-
ing some stages (Allen, 1982; Collinson et al., 2006; Nichols, 2009).
Despite the sedimentary structures, other criteria also suggest
periodic fluctuations in the flow energy. Very coarse-grained sand-
stones with pebbles and muddy drapes at the bottom of highly
incised channels correspond to lag deposits due to increasing
energy conditions and reworking of the banks. Soft sediment
deformations below and close to the thicker channels suggest a
sharp overload as a consequence of high sedimentary rates
6

(Owen, 1987; Hill, 1988; Moretti et al., 2001). By contrast, the
interbedded mudstones with desiccation cracks and bioturbation
reflect low-energy discharges and a deposition of high amounts
of suspended material, probably during waning floods and subse-
quent subaerial exposure. Rarely, at the top of the channels, struc-
tureless mudstone and sandstone beds with a low angle of dip
towards the banks could represent levees and crevasse splays
(Allen, 1982; Hill, 1988). In addition, in the basal channel of the
Paimogo Forte profile, tidal-induced characteristics in the sense
of Martinius and Gowland (2011) are recognized. The intense bur-
rowing in the topsets, coal debris and changes in the carbonaceous
fragment concentration in the foresets of cross-laminae, and
changes in the thickness, dip, and direction of the bottomsets can
be interpreted as structures generated tidally during daily ebb-
flood cyclicity.

The thick beds of fine-grained deposits correspond to overbank
deposits in floodplains. The wide extent of these bodies, combined
with localized crevassing, is interpreted as water-discharge that
increased until the channel overflowed and gave rise to overbank
sheet floods. The floods followed the regional slope towards the
south like the channels. These areas were periodically exposed
and pedogenized, as indicated by the mottling, rhizoliths, root
casts, and scattered carbonate nodules. Rare calcretes and poorly
developed horizons suggest a sedimentation rate sufficient to pre-
vent soil horizontalization for much of the time (Hill, 1988). Grey
burrowed and nodulized marls represent a mixed deposition of
carbonate and terrigenous materials by suspension under the per-
manent water table. Additionally, the structureless, encrusted
shelly bed reflects largely but not fully marine conditions, having
probably been formed in interdistributary bay areas in delta plains
(Hill, 1988) or low-lying coastal plains in the form of brackish-
marine bays (Taylor et al., 2014).
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4.2. Sedimentology of the Paimogo site

4.2.1. Description
The detailed study of the Paimogo site (Fig. 2b) focused on the

sedimentological characterization of almost m-thick profiles
between the blocks (seven profiles) and surrounding outcrops
(four profiles) close to the place of excavation (Fig. 3a and Supple-
mentary Data Fig. 2). The main lithological and sedimentological
characteristics, especially the degree of pedogenesis, allow four
units to be defined and a composite section to be formed (Fig. 3b).

Unit I (0.2 m-thick): red (2.5YR 4/8), massive silty mudstones
present common green (5Y 7/4), subvertical, irregular mottling
and elongated rhizohaloes (5 to 10 cm in length) with circular
cross-sections (up to 1 cm in diameter) surrounding red millimet-
ric rhizoliths (5R 4/6). The contacts between the mottling and the
surrounding matrix are diffuse, whereas the elongated rhizohaloes
and matrix show sharp contacts. The rhizoliths and rhizohaloes
exhibit downward tapering, but some branching rhizoliths
(5 cm-long and mm-diameter) are sporadically present. Irregular
carbonate nodules up to 1 cm in diameter are scattered in the
red matrix. Carbonate- or sand-filled root casts around 5 cm in
length and 2 cm in diameter are present.

Unit II (0.1 to 0.2 m-thick): grey (5Y 7/1), micaceous silts to fine
sandstones comprise a well-defined tabular bed towards the south
and east, whereas in the blocks and westwards they are more
irregular, interfingering with red silts (10R 3/6). In the lower part,
relicts of cross-lamination are occasionally observed. Irregular car-
bonate nodules (<1 cm in diameter) are generally dispersed, but
more spherical ones (up to 3 cm in diameter) appear concentrated
close to the top. In the occasional interfingered reddish silt, green
(5Y 7/4), subvertical, elongated rhizohaloes (4 to 7 cm in length)
with elliptical sections show sharp contacts and downward taper-
ing, becoming diffuse when they penetrate grey deposits.

Unit III (0.15 to 0.30 m-thick): red (10R 3/6) silts contain abun-
dant spherical carbonate nodules (<2 cm in diameter) except for
the upper part (�0.20 cm above the egg accumulation), where they
are practically absent and a more light-coloured matrix (2.5YR 4/8)
and yellow mottles (7YR 5/8) are present. Green rhizohaloes (7 to
10 cm in length) with elliptical sections and mottles (5 to 10 cm in
diameter) form sharp and irregular diffuse contacts with the red
matrix, respectively. The subvertical rhizoliths and rhizohaloes
are less frequent at the bottom, becoming more abundant in the
upper parts and towards the east. Furthermore, in the lower part
Fig. 3. (a) Mapping and reconstruction of the original Paimogo site with the location of th
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rhizotubules are filled with carbonate, disappearing in the middle
part (�0.10 cm below the egg accumulation), where eggshells
become more abundant as far as the clutch. In this part and
towards the top, small manganese nodules (<0.5 cm in diameter)
are present.

Unit IV (>0.8 cm in thickness): red (10R 3/6), silty mudstones
contain predominantly green (5Y 7/3), subvertical rhizohaloes (5
to 15 cm in length), showing circular cross-sections and sharp con-
tacts with the surrounding matrix. Green rhizoliths (7 cm long and
mm-diameter) with horizontal branching are less common and are
limited to the uppermost zones, where yellow mottles (7YR 5/8)
and mm-diameter manganese nodules also exist, and the matrix
is light-coloured (2.5YR 4/8). The subspherical mottles of the lower
zones are larger (up to 10 cm in diameter). Towards the southwest,
iron-depleted zones are larger and more irregular with diffuse con-
tacts between the haloes and the surrounding matrix. Carbonate
nodules (<3 cm in diameter) and rhizotubules (�7 cm in length)
are very frequent throughout the lower part of the unit.

The scarce palaeocurrent criteria found in Unit III (only 11 indi-
cators, limited to isolated imbricated pebbles and poorly developed
cross laminations) indicate a coherent S-trending flow in compar-
ison with the overall area, the average being an SSW direction
(Fig. 3a). In greater detail, different degrees of current-generated
grain distribution are recognized in the thin sections, but all of
them are consistent with the flow direction. The most common
arrangement corresponds to dispersed subhorizontal grains mixed
with aligned and imbricated grains (Fig. 4a). The long axes of elon-
gated grains are parallel-oriented to the flow direction, and the flat
faces of planar minerals show up-current and down-current imbri-
cation (Fig. 4a,b). The current imprint could be high in some zones,
resulting in a greater presence of oriented particles and occasion-
ally in well-defined sedimentary structures such as cross-
lamination (Fig. 4b,c). Thus, the settling and low-energy currents
controlled the deposition and the sedimentary fabric, which could
be locally disrupted by the secondary action of roots or noduliza-
tion, which reorganized the grains (Fig. 4d).

