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Dinosaur egg remains are rarely found in areas of high palaeo- 
latitudes, with Canada (approx. 57–60◦ N) and Siberia (approx. 
70–75◦ N) yielding the most polarward occurrences. Here, 
we describe dinosaur eggshells from the Upper Cretaceous 
(Maastrichtian) Chorrillo Formation of southernmost Patagonia 
(Argentina), an area located at approximately 55–60◦ S palaeo- 
latitude during that time interval. The more than 250 eggshell 
fragments collected are assignable to Fusioolithus oosp., an 
ootaxon known from Late Cretaceous Gondwana regions that 
probably belongs to titanosaur dinosaurs. The eggshells are 
shown to have a high porosity like those of titanosaur eggs 
studied previously, indicating the eggs were fully covered 

by nest substrate during incubation. The high latitude of the 
area in the Maastrichtian suggests the eggs were buried in 
a mound-style nest where microbial decay, rather than solar 
radiation, was the primary source of incubation heat. The 
Chorrillo Formation represents, to our knowledge, the highest 
palaeolatitude area to produce definitive dinosaur egg remains 
from the Southern Hemisphere and reveals that titanosaurs 
were nesting at higher latitudes than previously known. 
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1
F urs nesting at high palaeolatitudes. 
S se of low seasonal temperatures and 

p bably would have adopted various 
r ing, brooding or buried nests) [3 ,4 ]. 
A ronments is evidenced by hadrosaur 
a eria representing approximately 70–
7 mall hadrosaur tracks and perinatal 
b re, fossilized eggshell and perinatal 
b ada) indicate relatively high-latitude 
n ies indicate nesting at northerly lati- 
t n Hemisphere, in part owing to the 
l rctica or Australia. 

lded abundant dinosaur eggs, repre- 
s titude nesting. Numerous sites con- 
t urs (oofamilies Faveoloolithidae, Fu- 
s r Cretaceous rock units, including the 
A Carpa (Río Colorado Subgroup [18 ]), 
C os Llanos formations [22 ] ( figure 1 ). 
T  Chorrillo Formation, are reported to 
r eolatitudes [4 ,19 ]. Here, we describe, 
i es in the southerly located Chorrillo 
F dered as low-to mid-latitude nesters 
[ od nesting to higher palaeolatitudes, 
p s inhabiting cool, high-latitude envi- 
r

2
I gical studies related to the Chorrillo 
F his southerly located, Maastrichtian 
u derlain by fluvial deposits of the La 
I ate Formation. The age of the Chor- 
r  detrital zircon constraints obtained 

f ntological record [25 ]. Channelized 

a in which fine-grained sediments al- 
t  ,27 ]. A variety of non-avian dinosaur 
f ithischians, probable colossosaurian 
t , turtles, snakes, other reptiles, mam- 
m overed from throughout the forma- 
t are considered to have accumulated 

i  channels and crevasse splays occur 
w e region of this Maastrichtian fluvial 
s culated here using paleolatitude.org 
[ ctively, a diversity of ornithischians, 
a arian ornithischians and particular 
f els with southerly faunas of Antarc- 
t nnections among these regions dur- 
i ogical and palaeosol studies indicate 
t  annual temperature of 13.4◦C (range 
1  yr–1 (929–1321 ± 108 mm yr–1 ) in this 
r

mon than skeletal remains (e.g. [20 ]). 
P  in the lower one-third of the forma- 
t e’ or ‘Locality 4’) has produced both 

Downloaded from ro
by guest
on 09 September 20
. Introduction 

ew discoveries have yielded fossil evidence of non-avian dinosa
uch palaeoenvironments probably posed nesting challenges becau
rolonged periods of reduced sunlight [1 ,2 ], where dinosaurs pro
eproductive strategies for egg incubation (e.g. early spring nest
mong non-avian dinosaurs, nesting in northern polar palaeoenvi
nd theropod eggshells recovered from a Late Cretaceous site in Sib
5◦ N palaeolatitude [5 ], as well as theropod perinatal bones and s
ones from Upper Cretaceous deposits of Alaska [6 ,7 ]. Furthermo
ones of hadrosaur and theropod dinosaurs found in Alberta (Can
esting at approximately 57–65◦ N [4 ,8 –13 ]. While these discover
udes, less evidence exists for high-latitude nesting in the Souther
ack of definitive dinosaur eggshells/eggs from the regions of Anta

