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The recent discovery of the Cretaceous Sanagasta geothermal nesting site in the Los Llanos Formation,
La Rioja Province, northwestern Argentina, has shed light on new and unexpected neosauropod repro-
ductive behaviours. Here we recapitulate the palaeontological discovery at Sanagasta and the oological
characterization of the nesting site (reported in 2010). In addition, we describe in detail the geology,
sedimentology, petrology, and geochemistry of the nesting site with the goals of assessing the palaeo-
environment of the Los Llanos Formation at this site. The Sanagasta Geologic Park, where the nesting site
is located, represents a local expression of a geothermal process that occured in the Sierras Pampeanas
during the Cretaceous Period. This geothermal cycle allows for the first time an Early Cretaceous dating
(Hauterivian—Aptian) for the Los Llanos Formation, which is further supported by the occurrence of
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g;f,t:gc:;gs notosuchians, and ornithopod, sauropod and theropod dinosaurs in other exposures of the same
Neosauropod formation in La Rioja Province. As such, in addition to shedding light on neosauropod palaeobiology and
Nesting site their nesting environment, this investigation clarifies longstanding geological issues pertaining to the
La Rioja sedimentary basins in the Sierras Pampeanas Orientales (central-west Argentina).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The southwest region of La Rioja Province, northwest Argentina,
already well-known for its continental Triassic Los Chafiares and
Los Colorados formations (Bonaparte, 1978, 1997; Rogers et al.,
2001; Arcucci et al., 2004), has yielded avian-like footprints from
the Late Triassic—Early Jurassic Santo Domingo Formation (Melchor
et al., 2002), and fragmentary fossils identified as belonging to
titanosaur dinosaurs in the Precordillera Cretaceous beds (Arcucci
et al., 2005). Although Ciccioli et al. (2005) and Tedesco et al.
(2007) reported the discovery of a thick Early Cretaceous red-bed
complex, the Ciénaga del Rio Huaco Formation, in the Pre-
cordillera Central (La Rioja and San Juan provinces), the Mesozoic
sedimentary basins of the Sierras Pampeanas in central-west
Argentina were poorly known because of limited study and
understanding of the regional geology.

* Corresponding author.
E-mail address: Ifiorelli@crilar-conicet.gob.ar (L.E. Fiorelli).
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The Los Llanos Formation (Bordas, 1941; Zuzek, 1978; see also
Limarino and Poma, 1999 and Ezpeleta et al., 2006) in the Sierras
Pampeanas of the central region of the La Rioja Province, crops out
as a heterogeneous fluvio-eolian unit with abundant calcretes and
palaeosols. This succession of up to about 40 m is also substan-
tially exposed in the Sierra Brava, Sierra de Ulapes-Las Minas, and
Sierra de Los Llanos (type locality of this formation in exposures
on the western slope of this mountain range). Historically,
Bodenbender (1911) named the “Estratos de Los Llanos” for this
series of sedimentary units scattered in La Rioja Province and
dated these outcrops as Late Cretaceous. However, the “Estratos
de Los Llanos” were later included in the Los Llanos Formation by
Bordas (1941) and Zuzek (1978). In addition, Bodenbender’s work
was revised between 1930 and the 1960s and correlations with
Paleogene and Neogene outcrops from other neighbouring prov-
inces (Rusconi, 1936; Bordas, 1941; Pascual, 1954; Guifiazd, 1962)
constrained the age of the exposures located to the south of La
Rioja Province to the Cenozoic, a dating that prevailed until
recently (Limarino and Poma, 1999; Ezpeleta et al., 2006; Ruskin,
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2006; Davila et al., 2007; Ruskin et al., 2011). Although the Los
Llanos Formation occurs extensively throughout the province, its
exposures are relatively limited on the eastern side of the Sierra de
Velasco (part of Sierras Pampeanas) and mostly located within the
Sanagasta Valley in the central region of this mountain range
(Fig. 1A). Interestingly, fragmentary dinosaur eggshells in the
outcrops of the Sanagasta Valley were reported in 2007 (Tauber,
2007) and led to the reversion of the age of this locality to
Bodenbender’s Cretaceous dating. Considering the former infor-
mation, in 2007 the CRILAR (see section on abbreviations)
Geoscience Department launched a series of palaeontological field
trips to Sanagasta Geologic Park (SGP) (Fig. 1), where dinosaur
eggshells were apparently found (see Tauber, 2007). These first
field trips resulted in the discovery of an impressive dinosaur
nesting site at Sanagasta, perhaps the most palaeobiologically
significant South American nesting site outside Patagonia
(Grellet-Tinner and Fiorelli, 2010). This neosauropod nesting site
has yielded numerous egg clutches with several complete eggs. To
date, more than 70 clutches, with up to 35 complete eggs in
some, have been discovered within 300,000 m? (Fig. 1C). This
stunning discovery of Cretaceous colonial nesting presents several
intriguing aspects of dinosaur reproduction behaviour and
a surprising symbiotic/commensalism relationship from a Mar-
gulisian point of view (Margulis, 1998) between sauropod nesting
behaviours and a geothermal palaeoenvironment (Grellet-Tinner
and Fiorelli, 2010). This site is unique as it is the first to offer an
answer to the question of what possible ecological settings trig-
gered the Sanagasta neosauropods repeatedly to choose this
location to lay their eggs, a subject that had never clearly been
addressed before for other sauropod nesting sites (Grellet-Tinner
and Fiorelli, 2010).