These primary and disrupted textural features show a good cor-
relation with the grain-size curves and their spatial distribution.
Grain-size analyses of samples from Unit III (blocks and outcrops)
show clear differences in both statistical and graphical parameters
between two subsets of samples (Fig. 5a). The first group presents a
unimodal distribution close to 9.24 lm (mean value 20.07 lm,
r = 8.51) and symmetrical skewness, rarely with negative skew-
e eggs and jackets. (b) Composite stratigraphic profile (cm-scale) of the Paimogo site.



Fig. 4. Dispersion and alignment of the grains in the fabric of sediments from the Paimogo deposits. Left column shows the original optical microscope image, and in right
column the elongated magnetic minerals appear coloured in green and red colors. (a) Mixed texture compounds of dispersed and aligned grains. (b) Aligned and imbricated
grains. (c) Cross-lamination. (d) Disrupted texture by soft sediment remobilization.
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ness, and with a mesokurtic curve (Fig. 5a). The second group
shows greater variability, corresponding to grain-size bimodality
and even trimodality and polymodality, of 8.97 lm, 123.41 lm,
and 1050.52 lm (mean value 102.27 lm, r = 81.49). The skewness
is symmetrical or strongly positive, in curves with platykurtic,
mesokurtic, and leptokurtic distributions (Fig. 5a). Moreover, all
the samples of the first subset correspond to poorly sorted silts
(medium grain-size), whereas the second subset varies from med-
ium silt to very fine sandstones (very poorly sorted). These groups
show a distinct arrangement around the eggs, the first group con-
sisting of samples from the west of the midpoint of cell B3,
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whereas the second subset represents samples collected to the east
of the same point (Fig. 3a). High-density bioturbation and pedoge-
nesis can be recognized to the east, where the samples present
multimodal curves associated both with changes in the flow veloc-
ity due to a vegetation barrier and disturbances induced by root
penetration.

The organic matter content also shows the same pattern, there
existing a slight variation in relation to cell B3 (Fig. 5b). The values
of organic matter are significant throughout the palaeontological
site. This contrasts with the absence of plant remains or coal
(Fig. 3b). However, sediments to the west of cell B3 show around



Fig. 5. (a) Grain-size distributions for Unit III samples coming from both, block and field. Size-frequency curves indicate two different flows recorded in the deposits, existing
a mix of different particles in size as consequence of reworked processes. (b) Organic matter content of the Unit III sediments. The amount of OM increases towards the
eastern samples and in the field samples when they are compared to blocks ones.
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1.5% less organic matter than those to the east. The slight increase
in organic matter to the east also shows a good correlation with the
increases in pedogenesis and root traces (Fig. 3a).

4.2.2. Interpretation
The parent material of the palaeontological site is composed of

poorly sorted silts that preserve the primary sedimentary fabric at
mm-scale. Grain size, sorting, and composition between matrix
and rhizohaloes are similar, and only minor disturbances and rea-
ligned grains due to root penetration are observed, indicating low
pedogenic modification (Retallack, 1988; Mack et al., 1993). The
palaeosol profile corresponds to alternating Bw-Bwk horizons
and local Bw-Bwk-C horizons, without clear evidence of A horizons
such as light colours, enrichment in organic matter, or high-density
rhizoliths (Fig. 3b). The Bw horizons are characterized by frequent
green mottles, and subvertical rhizoliths and rhizohaloes are more
abundant, suggesting a key contribution of the roots in iron mobi-
lization (e.g., Kraus and Hasiotis, 2006). Yellow mottling reflects a
preferential mobilization of hematite against goethite under sub-
anoxic conditions during short-seasonal wet periods (Kraus and
Hasiotis, 2006). The near-absence of clays or coatings suggests a
low degree of clay formation and illuviation during the soil devel-
opment process (Buol et al., 2011). Moreover, pedogenic man-
9

ganese nodules indicate fluctuating moisture conditions
(Retallack, 1988), and the low content in carbonate nodules sug-
gests a certain degree of leaching to the Bwk horizon. The transi-
tion between Bw and Bwk is marked by a progressive
enrichment in carbonate nodules without a well-developed bound-
ary. In the Bwk horizons, the nodules remain isolated in a poorly
cemented matrix (early stage II of Machette, 1985), and
carbonate-filled root casts combined with irregular, iron-depleted
masses suggest fluctuations in the moisture (e.g., Kraus and
Hasiotis, 2006). The C horizons correspond to fine sandstones that
preserve the original lamination, but a high density of carbonate
nodules close to the upper boundary indicates an incipient devel-
opment of a Ck horizon in relation to the lower part of a Bwk hori-
zon in some zones.

The coexistence of primary sedimentary structures and a low
degree of pedogenesis represents a palaeosol profile predomi-
nantly characterized by very weakly developed horizons and mod-
erately well-drained conditions (Retallack, 1988; Mack et al., 1993;
Kraus, 1999; Kraus and Hasiotis, 2006; Catena et al., 2017). The
irregular boundaries of the palaeosol profiles, thin horizons with
gradual limits, and preserved sedimentary structures point to a
classification as Entisol (Soil Survey Staff, 2010; Buol et al., 2011).
The very poor development of ferric and calcic horizons as well
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as the prominent pedogenic character can be attributed to a calcic
Protosol (Mack et al., 1993), the Bwk horizons belonging to the
early stage II of Machette (1985).

The lack of a recognizable A horizon suggests a slightly trun-
cated palaeosol due to sediment removal (e.g., Morrison, 1964;
Kraus, 1999). The alternation of very weak Bw and Bwk horizons
reflects a stacked compound profile, which is characteristic of
zones near to avulsion belts, probably located < 2 km from the
main channel (Marriott and Wright, 1993; Kraus, 1999). In these
zones, unsteady sedimentation occurred in rapid flooding events
with short recurrence periods rather than soil development, result-
ing in the burial of the immature older soil horizon and a partial
overlap with the younger palaeosol (e.g., Kraus and Alsan, 1993;
Catena et al., 2017; Lucas and Tanner, 2021). To the south and
southeast of the Paimogo area, the palaeosols are composed of
finer sediments, and cumulative profiles have been established,
showing more distal areas in the floodplain. Although red matrix
and carbonate accumulations indicate moderately well-drained
conditions, the mottling is associated with short periods of wet
conditions, probably after flooding or high-precipitation events in
which the water table was raised (Kraus and Hasiotis, 2006). In
addition, the root traces display changes in the redox conditions
due to fluctuations in the water saturation (Kraus and Hasiotis,
2006; Catena et al., 2017). Thus, semiarid conditions prevailed,
but the water supply was enough to maintain vegetation cover,
perhaps due to the intensive seasonal rains that also provoked
the channel overflows. In light of the above, the time taken to form
the soils could range on the order of between 101–102 years, but
the scarce carbonate content points to a greater formation time
of around 102–103 years (Machette, 1985; Birkeland, 1999;
Daniels, 2003).
5. The Paimogo egg accumulation