In the Southern Hemisphere, Argentina, a country that has yie
ents a promising region for uncovering fossil evidence of high-la
aining eggs/eggshells of mainly sauropod (i.e. titanosaur) dinosa
ioolithidae and Megaloolithidae) have been found in various Uppe
llen [14 ,15 ], Anacleto (Río Colorado Subgroup [16 ,17 ]), Bajo de la 
iénaga del Río Huaco [19 ], Chorrillo [20 ], Los Alamitos [21 ] and L
he palaeolatitudes of the aforementioned sites, except those in the
epresent nesting locations between 26–48◦ S in the low- to mid-pala
n detail, additional titanosaur eggshell specimens from known sit
ormation of Patagonia [20 ]. Although sauropods have been consi
4 ], the Chorrillio Formation specimens extend the range of saurop
roviding new insights into the reproductive ecology of titanosaur
onments. 

. Geological and palaeontological context 
n recent years, an explosion of palaeontological and sedimentolo
ormation has resulted in a much-improved understanding of t
nit. The formation is a roughly 500 m-thick fluvial unit that is un
rene Formation and overlain by the marine deposits of the Calaf
illo Formation has been estimated as late Maastrichtian, based on
rom the underlying and overlying formations and on its palaeo
nd non-channelized deposits comprise the Chorrillo Formation 
ernate with coarser-grained conglomeratic/sandstone deposits [26
ossils (e.g. ankylosaurians, basal euguanodontians, elasmarian orn
itanosaurs, hadrosaurids and megaraptorids), birds, crocodylians
als, frogs, fishes, invertebrates and plant fossils have been rec

ion (e.g. [20 ,26 –33 ]). These sediments and the entombed fossils 
n a low-gradient fluvial system where high-sinuosity meandering
ithin fine-grained (paedogenic) floodplain sediments [26 ,27 ]. Th
ystem has an estimated palaeolatitude of 55–60◦ S ([34 ] and cal
35 ]), thus representing a relatively high-latitude ecosystem. Colle
 higher relative abundance of megaraptorid theropods and elasm
ossil monotreme and chironomid arthropod species show parall
ica/Australasia [20 ,26 ,31 ,34 ,36 ,37 ], suggestive of transantarctic co
ng the Late Cretaceous [31 ]. Climatic reconstructions from palynol
emperate to warm and seasonally humid conditions, with a mean
2.1–14.5◦C) and an average annual precipitation of 1150 ± 108 mm
egion during the Maastrichtian [25 ,27 ,38 ]. 
In the Chorrillo Formation, fossilized eggshell is much less com

reviously, eggshell fragments have been recovered from two sites
ion. The stratigraphically higher Magallanodon site ( = ‘Puma cav
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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f s the lower Kookne site ( = ‘Titanosaur 
t  [20 ] and fig. 1 of [30 ]). The eggshell 
f ed in mudstone/siltstone layers (ar- 
c inferred to represent deposition in a 
w

Figure 1. Maastrichtian palaeogeographical map showing Upper Cretaceous localities yielding sauropod eggs/eggshells (oofamilies 
Faveoloolithidae, Fusioolithidae and Megaloolithidae) in Argentina: (1) Ciénaga Del Río Huaco Formation, (2) Los Llanos Formation, (3) 
Allen Formation, (4) Bajo De La Carpa Formation, (5) Anacleto Formation, (6) Los Alamitos Formation, and (7) Chorrillo Formation. The 
palaeogeographical map at 68 Ma was generated using GPlates version 2.5.0 [23 ] and the global Scotese PALEOMAP [24 ]. Abbreviation: 
Eq., equator. 

3
I olina, Río Gallegos, Santa Cruz, Ar- 
g  Formation during fieldwork in 2020 
a sing a digital micrometre (Mitutoyo 
C ures were examined via: a binocular 
m ); polarized light microscopy (Nikon 
E ; scanning electron microscopy (SEM: 
J imadzu inspection SMX-225CT FPD 

H ture and Sciences in Tsukuba (Japan), 
a . Radial and tangential thin sections 
w ell fragments were coated with plat- 
i ere acquired at an accelerating volt- 
a  micro-CT analysis, a single eggshell 
f Digital images acquired via micro-CT 
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usioolithid ( n > 30) and prismatoolithid ( n < 10) eggshells, wherea
ibia’ or ‘Locality 2’) has produced only fusioolithid eggshells (see
ragments studied here were found at the Magallanodon site preserv
hitectural element consisting of thin dark fine-grained deposits), 
ater-logged or swampy environment [26 ]. 