The goals of this paper are to complement the previous report
by Grellet-Tinner and Fiorelli (2010) by presenting a complete and
comprehensive geological description of the Sanagasta nesting
site with ensuing sedimentological, petrographic, geochemical
interpretations, and assessing the regional palaeoenvironment of
the Los Llanos Formation at the site and in Sanagasta valley. As
such, this work provides a precise geological background for
neosauropod nesting behaviour and furthermore, helps under-
standing of the geological issues related to the sedimentary basins
in the Sierras Pampeanas (central-west Argentina) and their
dating.

Institutional abbreviations. CRILAR-Pv, Centro Regional de Inves-
tigaciones Cientificas y Transferencia Tecnolégica La Rioja, La Rioja
province, Argentina; MACN, Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia”, Buenos Aires, Argentina; SGP, Sanagasta
Geologic Park; UNSL, Universidad Nacional de San Luis, San Luis
Province, Argentina.

2. Material
2.1. Specimens for palaeontological analyses

The Sanagasta egg clutch, egg and eggshell specimens are
curated at the provincial palaeontological repository (CRILAR).
More specimens are still in-situ at the nesting site, which is now
a protected and preserved fossil site. All the specimens for this
study are in Table 1 with explanatory annotations.

2.2. Samples for petrographic analyses
Thirty-five rock samples from different SGP sectors and related

outcrops in the Sanagasta Valley (Fig. 1; Table 1) were collected for
petrographic and sedimentologic analyses and observations. The

samples for petrographic thin section were taken from four sedi-
mentary levels: upper level of the Sauces Formation (Lower
Permian, nearly 5 m below the egg-bearing horizon); Lower
Cretaceous level (3 m below the eggs); mid Cretaceous horizon
(1.5 m below the eggs); and Upper Cretaceous horizon associated
with the clutches and eggs (Fig. 2).

2.3. Fossil and petrographic samples for geochemical analyses

The eggshell specimens were collected from three different
sites within the Sanagasta Valley (Table 1) and coded SAN-SSA-C10,
-SSF-C11 and -SSE-C4 (see Fig. 1). Sedimentary samples were
selected from three different levels at each site: the upper level of
the Sauces Formation (Lower Permian); Lower Cretaceous horizon
(3 m below the eggs); and Upper Cretaceous horizon with the
clutches and eggs (see Fig. 2, SGP profile A). The specimens for
geochemical analyses were coded SAN 1, 2, and 6 (Upper Permian,
Lower Cretaceous and Upper Cretaceous levels at sub-site H,
respectively); SAN 3, 4, and 5 (the same three levels at sub-site F,
respectively); and SAN 7, 8, and (the same three levels at the Los
Barquitos locality, respectively). The location of the each site is
shown in Fig. 1.

3. Methods

Thin sections were made at the (CRILAR) Petrographic Labora-
tory. Observations were obtained under a stereoscopic microscope
(Leica® MZ12) and Leica® DM LB light and petrographic® DM2500
P microscopes. The images were captured with a digital camera
(Leica® DFC295) attached to the microscope and connected to
a computer for processing, editing, and measurements. Although
additional microcharacterizations will be undertaken in the future,
a limited amount of SEM microcharacterization has already been
carried out at the MACN microscope laboratory in Buenos Aires
(http://www.macn.secyt.gov.ar/) and at the laboratory of the
Universidad Nacional de San Luis (San Luis Province http://
labmem.unsl.edu.ar/). SEM analyses were undertaken using a Phi-
lips® Scanning Electron Microscope XL 30 (at MACN) and a LEO®
1450VP Scanning Electron Microscope (at UNSL). Each specimen
was coated with 60% gold and 40% palladium for 15 min (3 Arm-
strong/seg.) in a Thermo VG Scientific SC 7620. The SEM analyses
were conducted at 10 kv and the scale bars were embedded in the
images during their acquisition. The samples for thin section and
SEM analysis are from complete eggs and isolated eggshell frag-
ments with sediments from the main nesting site (see Grellet-
Tinner and Fiorelli, 2010). Geochemical analyses were performed
by Alex Stewart Assayers Argentina following the coding ICP-
AR-42/0xM for sedimentary rock and ICP-MA-39/0xM for
eggshell samples.