5.1. Egg distribution and geometry of the accumulation

The Paimogo egg accumulation contains at least 73 complete to
partially complete eggs, indeed up to 100 according to the filed
reports that count the eggs contained in the unopened and lost
jackets. These are attributable to theropod dinosaurs and are clus-
tered in four to six groups of variable size (Fig. 3a). Three isolated
crocodile eggs were found in the external areas of the groups, but
these follow the same arrangement (location and orientation in the
clutches) as the dinosaur eggs. The main cluster is located between
cells B1 to B3, comprising 52 eggs in close proximity to each other
in a subelliptical grouping (NW-SE oriented). In the centre of the
assemblage, the long axes of the eggs are more randomly oriented,
whereas towards the boundaries NW-SE and NE-SW orientations
are present (Fig. 3a). The second cluster (cells A3 – A4) is formed
by 13 eggs closely associated in an asymmetric NE-SW-trending
ellipsoid in which the outer eggs also present preferred NW-SE
and NE-SW orientations of the long axes. Two smaller clusters
are formed by at least three eggs that are very close together (cells
B2 – C2), of which there may be more if the unopened jackets is
taken into account, and five scattered eggs between cells B3 and
B4. Around the assemblages, a high number of eggshells appear
both concave-up and concave-down, but it is noticeable that they
decrease in abundance further east from the main group through-
out cell B3.

As regards the vertical distribution, the eggs are in two to three
superposed levels without significant amount of sediment
between them. A general imbrication pattern can be observed in
the egg-to-egg contacts, with the westward eggs resting on the
eastward ones. The two long axes of the eggs are always in a sub-
horizontal position, whereas the short axes are close to the vertical.
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Within the stratum, the eggs always occur in the middle part of
Unit III within the Bw horizon, and they are filled with the same
surrounding red silty material. Some of them, especially in the
minor clusters, contain green fills associated with circular break-
ages of the top parts of the egg (<3 cm in diameter). These broken
eggs show vertical eggshell fragments collapsed down into the egg.
Green tones have also frequently been recognized in the underly-
ing materials of the crushed eggs. Three eggs with putative hatch-
ing windows can be identified in the main group, coinciding with
an abundance of ex ovo perinatal bones.

5.2. Egg and eggshell features

5.2.1. Description
The eggs of the Paimogo accumulation are crushed due to litho-

static pressure and diagenetic processes, but their original shape
can be estimated. They are centimetric in size
(100 mm � 70 mm) and have a prolate shape, with an average
ellipsoid ratio of 1:6. By comparison with previous studies of the
accumulation, our inferred size for the egg is slightly smaller and
more elongated (contra Mateus et al., 1997; Antunes et al.,
1998). This is due to the larger number of eggs sampled and mea-
sured for the present study.

The mean eggshell thickness is 769 lm (N = 54, SD = 0.94). This
value is significantly lower than the previously reported mean
thickness of 700 to 1000 lm (Mateus et al., 1997) or
920 ± 110 lm (Antunes et al., 1998) due to the presence of a sec-
ondary diagenetic layer of calcite covering the outer surface of
most of the eggs. Previous reports described this secondary layer
as being the result of the recrystallization of the outer part of the
eggshell, but detailed observations using thin sections and SEM
suggest that it is indeed an epitaxial overgrowth of secondary cal-
cite on top of the eggshells (Fig. 6). The large standard deviation
observed in the sample is attributed to differences in the degree
of reabsorption of the mammillae. In general, the eggs have a
smooth outer surface, and no abrasion or erosion marks are
observed (Fig. 6a). On the inner surfaces, the mammillae are well
preserved in most of the eggs, with varying degrees of mammillary
reabsorption (Fig. 6b).

The eggshells show a two-layered obliquiprismatic morpho-
type, with a mammillary layer to continuous layer thickness ratio
of 1:3 to 1:4 in well-preserved eggshells. The mammillary layer
(ML) and a continuous layer (CL) with horizontal growth lines
occasionally show a recrystallized prismatic layer or secondary cal-
cite deposits. The shell units are relatively wide (390 lm, N = 51,
SD = 75; shell unit height/width ratio of 2.5:1) and show a sharp
columnar extinction pattern in cross-polarized light (Fig. 6 and
Supplementary Data Fig. 3). The ML shows a radial calcite ultra-
structure, with thin wedges of calcite radiating from the preserved
organic cores. The transition between the ML and the CL is gradual
(Fig. 6a), although some eggshells show an apparently more abrupt
transition due to diagenetic alteration (Fig. 6b). The CL shows a
tabular ultrastructure, without any vesicles or squamatic ultra-
structure, where prisms can be distinguished in SEM images. The
eggshell has wide, relatively scarce, oblique pore channels
(0.180 lm in diameter, Fig. 6c), and a pore density of 0.16 pores/
cm2 (Antunes et al., 1998). The pore system is obliquicaniculate
to angusticaniculate. The pores are almost straight, circular in sec-
tion, and constant in diameter throughout their length, the angle to
the shell surface ranging from 60� to 90� (Antunes et al., 1998).
Most pores are filled with secondary calcite deposits, which are
similar in composition, texture, and grain size to the secondary dia-
genetic layer that covers the external surfaces (Fig. 6e), confirming
the diagenetic origin and epitaxial formation of the latter. Pore
openings are difficult to observe on the external surfaces. The inner
surface shows the preserved mammillary bases (Fig. 6e).



Fig. 6. Secondary electron images of Preprismatoolitus sp. ML 565. (a) ML 565-Egg 29. Radial section of the eggshell, showing relative wide Shell units with a mammillary
layer composed of radiating wedges of calcite and a gradational transition to a continuous layer with tabular ultrastructure. Shell units can be distinguished through the
complete eggshell thickness. (b) ML 565 Egg 5. Radial thin section of the eggshell showing an apparent abrupt transition between the mammillary layer and the continuous
layer due to a-crystallographic defect. (c) ML 656-Egg 8. Radial thin section showing an oblique pore channel. (d) ML 656-Egg 8. Outer surface view of the eggshell showing
the irregularly crystallized outer diagenetic surface covering the smooth outer surface. (e) ML 656-Egg 8. Showing mammillary bases with no reabsorption craters.
Abbreviations: ML, mammillary layer; CL, continuous layer; DL, diagenetic layer; SU, shell unit; def, crystalline defect; pc, pore channel; bm, base of mammilla.
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5.2.2. Interpretation
The obliquiprismatic morphotype as well as the eggshell thick-

ness and egg size are compatible with the oogenus Preprisma-
toolithus (Hirsch, 1994), first described in the contemporary
Morrison Formation (USA). The specimens are thinner than the
only described oospecies, Preprismatoolithius coloradensis, which
has a slightly greater range of eggshell thickness, from 700 lm to
1000 lm. This eggshell has been associated with allosauroid ther-
opod dinosaurs on the basis of fragmentary embryos showing diag-
nostic characters of the genus Allosaurus (Carrano et al., 2013).