. Material and methods 
n this study, we examined 255 eggshell fragments (Museo Padre M
entina: MPM PV 23560-1 to 23560-255) collected from the Chorrillo
nd 2024. The thickness of the eggshell fragments was measured u
PM30-25 MJ, precision of ± 2 μm). Macro- and microscopic struct
icroscope (Olympus SZ attached to a digital camera, Nikon D5600
clipse E600POL attached to a digital camera, Canon EOS Kiss X10)
EOL JSM-6330F); and micro-computed topography (micro-CT: Sh
R). Except for the micro-CT scanner at the National Museum of Na
ll instruments are housed at the University of Tsukuba, Tsukuba
ere prepared at a thickness of approximately 30 μm. Seven eggsh

num before the observations by SEM. Secondary electron images w
ge of 5 kV, with a working distance of approximately 15 mm. For
ragment was scanned at a voltage of 225 kV and a current of 70 μA. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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s up). Digital images of radial thin sec- 
t res. All statistical analyses were done 
w rminology for the eggshell generally 
f

e methodology of Tanaka et al. [40 ]. 
B n an egg ( Ap , mm2 ) divided by pore 
l nal shape is tubular (see comparative 
d  A, mm2 ), density of pores ( D , mm− 2 ) 
a om images of tangential thin sections 
c d ImageJ 1.53e (W. Rasband, National 
I  Fusioolithus eggshells from the Chor- 
r e minimum and maximum egg sizes 
o le S1); the diameter of the minimum 

(  and [42 ], respectively. Assuming the 
e

 

(see table 3 of [40 ]). In addition, the 
m n equation of Hoyt [43 ]: 5.48 ∙10− 4 ∙L3 

( , an ordinary least-squares regression 
o linear discriminant analysis based on 
t t al. [40 ] was conducted to infer the 
n t least partially open) for a particular 
o et al. [40 ]. 

od) oofamilies (Faveoloolithidae, Fu- 
s g their preferences of nest substrates 
( is explained in detail by Tanaka et al. 
[ ssociated with a certain type of (nest) 
s grained (i.e. siltstone and mudstone, 
i te), but limestone was not included 

i che nodules, pedotubules, rhizoliths, 
r hus, here we updated the dataset of 
T

taxa, we also recorded their global 
p  their palaeolatitudes using the web- 
s Box plots of absolute palaeolatitudes 
w

4
O
O
O

M PV 23560-1 to 23560-255). 
is study were recovered from mud- 

s 33 ′ 37.84 ′′ W), a site located approx- 
i agonia, Argentina. The Magallanodon 
s astrichtian) Chorrillo Formation. 

latively small in size, up to 133 mm2 

i  callipers (255 fragments measured), 
r ight of the ornamentation ( figure 3 a ). 
T era, the eggshell is assignable to Fu- 
s  [44 ]). 

n, typical of Fusioolithus , where the 
n 0–1.28 mm; mean value, 0.66 mm: 
fi itosoolithus differs in having disper- 
s ed nodes [44 ]. In some eggshells, the 
o g to diagenesis ( figure 2 c , d ). Circular 
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cans were processed with Avizo 8.1 (FEI Visualization Sciences Gro
ions and SEM were used for the measurements of eggshell structu
ith IBM SPSS Statistics v. 29.0.2.0 (IBM SPSS Inc.). Descriptive te

ollows [39 ]. 
Eggshell porosity was estimated for Fusioolithus , following th

riefly, eggshell porosity (mm) is calculated from total pore area i
ength (i.e. eggshell thickness, Ls , mm), while assuming the pore ca
escription). Total pore area is a multiplication of single pore area (
nd egg surface area ( Aegg , mm2 ). Values of A and D were obtained fr
ut at mid-shell thickness ( n = 5) using Adobe Photoshop 25.12.0 an
nstitutes of Health, Bethesda, Maryland, USA). Aegg is unknown for
illo Formation owing to a lack of complete eggs. Thus, we used th
f Fusioolithus from previous studies (supplementary material, tab
L, 110 mm) and maximum (230 mm) egg sizes were taken from [41 ]
gg was spherical, we estimated the minimum and maximum Aegg