4. Descriptions
4.1. Geological setting

Although the Cretaceous Los Llanos Formation crops out in
other regions of La Rioja Province, thus indicating that the
basin was originally larger (perhaps more than 45,000 km?), the
4-m-thick egg-bearing horizon in the uppermost section of this
formation (Tauber, 2007; Grellet-Tinner and Fiorelli, 2010) has so
far only been recorded in the Sanagasta Valley in the central region
of the Sierra de Velasco. The nesting site is relatively small (ca.
300,000 m?), mostly located within SGP boundaries in the
Sanagasta Valley (see Grellet-Tinner and Fiorelli, 2010). The sedi-
ments of the egg-bearing outcrops (Fig. 2) overlie the laterally and
vertically variable red Sauces Formation (Upper Palaeozoic,
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Table 1

Summary of the oological and sedimentary samples used for palaeontological, petrographical and geochemical analyses.

Sanagasta sites Clutches number Clutches removed Eggshell samples (n)* Eggshell thin section Petrographic thin section Eggs geochem.” Sediment geochem.©

Sub-site A 16 2 1026 Yes
Sub-site B 7 X 182 Yes
Sub-site C 2 X 121 Yes
Sub-site D 4 X 159 Yes
Sub-site E 11 2 386 Yes
Sub-site F 18 1 716 Yes
Sub-site G 2 1 50 Yes
Sub-site H 19 1 323 Yes
Sub-site 1 3 X 111 Yes
Sub-site ] 6 X 148 Yes

Yes Yes No
Yes No No
No No No
Yes No No
Yes Yes No
Yes Yes Yes
Yes No No
Yes No Yes
Yes No No
No No No

2 Number of eggshell fragments used for statistical analysis, thin sections and geochemical analysis.

b Eggshell samples for geochemical analyses.
€ Rock samples for geochemical analyses.

Paganzo Group) at a low angle, ubiquitous unconformity (Figs. 2, 3,
4A—C) (Tauber, 2007; Grellet-Tinner and Fiorelli, 2010). The upper
levels display several types of brecciated palaeohydrothermal
structures (e.g., vertical conduits, veins and pipes) that enter the
uppermost horizontal strata (Fig. 4C). Recent palaeobotanical and
palynological studies have restricted the age of the Sauces Forma-
tion to the early Early Permian (Pieroni and Georgieff, 2007).
This formation, in turn, rests unconformably on the Sanagasta
granite (see Figs. 2, 4C), a crystalline basement rock that consists of
medium to coarse-grained, porphyritic texture and syeno- to
monzogranite composition. U-Pb monazite dating indicates an
Early Carboniferous crystallization age (353 + 1 Ma; Grosse et al.,
2009). The composition of the Sanagasta granite is SiOy (>70%)
and K;0 (>4.9%), with weakly peraluminous (aluminium saturation
index, ASI = 1.01—1.09), intermediate to high concentration ranges
for High Field Strength Elements (HSFE) such as Y, Nb, Ga, Ta and
Th, and relatively low Sr, Ba and Eu content (Grosse et al., 2009).

The Cretaceous Los Llanos Formation is characterized, in the
SGP, by medium to coarse-grained grey, whitish, and yellowish
arkosic sands (Fig. 4). However, the basal section consists of
conglomerates with quartz lithoclasts, overlain by a highly
cemented, very coarse-grained sandstone layer with interfingered
pink claystone intraclasts. It presents in several places tabular and
trough cross-bedding stratification of low angle or poorly defined
horizontal stratification, interpreted by Tauber (2007) as inter-
braided river systems. Moreover, the basal level displays horizon-
tally aligned calcite geodes and druses with bipolar growth (Fig. 4)
that are associated with palaeohydrothermal discharge channels,
cavities, and conduits (Immenhauser, 2009; Pirajno, 2009).
In addition, the middle and upper section of the formation exhibits
evidence for the former presence of numerous geothermal struc-
tures, chiefly vents, fountain geysers and hot springs together with
long horizontal calcite veins, mini-dams, and fossil mud drainages
and runoffs (Figs. 4, 6, 7).

The formation rests unconformably on the red and sandy
Permian Sauces Formation (as noted above) infilling palaeochannel
and large erosive surfaces that host several geothermal facies:
(1) vertical carbonate breccia pipe-like structures cutting the
horizontal red beds; (2) sub-vertical and diagonal calc- and silica
veins (ca. 0.5 cm wide) exhibiting a “honeycomb” structure

(Fig. 4C); (3) ubiquitous botryoidal silica-rich deposits, laminated
opal-A cements and geyserites; (4) silica-rich geodes and druses
and several siliceous sinters (microfacies) (Fig. 8), all of which can
be readily observed in the Permian exposure.