The association of the Paimogo eggs with a theropod taxon was
unambiguously established in the original description of the accu-
mulation (Mateus et al., 1997, 1998) on the basis of the morphol-
ogy of the femora and tibiae. More precise details of this
classification have been suggested, with several works attributing
the eggs and embryos of Paimogo to the allosauroid theropod Lour-
inhanosaurus antunesi, on the basis of the similar age and geological
proximity, the relative proportions of the centra of the presacral
vertebrae (Ricqlès et al., 2001), and the presence of a large premax-
illa showing four alveoli, which is unlike Allosaurus (Carrano et al.,
2013). However, both studies predate the description of two new
allosauroid theropod species from the Lourinhã Formation: Allo-
saurus europaeus and Lusovenator santosi (Mateus et al., 2006;
Malafaia et al., 2020). Further detailed taxonomic studies of the
embryonic material are needed to improve the taxonomic attribu-
tion of the Paimogo egg assemblage.

Antunes et al. (1998) studied the porosity of the eggs from the
Paimogo assemblage, obtaining a water vapour conductance of
483 mg H2O�day�1�Torr�1, concluding that aerial incubation would
have caused the death of the embryos due to excessive water loss
as a result of the diffusion of water vapour (Deeming, 2006, and
references therein). Our calculated water vapour conductance of
179 mg H2O�day�1�Torr�1 is significantly lower on account of the
newly obtained values for egg size and eggshell thickness, despite
measuring a similar pore density (0.194 versus 0.19 pores/mm2)
and pore diameter (0.16 mm of max diameter versus 0.18 mm of
max diameter) as Antunes et al. (1998) reported, but it is still times
the expected water vapor conductance for an avian egg of similar
weight (Table 3 and Supplementary Data Fig. 4). This value of
water vapor conductance is similar to those of modern, mound-
nesting crocodiles such as Crocodylus porosus (375 mg H2O�day�1-
�Torr�1) and Alligator mississippiensis (387 mg H2O�day�1�Torr�1)
(Deeming, 2006). Water vapor conductance alone does not provide
enough information to differentiate dug vs. mound nesting
clutches, but strongly suggests the eggs of Paimogo were laid
and covered to avoid desiccation.

5.3. Geochemistry of the eggshell

5.3.1. Description
The geochemical analyses of the eggshells establish two subsets

of eggs based on d16O, d13C, and Sr/Ca values (Supplementary Data
Table 1). Group A (33 eggs) corresponds to lower values in the oxy-
gen and carbon isotopes and higher Sr/Ca ratios, whereas Group B
(18 eggs) is characterized by higher isotopic values and lower Sr/Ca
ratios (Fig. 7a). The altered eggshells tend to be similar to the sig-
nature of the carbonate nodules and carbonate root casts (Supple-
mentary Data Table 1) (Coimbra et al., 2023). There is a correlation
between the two geochemical types, and the egg-size proportions
reflect a clear correspondence, pointing to individual and parallel
tendencies for each group. Both groups fit well with the average
elongation coefficient, and the ranges of length are similar, but
Group A consists of larger eggs than Group B (Fig. 7b). The 19
altered eggs present the same proportions as Group A, whereas
the non-analysed eggs show an intermediate distribution between
the sizes of the two groups.
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In addition, the distribution of the egg groups in the accumula-
tion also varies in terms of longitudinal axis orientation and spatial
arrangement (Fig. 8). Within the overall orientations, NW-SE and
N-S trends stand out against a background where other secondary
maxima such as NE-SW and ESE-WSW can be recognized. Group A
shows almost the same pattern with maxima in N-S (clockwise
deviation) and NW-SE, whereas Group B presents a clear maximum
close to N-St (anticlockwise deviation) and a significant secondary
maximum in NNE-SSW (Fig. 8). The orientation of the altered eggs
is perfectly consistent with the Group A pattern, corresponding to
the main and secondary trends of this group. The unanalysed eggs
are closer to the Group A distribution, at least the conspicuously
NW-SE trending eggs, and the two secondary NE-SW and ESE-
WSW orientations are represented in both groups. Furthermore,
the spatial arrangement of Group A is predominantly in the centre
of the accumulations, and the eggs in Group B form a crescent
shape surrounding the Group A eggs (Fig. 8).

5.3.2. Interpretation
The best-known theropod nests and clutches point to the con-

struction of individual mounds or to egg-laying on the ground sur-
face, using various methods of cover such as sediment, vegetation,
or active incubation in order to prevent dehydration (e.g.,
Carpenter, 1999; Zelenitsky, 2006 ). The term mound has been
used as a morphological description instead of the genetic origin,
describing a non-cohesive positive relief above the ground. Each
individual structure contains between 14 and 28 eggs and is attrib-
uted to a single female laying. The occurrence of several mounds
close together has been interpreted as colonial behaviour with sev-
eral females in a common nesting area (e.g., Carpenter, 1999).
Regardless of whether it is a collective laying or remodelled
mounds, the number of eggs in the Paimogo accumulation would
have required several females or one female in several periods
(Supplementary Data Fig. 5). The geochemical values and the aver-
age size of the dinosaur eggshells point to the presence of at least
two females, independently of the control factor over the isotope
signal. Traditionally, biogenic carbonates such as dinosaur egg-
shells are commonly interpreted as deposited at near oxygen iso-
tope equilibrium with the ambient temperature (e.g., Erben et al.,
1979; Sarkar et al., 1991; Cheong-bin et al., 2009; Domingo et al.,
2013). Recently, small shifts in the clumped isotope signature have
been interpreted as vital effects during eggshell precipitation due
to variations in body temperature and mass, even within the same
species (Dawson et al., 2020; Laskar et al., 2020). The higher iso-
tope values of Group A in comparison with the lower values of
Group B would imply the same two hypotheses expounded above
to explain the accumulation. However, the Sr/Ca ratio is controlled
only by environmental conditions, no metabolic influence being
known in continental vertebrates, with low values referring to arid
periods and high values to wetter periods (Cojan et al., 2003;
Grellet-Tinner et al., 2012). In the Paimogo eggshells, the d16O,
d13C, and Sr/Ca values indicate a correspondence that suggests an
influence exerted by the environmental conditions and the drink-
ing water, Group A being associated with streams and fresher
waters and Group B with more stagnant, evaporating waters.

Even though the eggs are intact and apparently preserved
in situ, the geometrical arrangement is compatible with water
transport since they were located in the same horizon and in close
proximity. No evidence of transport is recognized, such as round-
ing or abrasion in individual eggshells, or smashed and battered
eggs, suggesting a parautochthonous assemblage resulting from
short-distance transport (e.g., Cheong-Bin et al., 2009; Oser and
Jackson, 2014). The orientations of the longitudinal axes parallel
and perpendicular to the inferred palaeocurrents reflect imbrica-
tion and transport by rolling, the behaviour shown by any sedi-
mentary particle in a water flow. The amount and arrangement



Fig. 7. Geochemical results for all eggshells analysed in this work. (a) Principal Component Analysis of the data based on Mg/Ca, Fe/Ca, Sr/Ca, Mn/Ca, d16O and d13C indicates
two possible groups of different eggs. (b) Graphical relation between the length of the axes for the several egg groups, indicating a different proportion between them.
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of the eggs belonging to Group A suggest less transport than the
eggs in Group B. A remodelling of several mounds belonging to a
collective assemblage thus seems most probable.