inimum and maximum egg mass ( M , g) were calculated using a
for spherical eggs), which was derived from extant bird eggs. Then
f eggshell porosity against estimated egg mass was conducted. A 

he eggshell porosity and egg mass dataset provided by Tanaka e
est type (covered nest type or open nest type, the latter meaning a
otaxon. The statistical analysis was described in detail by Tanaka 
Nesting styles and incubation heat sources of titanosaur (saurop

ioolithidae and Megaloolithidae) were inferred and compared usin
i.e. entombing sediments of in situ fossil nests); the methodology 
4 ]. In brief, one-way χ2 -tests were used to test if each oofamily was a
ediment. Nest sediments for each entry were categorized as fine-
ncluding marls) or coarse-grained (i.e. sandstone and conglomera
n the dataset. Palaeosol/pedogenic features (e.g. bioturbation, cali
oot traces and slickensides) were also recorded for each entry. T
anaka et al. [4 ]. 
For Faveoloolithidae, Fusioolithidae and Megaloolithidae oo

alaeogeographical distribution from the literature and estimated
ite paleolatitude.org [35 ], updating the dataset of Tanaka et al. [4 ]. 
ere produced for each oofamily. 

. Systematic palaeontology 
ofamily Fusioolithidae [15 ] 
ogenus Fusioolithus [15 ] 
ospecies Fusioolithus oosp. indet. 
Referred specimens—isolated eggshell fragments ( n = 255) (MP
Locality, horizon and age: eggshell specimens examined in th

tone/siltstone layers at the Magallanodon site (50◦30 ′ 38.59 ′′ S, 72◦
mately 29 km southeast from El Calafate, Santa Cruz Province, Pat
ite is the lower third of the Upper Cretaceous (probably lower Ma
Comparative description: the eggshell fragments ( n = 255) are re

n surface area ( figure 2 a , b ). The eggshell thickness, measured using
anges from 0.63 to 1.78 mm (mean value, 1.17 mm), excluding the he
hese values indicate that, of the two valid Fusioolithidae oogen
ioolithus rather than to the overall thinner Litosoolithus (0.8–1.1 mm
The outer surface displays a compactituberculate ornamentatio

odes appear circular shaped in plan view (node diameter, 0.4
gure 3 b ), although the nodes sometimes coalesce ( figure 2 a , b ); L
ituberculate ornamentation with irregularly distributed bell-shap
uter surface is covered with a thin, secondary calcitic layer owin
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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Figure 2. Fusioolithus oosp. from the Chorrillo Formation, southernmost Patagonia: ( a ) rendered image of eggshell micro-CT data (MPM 

PV 23560-3), showing compactituberculate ornamentation; ( b ) eggshell outer surface under SEM (MPM PV 23560-2), showing pore 
openings (arrows); ( c ) radial thin section of eggshell under plane polarized light (MPM PV 23560-94), showing spatula-shaped shell unit 
(SU) and organic core (black arrows) with secondary calcite layer (CL) and shell membrane (SM); ( d ) radial thin section of ( c ) under cross- 
polarized light, showing sweeping ex tinc tion pattern; ( e ) radial view of eggshell under SEM (MPM PV 23560-254), showing transversely- 
merged shell units and pore canals (arrows); ( f ) micro-CT slice of eggshell in radial view (MPM PV 23560-3), showing relatively straight 
pore canals (arrows); and ( g ) radial thin section shell unit base under plane polarized light (MPM PV 23560-94), showing organic core 
(white arrows) and finely-laminated shell membrane (SM); and ( h ) base of shell unit under SEM (MPM PV 23560-2), showing blocky, 
tabular crystals (arrows). 