Several types of geothermal structures are evident in the Los
Llanos Formation at SGP: domed, terraced mounds, ponds, and
travertine dam and mini-dam-like structures (Figs. 4, 6, 7, 9), similar
to those described for the modern Norris Basin in Yellowstone
National Park, USA (Guidry and Chafetz, 2003; Pentecost, 2005;
Pirajno, 2009). In addition, there are typical minerals (siliceous
sinters) associated with hot springs (Heaney, 1993; Sillitoe, 1993;
Cady and Farmer, 1996; Carroll et al., 1998; Guidry and Chafetz,
2002; Konhauser et al, 2003), best exemplied by botryoidal
quartz, chalcedonic crystals and green chrysoprase, which are
ubiquitously distributed throughout the exposure. In fact, the egg-
bearing horizon displays several singular microfacies of siliceous
sinters (Fig. 8) resembling the siliceous microfacies of modern
hydrothermal fields and hot spring deposits described by Schinteie
et al. (2007). Small cup-shaped (ca. 0.5—5 cm @) siliceous sinters
with a spicular edge, and plane and smooth flow, flat-shaped sinters
(Grellet-Tinner and Fiorelli, 2010) are also very common (Fig. 8B, E).
Such small microfacies, microstromatolith and microbialites
(biosilicifications) grow and develop at the air—water and water—
sediment interface (Campbell et al., 2002; Benning et al., 2005;
Handley et al., 2005; Schinteie et al., 2007; Konhauser et al., 2008;
Preston et al., 2008; Tobler et al., 2008) and are symptomatic,
according to Schinteie et al. (2007), of relatively acidic (pH ~2.5)
and low temperature (30 and 80 °C) hydrothermal activities.

Thin (ca. 5 mm @) silicified rhizoliths and rhizocretions
including root cast and moulds are commonly observed in the
upper level. They correspond to permineralized root systems
replaced by chalcedony, opal, calcite and a clay mineral (alumino-
silicate). According to Jones et al. (1998) and Owen et al. (2008),
thermal fluids percolate and saturate the sediments (see also
Pirajno, 2009) providing enough silica for the permineralization of
plant tissues that is further concentrated by capillarity evapo-
transpiration. As such, the plant tissues act like a template for
SiO; precipitation. Tissue decay increases CO; locally and lowers
the pH (Jones et al., 1998; Channing and Edwards, 2004, 2009;
Owen et al., 2008).

Fig. 1. Geographical and geological setting of the Sanagasta nesting site, at Sanagasta Geologic Park, La Rioja, Argentina. A, map of Argentina and La Rioja Province with the location
of the Sanagasta valley. B, geologic map of the Sanagasta valley including the location of the Sanagasta Geologic Park and nesting site (A—D transects in Fig. 1B represent the
stratigraphic profiles of Fig. 2, respectively). C, geologic and nesting map of the Sanagasta nesting site with the distribution and location of the sub-sites (SA—S]J, respectively) and
egg clutches. Areas where rock (Gr1-3) and eggshell (Ge1-3) samples for geochemical analyses were taken are indicated. Codes for rock samples: Gr1, sample from sub-site H: SAN 1
(Upper Permian level, —uP—), SAN 2 (Lower Cretaceous horizon, —IK—), and SAN 6 (Upper Cretaceous horizon, —uK); Gr2, sample from sub-site F: SAN 3 (uP), SAN 4 (IK), and SAN 5
(uK); Gr3 sample from Los Barqutilos outcrop (see in B): SAN 7 (uP), SAN 8 (IK), and SAN 9 (uK). (For details of the stratigraphic column, see Fig. 3). Codes for eggshell samples: Gel,
SAN-SSA (from sub-site A); Ge2, SAN-SSE (from sub-site E); Ge3, SAN-SSF (from sub-site F).
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Fig. 2. Panoramic view of Sanagasta Geologic Park with the white Los Llanos Formation (egg-bearing level) above the red Sauces Formation with the Sierra de Velasco background.
Arrows: levels where rock samples for petrographic (white arrows) and geochemical (black arrows) analyses were taken. (For details of the stratigraphic column, see the Fig. 3).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The upper Los Llanos Formation section is interspersed by
numerous megastructures up to 30 m long that resisted erosion.
They are devoid of any distinct stratification and consist of pebbly
silcrete and calcrete sediments with conspicuous vents, mounds,
large calcite geodes and druses, discharge channels, cavities,
conduits, fountain geysers, and fossil mud drainages and runoffs
with the presence of biomineralized (silicified) stromatolite fila-
ments. All the egg clutches are located in and on these structures
within 1—3 m of the geothermal deposits. Other surface geothermal
expressions associated with the egg clutches are sub-circular
(ca. 1-2 m diameter; see Figs. 6, 7) carbonate structures, mirror-
ing exactly modern thermal or mud pools. The outer rims display
several thin laminated microfacies (Fig. 7D—G) that, according to
several authors, could correspond to micro-stromatolitic calcareous
structures, fossil bacterial mats and microbialites (e.g., Cady and
Farmer, 1996; Reysenbach and Cady, 2001; Rothschild and
Mancinelli, 2001; Dupraz et al., 2009). Large calcite geodes and
tubes with hefty bipolar growth, scalenohedric calcite crystals
covering the internal walls of cavities are regularly observed in
these megastructures (Figs. 4D, 7E).