Only three eggs show a clear dissolution of the mammillae as a
consequence of the embryo’s calcium requirements, and four eggs
are opened by hatching or cracking. Due to the paraautochtonous
nature of the assemblage, it is unlikely the eggs hatched. Across
the accumulation, four assemblages of embryo bones are recog-
nized, three of them associated with Group A eggs and only one
with Group B. These criteria are coherent with a low rate of success
in the clutches. If clutches where viable at the moment of the flood,
movement of the eggs may have induced and important stress on
the embryos and an early interruption of the incubation.

The clutches probably consisted of mounds covered by sedi-
ment or vegetation (and abandoned as a consequence of the water
rising) since they were easily destroyed and remodelled. The mod-
erately well-drained conditions and the redox processes, typical of
such semiarid environments, prevented the preservation of the
plants and organic matter. However, the considerable amount of
13
organic matter preserved around the eggs suggests that vegetation
cover could have been used to protect the eggs and maintain the
warm, moist conditions. It seems improbable that the eggs were
laid on the ground surface since the egg conductance would have
resulted in the dehydration of the embryos (Antunes et al., 1998;
Carpenter, 1999).
6. AMS analysis of the Paimogo egg-bearing sediments

6.1. Anisotropy of magnetic susceptibility

A summary of AMS properties for the samples as a whole and
for each subsite (per bed and location in block or outcrop) is shown
in Table 2. The analysis was based on 158 reliable specimens,
whereas 32 specimens were excluded from the subsequent analy-
ses after filtering the data, since they presented vertically oriented
grains corresponding to mechanical inverse fabric (compared to
the assumed horizontal sedimentary plane, Bradák et al., 2020)



Fig. 8. Mapping of the egg distribution and orientation along of the Paimogo site, considering the different groups. In the lower part, rose diagrams show the graphical
distribution of the mayor axis in each case.

Table 2
Magnetic susceptibility data of the Paimogo site.

Site Specimen group N Km
(�10-6)

SD
(�10-5)

Pj T L F q Kmax (T/P) Conf Ang (�) Kint (T/P) Conf Ang (�) Kmin (T/P) Conf Ang (�)

Total Complete 158 158 3.51 1.015 0.545 1.003 1.011 0.279 351/8 62/13 081/3 62/11 220/86 13/11
Blocks 95 162 3.27 1.013 0.463 1.003 1.009 0.335 352/6 19/3 082/5 19/3 212/82 13/12
Outcrops 63 154 3.82 1.018 0.668 1.003 1.014 0.194 182/0 85/10 092/1 90/5 290/88 3/3

Unit III (Egg laid bed) Complete 82 158 3.49 1.015 0.557 1.003 1.011 0.272 344/2 59/11 074/3 59/13 228/86 13/11
Blocks 50 155 3..49 1.013 0.461 1.003 1.009 0.339 343/1 53/13 079/6 53/13 240/83 14/13
Outcrops 32 163 3.60 1.018 0.707 1.002 1.014 0.167 351/2 74/10 081/0 74/12 178/88 6/4

Unit II (Mid. grey bed) Complete 45 151 15.1 1.013 0.513 1.003 1.009 0.295 002/4 47/12 092/2 47/10 207/85 13/10
Blocks 24 160 16.0 1.012 0.413 1.003 1.008 0.357 008/9 32/11 098/2 32/12 198/79 12/11
Outcrops 21 141 14.1 1.014 0.626 1.002 1.011 0.224 157/2 70/8 066/0 70/9 327/88 9/8

Unit I (Low. red bed) Complete 31 168 2.98 1.019 0.559 1.003 1.014 0.264 015/3 75/15 107/1 75/10 224/87 16/9
Blocks 22 173 2.53 1.016 0.540 1.003 1.012 0.278 005/10 48/12 275/11 48/8 181/80 13/8
Outcrops 9 156 3.77 1.026 0.606 1.005 1.020 0.231 077/4 60/8 166/7 60/10 315/12 10/7
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caused by geological/pedological processes and generally corre-
sponded to high Km values and prolate subvertical ellipsoids
(Fig. 9). Most of them, both from the blocks and outcrops, were
located towards the east and displayed bioturbation structures,
which were likely the result of the mechanical and chemical activ-
ity of roots.

The overall calculated mean susceptibility (Km) is
158.5 � 10�6SI units, ranging from 74.3 � 10�6 to 2237 � 10�6SI
units, with an almost normal distribution and most of the values
(�90%) between 106.4 � 10�6 and 219.4 � 10�6SI units (Fig. 9a).
This suggests the important contribution of paramagnetic particles
14
to the bulk susceptibility, corroborated by the hyperbolic progres-
sive decay of the initial part of the thermomagnetic curves (see
Appendix: Supplementary Data Text and Supplementary Data
Fig. 6). The mean value of the corrected degree of anisotropy (Pj)
is 1.015, ranging between 1.012 (Unit II block) and 1.026 (Unit I
outcrop), whereas the egg bed (Unit III) displays values very close
to the average and between the subsites, 1.013 and 1.018 in blocks
and outcrops, respectively (Table 2). Most of the specimens show
an oblate shape parameter (T), and most of the values, around
90%, are between 0.230 and 0.970, except for 16 specimens that
show prolate or triaxial ellipsoids ranging from � 0.521 to 0.168



Table 3
Selected measures of eggshell physical properties and calculated values.

Measure Variables and formulas N Value Units Reference

Egg length L 73 100 cm2 This work
Egg width B 73 70 cm2 This work
Pore type � � oblique � Mateus et al., 1997; this work
Egg mass M = 5.60�4E*LB2 � 2479.4 g Deeming and Ferguson, 1991
Surface area As = 4.835 M0.662 � 209 cm2 Paganelli et al., 1974
Surface area (ellipsoid) Ase = 4�p�[1/3*((a�b)1.6075+(a�c)1.6075

+(b�c)1.60753)]1/1.6075
� 199 cm2 This work

Egg volume (ellipsoid) V = 4/3*p*(L/2)*(B/2)2 � 2.57E + 05 mm3 This work
Number of eggs (measured) NEm � 73 eggs This work
Number of eggs (estimated) NEe � 100 eggs Mateus et al., 1997
Clutch volume (minimal) V*NEm � 1.87E + 07 mm3 This work
Mean eggshell thickness Ls 56 0.769 mm This work
Pore density Pd 0.194 Pores*mm�2 This work
Number of pores (estimated) N � 3860.6 Pore openings This work
Pore opening radious (max) r+ 111 0.076 mm This work
Pore opening radious (min) r- 111 0.065 mm This work
Pore opening area A 111 0.017 mm2 This work
Total pore opening area Ap = A*N 65.6302 mm2 This work
Calculated water vapour conductance GH2O = Ap(0.477Ls)-1 178.92 mgH2O*day�1*Torr�1 Ar and Rahn, 1985
Mass specific water vapour conductance SpGH2O 0.07 mgH2O*day�1*Torr�1*g�1 Ar and Rahn, 1985
Predicted water vapour conductance 39 mgH2O*day�1*Torr�1*g�1 Deeming, 2006