Downloaded from royalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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on 09 September 2026
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Figure 3. Comparisons among Fusioolithus oospecies: ( a ) eggshell thickness; ( b ) single node diameter; ( c ) height/width ratio of eggshell 
unit; ( d ) eggshell unit base diameter; ( e ) bivariate plot of egg length and width; and ( f ) bivariate plot of eggshell thickness and egg mass 
in 10-based logarithmic scale, showing no significant correlation. Abbreviations: EM, egg mass; ST, eggshell thickness and SU, shell units. 

t and are approximately 0.15–0.40 mm 

i
tula-shaped shell units, is assignable 

t are taller than wide, with a height- 
t ), which overlaps with all other Fu- 
s ioolithus padiyalensis that have greater 
h retion lines are laterally continuous 
a odes ( figure 2 c ), which is not found 
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o semicircular pore openings occur in the lows between the nodes 
n diameter ( figure 2 b ). 

The eggshell structure, consisting of a single layer of fan- or spa
o the tubospherulitic morphotype ( figure 2 c –e ). The shell units 
o-width ratio ranging from 1.66 : 1 to 2.51 : 1 (mean = 2.16 : 1
ioolithus oospecies, except for both Fusioolithus dholiyaensis and Fus
eight-to-width ratios ( figure 3 c ). In radial thin section, fine acc
cross the shell units and undulate in correspondence with the n
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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i en shell units are more evident ow- 
i  separated in the lower one-half to 
o art, in the upper portion. Numerous 
t exist between the shell units and are 
m ed ( figure 2 e , f ). Only two of 47 canals 
o t pierce the outer surface. The pore 
c ters increase near the outer and inner 
s

stals in radial view and are circular 
t m: figures 2 h and 3 d ). Occasionally, 
m ell unit ( figure 2 c ), similar to those of 
F e base of the shell units, and attached 

p ll fragments, suggesting rapid burial 
o 7 mm in diameter), and the attached 

r m in thickness ( figure 2 g ). 
signable to the oofamily Fusioolithi- 

d pactituberculate ornamentation and 

t ed, fan-shaped shell units with accre- 
t terial, table S1). Fernández & Khosla 
[ h two new oospecies of Fusioolithus 
( he reassignment of several oospecies 
p usioolithus (i.e. Cairanoolithus dughii , 
C holiyaensis , Megaloolithus mammillare , 
M us padiyalensis and Megaloolithus pe- 
t ever, some of these ootaxonomic 
a vision (e.g. [47 ,48 ]). For example, 
F nsis [47 ], whereas Cairanoolithus may 
b its and poorly ornamented eggshell 
s

ry similar to one another in terms of 
e a ), node diameter, shell unit height to 
w e diameter and egg size (when pre- 
s us of some referred ootaxa, the close 
s lty of differentiating their diagnoses 
p ticular oospecies in the formation. 

 Formation (Titanosauria indet. and 

? een recovered from the same site (i.e. 
M  no direct association between skele- 
t anosaur taxa represented by skeletal 
r

5
E  (230 mm) egg diameter values for 
s re 3 e , f ) yielded values of 729.34 and 

6 m–2 and a single pore area of 8006.18 
μ  of these eggs is estimated at 821.15 
m as calculated at the midpoint of the 
e e resulting porosity values represent 
m iscriminant analyses reveal that the 
C  that are incubated in a covered nest 
t

us eggs fall within or above the range 
r  cairanoolithids), as well as other ti- 
t ated in covered nests [40 ]. 
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by guest
on 09 September 20
n Litosoolithus . Under cross-polarized light, the boundaries betwe
ng to the sweeping extinction pattern ( figure 2 d ). Shell units are
ne-third of the eggshell, whereas they are coalesced, at least in p
ubocanaliculate-type pore canals (mean pore density, 3.17 mm–2 ) 
ostly tubular and unbranching, with some slightly curved or angl
bserved using micro-CT were branched, but the branches did no
anals are circular to oval in cross-sectional shape, and their diame
urfaces of the shell. 
The shell unit bases are visibly composed of blocky, tabular cry

o rectangular in plan view (diameter, 0.19–0.34 mm; mean, 0.28 m
ultiple small basal caps are fused together within an individual sh
 . dholiyaensis and F . padiyalensis [15 ,45 ]. Organic cores, located at th
artial shell membranes are visible in some well-preserved eggshe
f eggs ([46 ]: figure 2 c , d , g ). The organic cores are spherical (0.08–0.1
emnants of shell membranes are finely laminated and about 0.11 m
Remarks: the Chorrillo eggshells examined in this study are as