The egg-bearing exposures outside, but adjacent to, the SGP at
sub-site E (also called “Los Cajones” sensu Tauber, 2007) (see

Fig. 1C) lack the underlying red Permian sedimentary levels of
Sauces Formation; thus the egg-bearing sediments unconformably
rest on the Sanagasta granitic basement (Grellet-Tinner and Fiorelli,
2010). The Cretaceous egg-bearing level represents, in fact, the
entire sedimentation of the local hydrothermal system (Grellet-
Tinner and Fiorelli, 2010 and reference therein). The mega-
sedimentary calcareous structures at sub-site E are diverse, being
composed of: (1) large hydrothermal mound or terrace levels;
(2) several tube-like and conduit-like structures; (3) large calcite
geodes (ca. 50 cm) (Fig. 4C, D); (4) thick and thin stratified traver-
tine levels; and (5) calc-sinter structures with “mini-dam” patterns
or “microterraces” (see Figs. 5, 6). The sub-site E outcrops (see
Figs. 1C, 3 profile B, and 4G) lack siliceous structures and silica-
microfacies like siliceous sinters, indicating a localized hydro-
thermal process of low temperature (<50 °C) and also possibly
explained by the absence of Permian quartz-rich sandy sediments
under the egg-bearing levels. Overall, the level is similar to that of
the SGP outcrops in consisting of arkose/quartz-feldspar sand-
stones, partially conglomeratic, with grey calcareous cement
(Tauber, 2007), the egg clutches occurring within about 2—3 m of
the fossilized geothermal remains (Grellet-Tinner and Fiorelli,
2010). Interestingly, the egg-bearing layer (Fig. 9) is limited to
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site E (see Fig. 1B). C, stratigraphic column for the outcrop at the Los Nacimientos locality. D, stratigraphic column for the Los Barquitos locality close to Sanagasta village.

the SGP and sub-site E, where geothermal activities were docu-
mented, although the Los Llanos Formation frequently surfaces in
other parts of the region. The clutches were confined within an
inter-mountain microbasin a few kilometres long that was fur-
rowed by meandering “warm” rivers in an unusual fluvial system
(Grellet-Tinner and Fiorelli, 2010). The numerous egg clutches are
exclusively found in the silcrete-calcrete structures, which averages
1.5 m thick within the SGP and resembles, in several respects, the
South Korean egg-bearing geological setting of the Seonso Forma-
tion in the Gyeongsang Basin (Paik et al., 2004; Kim et al., 2009a).
In fact, the Seonso nesting sites are characterized by an Andean-
type continental margin, similar to that of Sanagasta, and display
synchronous geotectonic and igneous activity with numerous
palaeohydrothermal deposits (Choi, 1986; Chough et al., 2000;
Lee and Lee, 2000; Choi et al.,, 2005a; Hwang et al., 2008, and
discussions therein).

4.2. Petrographic overview and microsedimentology of the
egg-clutch level

The horizontally variable sediments at the nesting site are char-
acterized by very coarse sandstones and conglomerates that display
microfacies and microfabric changes within a few centimetres. In thin
section, the sandstone grains are sub-rounded and well sorted, but
poorly packed with a large amount of calcareous cement. In addition,
well-packed, angular conglomeratic sandstones with a poorly sorted
silicified matrix are also common. Irrespective of this, the egg-bearing
level is classified as a typical arkose with sub-rounded to subangular
clasts of low sphericity, implying an immature rock (Pettijohn et al.,
1987) possibly regarded as a “wackestone” (sensu Dunham, 1962
and Wright, 1992). The brecciated pipes and carbonaceous conduits