Fig. 9. Graphical plots of the mean magnetic fabric of the all studied specimens. (a) Frequency for the total range of mean susceptibility values (km) in the study and
discarded samples. (b) Jelinek diagram. (c) Magnetic susceptibility (km) vs corrected anisotropy degree (Pj). (d) Equal area projection of the three magnetic axes after
restoring bedding to horizontal, including their confidence ellipses. Kmax in red squares, Kint in green triangles and Kmin in blue circles. The larger symbols indicate the average
value for each axis. (e) Contour diagrams with the statistical distribution of magnetic lineations. The red and blue coloured areas represent the directions of Kmax and Kmin axis,
respectively.
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(Fig. 9b). The mean value of the magnetic lineation (L) is 1.003, and
this always displays low variation (<0.002) when the subsites for
the same bed are compared (Table 2). The values of magnetic foli-
ation (F) are fairly similar to the overall mean value of 1.011, vary-
ing between 1.008 (Unit II block) and 1.020 (Unit I outcrop), the
values of 1.009 and 1.014 of the egg bed subsites (Unit III) being
very consistent with each other and again with the average
(Table 2).

All the magnetic fabrics were rotated into tilt-corrected coordi-
nates, and the overall mean AMS ellipsoid (Fig. 9d,e; Supplemen-
tary Data Fig. 7) displays a Kmin clustering close to the centre of
the projection and perpendicular with respect to the bedding
plane, where Kmax and Kint form a nearly horizontal girdle (95%
samples < 30�). The clusters of the Kmin axes in the different sub-
sites show confidence angles close to the mean value for the over-
all zone (13�/11�), indicating a better grouping in the outcrop
subsites than in the block ones (Table 2, Supplementary Data
Fig. 7). This can be explained by higher errors (or accumulated
errors) in the orientation of the samples extracted from blocks,
compared to those directly extracted in the outcrop. Although Kmax

and Kint are scattered in the bedding plane, a preferred trend to N-S
orientation for the magnetic lineation, evidenced by the density
distribution of the principal axis (Kmax), is observed in all subsites
(Table 2, Supplementary Data Fig. 8), except for Unit I in the out-
crop, where an exchange between Kmax and Kint exists, probably
related to the low number of samples. These data, coupled with
the null correlation of Pj/Km and the good correspondence of Pj/T
(Fig. 9b,c), indicate the low influence of mineralogical changes on
the degree of anisotropy and well-preserved flat-lying AMS ellip-
soids. The susceptibility axis distribution and the scalar parameters
for all the subsites suggest a primary depositional fabric within the
range of the usual values for fine-grained deposits (e.g., Tarling and
Hrouda, 1993; Hrouda and Chadima, 2019). Likewise, comparison
of the blocks and outcrops for each unit indicates a good corre-
spondence of the parameters and eigenvector orientations, corre-
sponding to a common genetic origin of the fabrics.

After establishing reliable AMS values for the whole deposits,
only the specimens collected in Unit III, between 30 cm above
and below the eggs, are considered for further analysis. The Pj/T
diagram reveals that most specimens (�90%) are characterized
by oblate ellipsoids with different degrees of anisotropy, although
there are a few data with prolate or triaxial ellipsoids (�8%), which
exhibit similar ranges of anisotropy (Fig. 10a). On the Flinn dia-
gram (Fig. 10b), the main cluster describes a foliated fabric, and
the minor, secondary cluster describes a lineated fabric, both being
separated from the point of origin (isotropic fabric). Most of the
data belonging to the main cluster are located near the F axis,
and the scattered samples in the F domain, together with the posi-
tion of the secondary cluster in the L domain, indicate that the foli-
ation is stronger than the lineation. This kind of fabric distribution
is perfect for applying the q–b diagram (Fig. 10c), defined by Taira
(1989) and extended by Novak et al. (2014) and Bradák-Hayashi
et al. (2016), which compares the degree of orientation of the par-
ticles and sorting (q) with the imbrication of the Kmin (b). The result
is a correlation between the ellipsoid shape, the grain alignments,
and the most probable depositional processes. Most of the data
present low q-values (<0.2) and normal imbrication angles (5�–
25�), indicating the preferential influence of gravity and current
processes on particle deposition. A minor contribution from the
viscous suspension and grain collision processes is reflected by a
subset with q-values from 0.4 to 0.7, whereas the few scattered
points above the q-value of 0.7 or > 30� imbrication suggest the
limited influence of bioturbation, tectonic strain, or deformations
(Fig. 10c).

Stereographic projections of the orientation and density distri-
bution of the magnetic axes show that Kmax and Kint are scattered
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in the bedding plane, and Kmin parallel to the bedding pole
(Fig. 10d,e). However, the statistics for magnetic lineation (Kmax)
present NNW-SSE orientation close to the horizontal, whereas
the Kmax for individual specimens forms a broad cluster along the
NNE-SSW to NW-SE orientations and < 30� plunge (90% of
data < 20�). Two maxima appear in the cluster around NNE and
NW (Fig. 10e). Both directions are parallel and almost perpendicu-
lar to the palaeoflow established from the palaeocurrent indicators
in the field (Fig. 3). In addition, the Kmax axes of the few prolate
ellipsoids show small inclination angles (<10�) and are preferen-
tially parallel-aligned to the NNE-SSW and NW-SE orientations.

6.2. Interpretation

In a primary depositional magnetic fabric, phyllosilicates tend
to form accumulations with the Kmin axes (c-crystallographic axes)
perpendicular to the bedding, due to the quiet deposition within
the water, resulting in oblate mineralogical fabrics (e.g., Ellwood
and Whitney, 1980; Tarling and Hrouda, 1993). A current induces
tangential forces that control the parallel or perpendicular align-
ment of the Kmax axes (a-crystallographic axes) of the grains and
the flow direction, forming a current-generated magnetic fabric
(e.g., Sagnotti, 2011; Felleti et al., 2016). Thus, a sedimentary mag-
netic lineation emerges by a clustering of the Kmax axes depending
on the hydrodynamic conditions (Bradák et al., 2020).

The q-b diagram and the magnetic fabric show a good correla-
tion with the particle arrangement and palaeoflow indicators
observed in the field and thin sections (Fig. 4). The q-b diagram
reflects the distribution expected for floodplain deposits, which
were formed by overflow currents. In these environments, the
influences of tangential stress (flow-induced) and settling
(gravity-induced) interact during the loss of energy of a water flow
(Rees and Woodall, 1975; Taira, 1989; Dong et al., 2013; Bradák
et al., 2020). The data are grouped around low q-values (<0.4), indi-
cating good sorting and a progressive loss of energy of the current.
The low imbrication angles (<10�), in general correlative with up-
flow tilting, correspond to low-energy currents (<1 cm/s), which
is enough energy to imbricate some grains and allow the action
of gravity. In these dynamic conditions, some high imbrication
angles (>10�), could correspond to peaks of greater energy in the
flows (�1 cm/s) or to an inclination of the depositional surface
(>30�). Scattered specimens fall within the category of the viscous
suspension and grain collision, which is normal in unconfined
flows.