ae based on the presence of the tubospherulitic morphotype, com
ubocanaliculate pore system, as well as the presence of partially-fus
ion lines that laterally extend across shell units (supplementary ma
15 ] proposed to establish the oofamily Fusioolithidae, along wit
i.e. Fusioolithus baghensis and Fusioolithus berthei ), and suggested t
reviously assigned to Cairanoolithidae and Megaloolithidae to F
airanoolithus roussetensis , Megaloolithus aureliensis , Megaloolithus d
egaloolithus microtuberculata , Megaloolithus mohabeyi , Megaloolith

ralta ) because they also have fused adjacent shell units. How
ssignments remain controversial and may require further re
usioolithus petralta could be a junior synonym of Fusioolithus aurelie
e distinguishable from Fusioolithus based on its columnar shell un
urface [48 ]. 
The Chorrillo eggshells and other Fusioolithus oospecies are ve

ggshell thickness (except F . berthei and Fusioolithus microtuberculat
idth ratio (except F.dholiyaensis and F.padiyalensis ), shell unit bas
erved) ( figure 3 ). Thus, despite ongoing debate regarding the stat
imilarities among recognized Fusioolithus oospecies and the difficu
reclude a confident assignment of the Chorrillo eggshells to a par
Skeletal remains of titanosaurs are known from the Chorrillo

colossosaurian Nullotitan glaciaris [20 ,26 ]); titanosaur teeth have b
agallanodon site) as the eggshells studied here. Although there is

al remains and eggshells, the eggshells could have been laid by tit
emains. 

. Analyses of nest type and substrate 

ggshell porosity estimations: minimum (110 mm) and maximum
pherical Fusioolithus eggs (supplementary material, table S1; figu
667.52 g for egg mass, respectively. With a pore density of 3.17 m
m2 , eggshell porosity ( = total pore area divided by pore length)
m and 3584.70 mm, respectively. Because the single pore area w
ggshell thickness, where the pore diameter is probably smallest, th
inimum estimates. Nevertheless, regardless of egg size, linear d
horrillo Fusioolithus eggs are highly porous, grouping with eggs
ype with > 0.998% posterior probabilities ( figure 4 ). 

The estimated eggshell porosity values of the Chorrillo Fusioolith
eported for other fusioolithid and megaloolithid eggs (including
anosaur eggs (287.16–2125.21 mm) considered to have been incub
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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Figure 4. Porosity analysis of Fusioolithus oosp: ( a ) tangential thin section of eggshell under plane polarized light (MPM PV 23560-179), 
showing porous eggshell; and ( b ) bivariate plot of eggshell porosity and egg mass in 10-based logarithmic scale, showing porosity of 
Fusioolithus (orange line) is comparable to that of extant covered nesters and titanosaurs, Lourinhanosaurus and probable therizinosaurs. 
Abbreviation: OLS, ordinary least squares. 

Table 1. Results of one-way χ2 -tests for the in situ datasets of sauropod oofamilies. (Abbreviations: d.f., degree of freedom; n , sample 
size; NA, not applicable; p , probability for χ2 -tests.) 

oofamily 

n for 
fine- 
grained 

n for 
coarse 
grained total n 

expected n 
for fine- 
grained 

expected n 
for coarse- 
grained 

χ2 
value d.f. p 

Faveoloolithidae 14 34 48 24 .0 24 .0 8.333 1 0.004 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fusioolithidae 7 2 9 4 .50 4 .50 2.778 1 0.096 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Megaloolithidae 36 21 57 28 .5 28 .5 3.947 1 0.047 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

total 63 118 NA NA NA NA NA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

nts for Faveoloolithidae, Fusioolithi- 
d egaloolithidae preferred specific nest 
s ed with coarse sediments rather than 
fi ssociated with fine sediments rather 
t h those of Tanaka et al. [4 ]. Probably 
o tained for Fusioolithidae ( p = 0.096), 
a  coarse sediments. 

n Megaloolithidae (82.46%) but rela- 
t  ( figure 3 b ); however, the sample size 
f