in the upper section of the Sauces Formation, and the domal, mound,
and pond structures in Los Llanos Formation display a typical
microfabric of hydrothermal shallow channels showing fossil biofilms
and microbialite framestone (Fig. 10C—E). The sediments associated
with the egg clutches have a low proportion of feldspars, lithocalsts
and intraclasts (<15%) but a dominance of microcrystalline and
polycrystalline quartz grains, along with a few chert grains (Figs. 11,
12A—D). The feldspars are represented by plagioclase, microcline
(Fig. 11B), and pertites in lesser proportion. Although rare, the lithic
fragments in the egg-bearing levels are made up of plutonic and
sedimentary fragments from the Permian with heavy minerals such
as apatite, zircon, rutile, tourmaline, and some opaque minerals
(perhapsiron oxides and framboids). The grains and lithoclasts do not
exhibit distortion, pressure, dissolution or recrystallization, but they
do display micritization, corrosion, and wear derived from the
diagenetic-hydrothermal environment (Figs. 11C, D, 12E, F). The
calcite cement is very fine, granular with high relief and interference
colour (Figs.11,12A, B). As such, the rock is regarded a sandstone with
a carbonate-mud matrix (Fig. 11D, E; Adams and MacKenzie, 1998;
Scholle and Ulmer-Scholle, 2003). The sparry cement (intrasparite)
(Fig. 11) comes from an original micrite (intramicrite) (sensu Folk,
1962). This microsparite cement suggests a sedimentary process
under conditions that led to the removal of the mud matrix, such as
fast-flowing areas on the river bed, or slow-flowing but agitated areas
(see Arenas-Abad et al., 2010); however, this calcite cement could also
have formed from old caliche by recrystallization of a primary micrite
(microcrystalline calcite) during diagenesis (Boggs, 1992). In addition,
the rock displays a typical diagenetic-hydrothermal microfabric with
silicate cement (mainly chalcedony and microchert) infilling voids
(Figs.11A,12C—E). This siliceous phase is evidence of pre-compacting
cement and an earlier episode of diagenesis in a hydrothermal
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Fig. 4. Sedimentary and hydrothermal structures present in the Permian and Cretaceous formations. A, panoramic view of Sanagasta Geologic Park showing the white Cretaceous
Los Llanos Formation overlying the red early Early Permian Sauces Formation. B, simplified stratigraphic profile of the nesting site. C, boundary between Permian and Cretaceous
levels displays vertical brecciated pipe-like calcareous structures (white arrows) and silica-carbonate veins (black arrow). D, large calcite geode formed with “dogtooth” crystals
(arrows and dotted line shows the P/K boundary). E, irregular geode of typical hydrothermal discharge channel or conduit formed by scalenohedron calcite crystals (see
Immenhauser, 2009). F, large horizontal veins of scalenohedron calcite crystals (similar to the apron and pond facies; see Fouke et al., 2003; Veysey et al., 2008), relics of Cretaceous
hot spring terraces and hydrothermal activities in the Sanagasta Geologic Park. G, sub-site E where the Cretaceous sediments of the Los Llanos Formation rest directly on the

granitoid basement (dotted lines shows the basement/Cretaceous boundary). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Cal-sinter structures and facies at Sanagasta Geologic Park. A, blue calcite crystals of a “mini-dam”-like structure from proximal and distal slope facies. B, large pyramidal
crystals from runoffs and proximal facies of a geyser. C, mini-crystal calcite from runoffs and pond facies. D, botryoidal calcite with microcrystals perhaps from pond facies. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

environment. Although, the porosity is primary intergranular (inter-
particle) (sensu Choquette and Pray, 1970), the rock displays
a secondary intergranular porosity (Figs. 11, 12). However, the partial
recrystallization of the fossils (Fig. 11) and some infilling of spaces by
drusy calcite cement and quartz (mainly chalcedony) (Figs. 11D, E,
12E) also suggest secondary intragranular and intergranular poros-
ities. Therefore, the immature rock, the microfabric of shallow
hydrothermal channels, the micritization and corrosion of grains, the
sparry and silicate cements, and hydrothermal eodiagenesis indicate,
and are congruent with, substantial and prolonged geothermal
activity.

4.3. Palaeohydrothermal structures and microbialite petrography

The calcite crystals in conduits and pore voids produced by
hydrothermal fluids have a filamentous appearance or are repre-
sented by equigranular and palisade cements (Fig. 12; see Scholle
and Ulmer-Scholle, 2003). Moreover, the hot springs and geyser
structures present particular silicate (Fig. 13B) and carbonate
cementation patterns with bipolar, palisade growth, calcitic crystals
(Fig. 13D) through several phases as documented by Immenhauser
(2009; see also Muchez et al., 1998; Suchy et al., 2000; Nielsen
et al., 2005; Fliigel, 2010). The Cretaceous sedimentary level,
associated with the megastructures, displays several calcareous

slope microfacies and microbialite framestones formed by silicified
filamentous stratified and laminated “crust-like” micro-
stromatolites (Fig. 14A—D), and cyanobacteria filaments (e.g., cf.
Calothrix) (Figs. 10E, 14E), with a matrix composed of fossil “pinnate”
diatoms (Fig. 14A, C, F). The silica in the epithermal environment is
mainly derived from alumino-silicates and quartz (Pirajno, 2009),
which are very common minerals in the Sanagasta granite (Grosse
et al., 2009) and the Permian sediments (Pieroni and Georgieff,
2007; Grellet-Tinner and Fiorelli, 2010). In thin section, the sili-
ceous microfabrics fill up voids, replace sections of the calcareous
cement, and display euhedral quartz crystallites, drusy mega-quartz
mosaics, microcherts, chalcedony cements, fibrous silica and opals
(Figs. 10C, 12C—E, 13). The same siliceous microfabrics could also be
observed in colourful botryoidal silica macrostructures (Fig. 8D).
Epidote aggregates (mainly replacing sections of the fossil eggshells)
is a common sorosilicate mineral that may have a secondary origin
by hydrothermal alteration of plagioclase through a “saussuritiza-
tion” process (see discussion below).