The flow characteristics established through the magnetic prop-
erties also fit well with a magnetic fabric formed by NNW- to NNE-
flowing unidirectional currents resulting from the overflow and
flooding of the channel banks. Thus, the magnetic lineation
(NNW) and two small but significant Kmax clusters, both parallel
and perpendicular to the flow direction (NW and NNE), fit well
with the imbricated and aligned grains, roughly parallel to the
palaeoflow observed in the thin sections (Fig. 4). The Kmax ranges
fall within the possible directions considering the variability of
the current in the bed (e.g., Sagnotti, 2011; Novak et al., 2014;
Felleti et al., 2016; Bradák et al., 2020). The correlative cluster on
the opposite side of the projection could indicate both up-current
and down-current imbrication of the grains observed in the thin
section (Bradák et al., 2020). The prolate ellipsoids parallel and per-
pendicular to the direction of the current suggest both an align-
ment and rolling of the elongate grains. In addition, the scattered
Kmax and Kint along the magnetic foliation reflect the deposition
of the grains by gravity when the flow lost energy.

Furthermore, several criteria, such as the well-defined flat fab-
ric, the low degree of anisotropy, the magnetic foliation nearly par-
allel to the bedding, and the magnetic lineation almost
perpendicular to the bedding strike, rule out a tectonic overprint



Fig. 10. Graphical plots of the mean magnetic fabric of the Unit III deposits. (a) Jelinek diagram. (b) Flinn diagram. (c) Taira diagram with separate areas related to
transportation processes. (d) Equal area projection of the three magnetic axes after restoring bedding to horizontal, including their confidence ellipses. Kmax in red squares,
Kint in green triangles and Kmin in blue circles. The larger symbols indicate the average value for each axis. (e) Contour diagrams with the statistical distribution of magnetic
lineations. The red and blue coloured areas represent the directions of Kmax and Kmin axis, respectively.
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of the magnetic fabric (e.g. Cifelli et al., 2015; Hrouda and Chadima,
2019; Stachowska et al., 2020). Moreover, a NE–SW extension
direction has been deduced from an AMS analysis of Late Jurassic
deposits to the north of the study area (Soto et al., 2012). These
authors noted that the tectonic fabric could be related to the influ-
ence of the Atouguia da Baleia fault and secondary processes due to
regional E–W stretching. Beyond the absence of major faults near
Paimogo, the large angle between magnetic lineations and the poor
development of the magnetic lineation compared with studies fur-
ther north suggest a different origin for the magnetic fabric.

These characteristics also allow us to rule out any nesting struc-
ture or dinosaur activity since no disrupted fabrics or abrupt
changes between egg-bearing materials and the surrounding
deposits are observed (see expected fabrics in Supplementary Data
Fig. 1). Furthermore, a high degree of anisotropy and q-values
above 0.8 would be expected as a consequence of the digging
and stacking of sediments, similar to the values induced by biotur-
bation or grain fall in chaotic flows (Novak et al., 2014; Bradák
et al., 2020). Conversely, the vertical compaction induced by a
17
dinosaur during the preparation of a ground surface or a mound
could be reflected in a planar magnetic fabric. Even then, some dis-
turbances related to the footprints would be expected in accor-
dance with the AMS analysis of dinosaur footprints by García-
Lasanta et al. (2013), who established changes in the Pj below
structures and disruptions toward the footprint boundaries in
comparison with the surrounding rocks.

7. On the origin of the Paimogo egg accumulation

Since the excavation of the site, several hypotheses have been
postulated to explain the formation of the Paimogo egg accumula-
tion: (1) it is a fossilized nesting ground recording different egg-
laying events in a recurrent laying area over different periods of
time; (2) it is a single-event deposit, recording the collective nest-
ing behaviour of theropod dinosaurs; or (3) it represents a sec-
ondary assemblage caused by the reworking of one or several
nests or clutches (Mateus et al., 1997, 1998; Cunha, 2001; Cunha
et al., 2004).
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The first assumption of our model is the occurrence of a colonial
nesting area. Such gregarious behaviour has been inferred in ther-
opods in other sites where clutches have appeared close to one
another (e.g., Carpenter, 1999; Tanaka et al., 2019). The results
limit the possibilities of the original laying conditions:

- Several females in one season. A group of females showing gre-
garious behaviour met in the nesting area but lived separately,
since one group drank freshwater (Group A), and the other
more concentrated waters (Group B). The occurrence of several
sizes of females can easily be explained.

- One female over at least three points in time. The same female
used the area at different periods over several breeding seasons.
The variations in geochemistry could indicate that the dinosaur
consumed water from rivers or evaporated ponds; Group A
would represent seasons of wetter conditions, whereas Group
B would correspond to drier seasons. The different sizes of the
eggs could reflect an increase in the size of the female, possibly
a juvenile becoming an adult.

- Several females in different seasons. A group of females showing
gregarious behaviour lived together, but the varying geochem-
istry is a result of shifts in the moisture conditions in different
years. The occurrence of several sizes of females can easily be
explained.

Traditionally, closely grouped and well-preserved eggs, above
all when the embryos’ bones are associated with the eggs (e.g.,
Currie and Eberth, 1993; Horner, 1999; Huh and Zelenitsky,
2002; Buffetaut et al., 2005; Grellet-Tinner et al., 2006), have been
considered to be clutches and regarded as nests only in the pres-
ence of nesting structures. However, more rigorous criteria estab-
lished by different authors have been considered necessary
evidence for defining any egg assemblages as dinosaur nesting
structures, including nests and clutches (Varricchio et al., 1999;
Chiappe et al., 2004; Vila et al., 2010). Recently, some of these fea-
tures have proved unsuccessful in structureless and pedogenized
deposits, in which palaeosol horizons can be useful to discriminate
between clutches or accumulations but also present several limita-
tions (e.g., Jackson et al., 2004; Basilici et al., 2017; Botfalvai et al.,
2017).

The Paimogo accumulation comprises a considerable number of
complete eggs and a significant number of preserved juvenile
bones, even articulated within a single egg. However, there is a lack
of evidence of nesting in the egg-bearing material. Although little
sediment was removed during the excavation of the blocks, there
was no record of any rim or ridge in the surrounding sediments.
The sedimentary fabric is the same at macro- or microscopic scale
without evidence of a filled, stacked, or truncated sedimentary
architecture. The AMS analysis can rule out a cryptostructure
obscured by pedogenic processes, indicating a common sedimen-
tary event of the egg-bearing bed. The only difference is related
to a shift in the grain-size distribution and the content of organic
matter towards the east that runs in parallel with an increase in
bioturbation. Overall, the eggs were accumulated at one time and
prior to soil development since the altered eggshells tend to show
the composition of carbonated nodules, some root traces penetrate
the eggs, and green haloes characteristic of reducing conditions
developed around the eggs after burial. Thus, there is no evidence
for any preparation of the area as a place for incubating or laying
eggs, and the Paimogo site corresponds to an egg accumulation
produced as a consequence of the remodelling of previous real
clutches or nests.