6
A thern palaeolatitudes (e.g. southern 
P s indicate that these dinosaurs nested 

p 1◦: table 2 ; figure 3 c ; supplementary 
m nosaur eggshells of the oogenus Fu- 
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Nest substrate associations: the one-way χ2 -tests of nest sedime
ae and Megaloolithidae demonstrate that Faveoloolithidae and M
ubstrates ( table 1 ; figure 5 a ). Nests of Faveoloolithidae are associat
ne ( 𝜒2 

1 = 8.333, p < 0.05), whereas those of Megaloolithidae are a
han coarse ( 𝜒2 

1 = 3.947, p < 0.05); these results are concordant wit
wing to the small sample size ( n = 9), no significant result was ob
lthough their nests are found in fine sediments more often than in
Evidence of palaeosols and/or pedogenic features is common i

ively rare in Fusioolithidae (44.44%) and Faveoloolithidae (37.50%)
or Fusioolithidae is small ( n = 9). 

. Discussion 

lthough titanosaur skeletal remains are known from high-sou
atagonia, Antarctica and Australia [20 ,49 ,50 ]), prior egg discoverie
rimarily in low- to mid-palaeolatitude regions (average approx. 3
aterial, table S3). Here, we describe, in more detail, probable tita
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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Figure 5. Comparison of sediment types among sauropod oofamilies: ( a ) comparison of in situ clutch lithology, showing clutches of 
Faveoloolithidae and Megaloolithidae tend to be associated with particular sediments whereas those of Fusioolithidae detected no pref- 
erential association with lithology; ( b ) relative abundance of palaeosol or pedogenic features found in clutches, showing that clutches 
of Megaloolithidae are strongly associated with palaeosols, whereas the other two oofamilies are not; and ( c ) comparison of absolute 
palaeolatitudes in sauropod egg/eggshell localities, showing fusioolithid nesting sites include relatively high latitude compared with 
the other two oofamilies. Abbreviations: sig., significance and NS, no significance. 

Table 2. Ranges of absolute palaeolatitudes for sauropod oofamilies. (Abbreviation: n , sample size.) 

oofamily n range of absolute palaeolatitudes 

Faveoloolithidae 32 26 .10◦ to 47.73◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fusioolithidae 30 9 .35◦ to 55–60◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Megaloolithidae 48 9 .35◦ to 46.12◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

s horrillo Formation of southernmost 
A  ([34 ] and calculated here using pale- 
o  [20 ], these fossil occurrences provide, 
t de of the largest known dinosaurs—
w

Downloaded from ro
by guest
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ioolithus (oofamily Fusioolithidae) from sites in the Maastrichtian C
rgentina, an area located at approximately 55–60◦ S palaeolatitude
latitude.org [35 ]). Including the eggshells described by Novas et al.
o our knowledge, the first direct evidence that titanosaurs—a cla
ere nesting at relatively high latitudes in the latest Cretaceous. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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ae, Fusioolithidae and Megaloolithi- 
d loolithidae is known from East Asia 
a are known from Europe and former 
G ence), India and South America. On 
a itudes (41◦) than Fusioolithidae (28◦) 
a ccurrence of Faveoloolithidae egg re- 
m aeolatitude, the Chorrillo Fusioolithi- 
d

igh eggshell porosity, indicating that 
t als, as in Faveoloolithidae and Mega- 
l urs (crocodilian and megapode bird 

s ecay (fermentation of plant/organic 
m bation heat source can be predicted 

f ing archosaur species [4 ], the limited 

s s, the specific incubation heat source 
u certain, although microbial decay of 
n nerally limited to lower latitudes [4 ]; 
t the area, unlike that reported for the 
L ced by nest (vegetation) fermentation 
e y approximately 15◦C [4 ]; the Chor- 
r alaeotemperature of 12–14.5◦C [25 ], 
p or such nesting styles. 

iously described from the Chorrillo 
F cubation heat source was potentially 
u though the eggshell porosity of these 
f o pores are evident from the eggshell 
d ncubation in an open nest type, like 
P ruly low, then such eggs would have 
b obably provided incubation heat. 