Hydrothermal mineral phases that develop in epithermal
systems are dependent on temperature, pressure, rock type, nature
of the circulating fluids (such as pH, presence of CO, and H,S) and
water/rock ratios. At lower temperatures (<180 °C) the common
mineral phases related to geothermal fluids are calcite, kaolinite,
smectite, cristobalite, gypsum, opal, quartz, and epidote (see



Fig. 6. Comparison between the Norris Basin in Yellowstone National Park (A and C) and the Sanagasta Geologic Park nesting site (B and D) hot-spring structures. A, B, calcareous
mud drainages (“mini-dams”) and runoffs from slope facies. C, D, thermal-pool and hot-spring structures.

Fig. 7. Comparison between the Norris Basin in Yellowstone National Park (A—C) and the Sanagasta Geologic Park nesting site (D—G) hydrothermal structures. A, geyser. B, C, edges
of the geyser displaying microbialites and biofacies. D, palaeo-hot spring (mound-like) structure; microbialite, laminated microfacies and micro-stromatolitic calcareous structures
from the edge of the palaeogeyser. F, fine pink travertine microfacies. G, scalenohedron (dog-tooth spar) and rhombohedron calcite crystal microfacies from the centre of a fossil
geyser pool. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Siliceous-sinter microfacies from the Sanagasta nesting site. These ubiquitous sinters, commonly deposited by hydrothermal solutions either in channels or on surfaces near
vents, add another level of support to past hydrothermal activity in the Sanagasta Valley. A, C, in-situ siliceous-sinter microfacies at the P/K boundary. C, D, magnification of A and C,
respectively, showing small cup-shaped (C) and botryoidal (D) silica sinters. E, small siliceous microfacies which are ubiquitous at the nesting level and associated with the egg
clutches indicate temperatures of ca. 40 °C for the palaeothermal fluids between the clutches. Abbreviations: Si, siliceous sinter; Ca, calcite crystal.

Pirajno, 2009, p. 121). Most of these phases are represented in the
sediments and fossil eggs at the Sanagasta nesting site, thus rein-
forcing the concept that the egg-bearing level was formed and
concomitantly altered by an epithermal system at shallow depths
and relatively low temperatures (<180 °C) and pressures (see e.g.,
White and Hedenquist, 1990; Browne, 1991; Pentecost et al., 2003;
Renaut and Jones, 2003; Pirajno, 2009).

4.4. Brief description of the clutches and eggs at the nesting site

Nesting site and clutches. Throughout the SGP, the egg clutches
are below, above, and at the same levels as the vents, fountain
geysers and geothermal mounds indicating a substantial period of
coeval and associated geothermal and ovideposition activities.
Although each clutch is easily identified by a regularly distributed
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Fig. 9. Comparison between the Norris Basin in Yellowstone National Park and the Sanagasta Geologic Park. A, C, E; hydrothermal structures (conduits, geysers and mounds) in the
Norris Basin. B, D, F, hydrothermal structures at the Sanagasta Geologic Park nesting site. A, B, large calcite crystals (dog-tooth-like) with bipolar growth in the cavities of conduits

and pipes. C—F, typical mounds and hydrothermal vents structures.

number of eggs within a defined area and volume, no nest struc-
tures or architectures with sedimentary rims were noted. The
clutches consist of up to 35 eggs but the most consist of 3—12 eggs
because of taphonomic processes and recent natural and anthro-
pogenic weathering (Fig. 15). Clutches with more than 30 complete
eggs rest on a surface 1.8 m? with a maximum clutch axis of 220 cm
(Grellet-Tinner and Fiorelli, 2010). The three-dimensional clutch
geometry is well preserved, showing two egg rows, with more eggs
in the upper row. This possibly reflects laying patterns and
behaviours, with the spatial distribution implying a deliberately

excavated hole as a nesting structure rather than eggs having been
deposited on the surface (Fig. 15A—C).