Even though a similar possibility has been postulated before,
mainly based on the number of eggs without a clear nesting struc-
ture, several incongruencies due to an absence of deep and detailed
study made it very speculative (Cunha, 2001). The results of this
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study have led us to propose a new model that offers an almost
complete scenario, as well as discussing the original arrangement
of the nesting area and theropod behaviour (Fig. 11). The sequence
of events encompasses four simplified stages from the egg-laying
until the formation of the accumulation.

During the breeding season, several (at least two, but probably
more) dinosaurs and a crocodylomorph laid their eggs in a nesting
area located in the dried terrain of an overbank area close to the
main channel (<2 km), as indicated by the compound palaeosol
profiles (e.g., Marriott and Wright, 1993; Kraus, 1999; Catena
et al., 2017). The sedimentary environment and the channel archi-
tecture suggest periodic shifts in the water discharge, which may
be associated with high seasonality featuring extreme dry and
wet periods (Hill, 1988; Martinius and Gowland, 2011; Myers
et al., 2012). To prevent embryos from drowning due to the nest
flooding, the breeding period would have been restricted to the
dry season, when the area was stable as a consequence of low
water discharge and streams being confined to their channels
(Fig. 11a). The eggs were laid in mounds built with soil and/or veg-
etation, and remained in these conditions until the last stages of
the brooding period, as inferred from the ontogeny of theropod
embryos. See Fig. 12.

A drastic increase in water level, possibly ahead of time, at the
start of the wet season induced an overflow and flooding of the
channel-adjacent zones where the clutches were located. However,
the sedimentary features of the Paimogo area indicate that these
flood events were often of low magnitude, characterized by wide-
spread overtopping of channel edges rather than localized crevass-
ing. The lack of erosive structures in the whole, the very fine grain
size of the sediments, the geometry of the fluvial channels, the
floodplain strata and the presence of vegetative barriers indicates
a low relief and erosion potential. In general, this kind of event is
low-erosive due to the rapid drop in velocity of the spreading flow,
and a significant amount of suspended sediment is carried to the
floodplain (e.g. Allen, 1982; Hill, 1988; Nichols, 2009; Zhao and
Wu, 2015). This suggests that a buried nesting strategy was unli-
kely because the flows had little capacity to erode and rework
the subsurface.

The absence of abrasion and the arrangement of the eggs in the
accumulation suggest that they were dragged a short distance by a
low-energy flow. The increase in bioturbation and organic matter
and the shift in flow velocity inferred towards the east point to
the presence of vegetation barriers or topographical steps slowing
down the eggs. When the eggs were remodelled, the cover was
transported until it stopped at the same barrier, a similar process
to what is undergone by peat in floodings (Rodríguez-López
et al., 2021). The palaeocurrent indicators, at both micro- and
macroscale, and the AMS analysis corroborate a flow approaching
from the north, inducing a reorientation and rolling of the eggs,
whose longitudinal axes are parallel and perpendicular to these
directions. The number of eggs belonging to Group A and their ran-
dom arrangement in the middle of the subsets reflect low displace-
ment, indicating that they were reoriented by floating and a few of
them by rolling only. Group B underwent greater transportation,
until it was halted next to the Group A eggs, as indicated by the
crescent-shaped distribution (Fig. 11c). The differences observed
in the geochemical and isotopic composition of the Group B eggs
can be explained by the second female or group of females having
a slightly different life history from the individual or individuals
that laid the Group A eggs. During mobilization, at least one
crocodylomorph nest was also affected, incorporating scattered
eggs into the accumulation.

There is also no evidence of weathering, which might have indi-
cated that the eggs underwent a long period of subaerial exposure
(Jackson et al., 2004). Thus, a rapid burial of the eggs as a conse-
quence of a high amount of suspended material during a waning



Fig. 11. Sedimentologic evolutionary model for the Paimogo site during the dinosaur laid times. The four sketches represent the key events necessary for the egg
accumulation.

Fig. 12. Proposal of an identification key for the recognition of nests, clutches or accumulations. (a) Referred to the observable or physical features of the sediments. (b) Kind
of accumulation based on the number and geochemical characteristics of the eggs.

L. Ezquerro, R. Coimbra, B. Bauluz et al. Geoscience Frontiers 15 (2024) 101872
sheet-flood can be inferred. Under a semiarid climate, moderately
well-drained conditions subsequently prevailed although the
moisture was enough to maintain rooted vegetation (Myers et al.,
2012) that could protect the eggs from predators (Fig. 11d).

We favour the hypothesis of colonial nesting versus recurring
nesting due to the unlikelihood of nesting mounds being preserved
from one season to another. In light of the periodic overflows that
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affected the Paimogo area and the nesting strategy of theropods,
the remodelling of multi-seasonal clutches seems less probable.
As mentioned above, mounds covered with plants were the most
probable nesting structure, but these were not very robust in the
face of extreme processes. Abandoned mound clutches between
laying seasons would thus be destroyed during the floodings that
occurred during the wet season of the same year. In addition, the
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vulnerability of unattended nesting mounds over long periods of
time would facilitate predation/scavenging on unsuccessful nests.

Having taken into account the challenges proposed by Basilici
et al. (2017) and our own throughout this study, we therefore pro-
pose some criteria that could improve the distinction between
nests, clutches, and accumulations in structureless deposits, in
accordance with the criteria previously proposed by Chiappe
et al. (2004), Varricchio et al. (1999), and Vila et al. (2010). We
highlight the possibility of characterizing uncertainties associated
with the origin of the eggs in an accumulation (Fig. 12). Neverthe-
less, it is beyond question that the amount of proxies used in this
work cannot be applied in all taphonomic studies.
8. Conclusions

Our analysis of the systematic palaeontology, taphonomy, sed-
imentology, anisotropy of magnetic susceptibility, and geochem-
istry of the Paimogo egg assemblage has revealed that the
accumulation had a more complex origin than previously reported.

At least two species, an undetermined allosauroid and an unde-
termined crocodylomorph, nested in the overbank deposits of a
fluvial channel.

The Paimogo egg assemblage represents a secondary deposit of
complete eggs after a flooding event in the fluvial plain. The accu-
mulation resulted from the dismantling of several allosaur dino-
saur and crocodylomorph clutches, belonging to a minimum of
one crocodile female and two dinosaur females, or to a single
female laying eggs in different seasons.

Our reviewed calculations of water vapour conductance and
analysis of the sedimentological evidence support the notion that
the allosauroids buried their eggs to preserve adequate incubation
conditions. The relatively low energy of the current generating the
deposit was not able to break the eggs, and it is unlikely that it was
able to remove the eggs from excavated nests, which supports the
idea of a mound nesting strategy both for Jurassic crocodylo-
morphs and allosauroids.

The use of anisotropy of magnetic susceptibility allowed us to
rule out a cryptostructure obscured by pedogenic processes and
proved to be a convenient tool for studying nesting structures.

Multidisciplinary approaches, including taphonomic, sedimen-
tological, and geochemical analyses, are needed to be able to eval-
uate egg assemblages correctly before making assumptions on the
palaeoecology of extinct species.
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