auna in climatic conditions that were 
t rs, birds, mammals and other verte- 
b d by fossilized eggshell occurrences. 
T ods/birds (prismatic-type) eggshells 
[  area, probably via covered nests and 

b
rrence of definitive dinosaur egg re- 

m are eggshell localities of the Chorrillo 
F probably the most comparable would 

b erta, Canada. Both the Chorrillo and 

H  with differing dinosaur-dominated 

f id [10 ,27 ], Maastrichtian ecosystems 
t . The area of the Horseshoe Canyon 
F ielded prismatic eggshell fragments 
b heropods and hadrosaurs [52 ]. Like 
t al decay) and adults brooding open 
n r such dinosaurs nesting in Alberta 
[ alaeolatitudes in Argentina, Canada 
a osaur egg incubation and nesting at 
c

7
F e in the Southern Hemisphere. Prob- 
a p., recovered from the Maastrichtian 
C st palaeolatitude (55–60◦ S) evidence 
k o our knowledge, the first indication 
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Global occurrences of titanosaur eggs (oofamilies Faveoloolithid
ae) reveal some patterns in their geographical distribution. Faveo
nd South America, whereas Fusioolithidae and Megaloolithidae 
ondwanian regions of Africa (only Megaloolithidae, one occurr
verage, Faveoloolithidae eggs occur at higher (absolute) palaeolat
nd Megaloolithidae (26◦) eggs ( figure 5 c ). Although the highest o
ains are from Argentina and Mongolia at approximately 48◦ N pal
ae eggshells, at 55–60◦ S, are the highest for all titanosaur eggs. 
Fusioolithus eggshells from the Chorrillo Formation possess a h

hese eggs were incubated in covered nests buried by nesting materi
oolithidae [4 ]. Such covered nests are built by some living archosa
pecies) in which the eggs are incubated using heat from microbial d
atter), solar radiation or geothermal activity. Although the incu

or such nests from correlations of nest sediments/substrates in liv
ample size for fusioolithid eggs precludes a reliable prediction. Thu
sed for fusioolithid eggs from the Chorrillo Formation remains un
est vegetation remains a plausible source as solar incubation is ge
here is currently no evidence of geothermal activity preserved in 
os Llanos Formation [51 ]. Adequate incubation heat can be produ
ven in cooler environments where ambient temperatures are onl
illo Formation (55–60◦ S) region had an estimated mean annual p
robably able to yield adequate ambient temperatures seasonally f
As indicated by the occurrence of thin prismatic eggshells prev

ormation (referred to as Prismatoolithidae in [20 ]), an alternate in
sed by small non-avian theropods/birds nesting in the region. Al
ew prismatic eggshells has not been estimated to predict nest type, n
escription [20 ], indicating a low eggshell porosity and thus egg i
araves and nearly all bird species [40 ]. If the eggshell porosity is t
een at least partially exposed (open nest) and a brooding adult pr
The Chorrillo Formation represents a rich and diverse flora and f

emperate to warm and seasonally humid [20 ,25 –27 ,34 ,38 ]. Dinosau
rates inhabited the region, some of which nested there, as evidence
he presence of titanosaur ( Fusioolithus ) and small non-avian therop
20 ] indicates that these dinosaurs were nesting in this high-latitude
rooding adults, respectively. 
The Chorrillo Formation has yielded the highest latitude occu
ains in the Southern Hemisphere. Although it is difficult to comp
ormation to other such high palaeolatitude sites since so few exist, 
e those of the Horseshoe Canyon Formation area of southern Alb
orseshoe Canyon formations, although in very different regions
aunas and floras, represent temperate/warm and seasonally hum
hat preserve eggshell at similarly high (absolute) palaeolatitudes
ormation, at approximately 60◦ N palaeolatitude [10 ], has also y
elonging to small theropods [11 ], as well as perinatal bones of t
he area of the Chorrillo Formation, covered nests (using microbi
ests have been inferred/predicted as incubation heat sources fo
4 ]. We anticipate that future discoveries of egg fossils at higher p
nd elsewhere will undoubtedly further our understanding of din
ooler/higher latitudes. 

. Conclusion 

ossil evidence of dinosaurs nesting at high palaeolatitudes is scarc
ble titanosaur eggshells, assignable to the ootaxon Fusioolithus oos
horrillo Formation of southernmost Patagonia, represent the highe
nown from the Southern Hemisphere. These eggshells provide, t
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260333/​6164841/​rsos.​260333.​pdf
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t n by a high eggshell porosity, would 

h ld have used the heat generated by 
d  for non-brooding dinosaurs in high- 
n  was probably unavailable. 
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