The eggs and eggshells. Although described by Grellet-Tinner and
Fiorelli (2010), we recapitulate here the main egg and eggshell
characters. The subspherical and slightly ovoid eggs average 21 cm
in diameter (min 20 cm, max 23 cm), their circumference is
61-63 cm, and their maximum volume is estimated to be
6370 cm?® (Grellet-Tinner et al., 2012). The mono-layered eggshell
displays thickness variations, which are visible on a single egg and
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Fig. 10. Palaeohydrothermal structures and microfabrics from the P/K boundary. A, Late Permian sediments showing a pipe-conduit structure. B, rock fragment at the same level
with characteristic hydrothermal lithology. C—E, petrographic thin sections of B. C, typical hydrothermal microfabric with chalcedony and silicified microstromatolite filaments
forming the rock matrix and embedding completely the rock fragments and quartz grains. D, silicified microstromatolite infilled the sediment associated with a red Permian
lithoclast. E, photomicrograph of a silicified microbial filament (cf. Calothrix), a typical cyanobacterian from ancient and modern hydrothermal systems preserved in the calcareous
rock microfabric. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were noted in all sub-sites to be from 1.29 to 7.93 mm, with
a mean thickness of 3.847 mm (n = 3077). Rounded or sub-
rounded to sub-polygonal nodular structures on the surface
average 0.629 mm in diameter with a significant variation
(X = 2,94 node per mm?). No alleged pathological eggshell frag-
ments with two or more layers were recovered. The eggshell unit
nuclei are only observed in very few cases and are generally
poorly preserved. In shells thicker than ca. 2.5 mm, the eggshell
units display secondary dichotomic or polytomic ramifications
which developed as they grew outwards. The abundant pore
canals exhibit different morphologies that vary according to the
thickness of the shell. They are notably straight with a greater
diameter towards the innermost eggshell surface in thin shells,
but meander with several dichotomous ramifications towards the
outermost shell surface in the thick shells. The pore aperture
diameters average 0.1854 mm with a concentration of 5.86 p/
mm? From a parataxonomic perspective, the thinner eggs
would be assigned to the traditional parataxonomic oofamily
Megaloolithidae (Zhao, 1979) with a discretispherulitic eggshell
structure, compactituberculate surface morphology, and tuboca-
naliculate pore system. However, the thicker shell would be
attributed to Faveoloolithidae (Zhao and Ding, 1976) with a fili-
spherulitic morphotype and multicanaliculate pore system. This
inconsistency is related to the shell thickness, itself influenced by
chemical erosion of the outer shell (Grellet-Tinner and Fiorelli,
2010) coupled with the vagaries of dinosaur eggshell para-
taxonomic classification, because monospecific eggs cannot
belong to two different (artificial) oofamilies.

4.5. Geochemical analyses of eggshell and sediment

This section recapitulates and expands upon the geochemical
analysis of sediments and fossils reported by Grellet-Tinner and
Fiorelli (2010) not only to understand better the unique relation-
ship between the nesting behaviour of the Sanagasta neosauropods
and the geology of the nesting site, but also to determine the age of
both processes. Sedimentary samples were collected from the same
horizons at three different locations in the Sanagasta valley: two
within the SGP (at sub-sites H and F) and another outside the park
at Los Barquitos (profile D; see Figs. 1, 2) where no egg clutches and
geothermal structures are present. The specimens were sampled in
the: (1) upper level of the Sauces Formation (very fine-grained
sandstone); (2) lower level of the Los Llanos Formation (very
coarse-grained sandstone to conglomerate); and (3) upper level of
the Los Llanos Formation (medium-grained sandstone), where the
egg clutches were recovered. The SiO, concentration from the
upper level of the Sauces Formation is ubiquitously high (between
70 and 83 wt.%). A similar SiO, concentration, but with a larger
range was recorded from the lower and upper levels of the Los
Llanos Formation at the sub-sites H and F (between 64 and 85 wt.%)
except for one sample from the upper level of this formation (SAN
6, sub-site H), which displayed a lower value (32 wt.%). Overall, the
samples from the Los Llanos Formation at the Los Barquitos locality
(SAN 8 and 9, profile D in Fig. 2) display lesser SiO, values (54 and
59 wt.%) than those located in the nesting area. The calcium oxide
results are similar to those of the silica in demonstrating anomalies
for sub-sites H (values of 1.15—-1.06, 35.87 wt.%) and F (9.14—15.81,
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8.82 wt.%) for the upper level of the Sauces Fm and lower and upper
levels of the Los Llanos Formation, respectively (Table 2), whereas
the levels at the Los Barquitos locality do not exhibit these anom-
alies (0.90 wt.% for the upper level of the Sauces Fm; 17.34 wt.% for
the lower level and 16.61 wt.% for the upper level of the Los Llanos
Formation). The concentration of Al,03, TiO;, Fe;03, MgO, MnO,
Na,0, K>0 and P,05 do not show significant variations among the
studied samples (Table 2). Conversely, the concentration of trace
elements varies widely. The upper level of the Sauces Formation at
sub-sites H and F displays similar concentrations of V (52—59 ppm),
Cu (18—28 ppm) and As (5—11 ppm), but higher values of Li, Ba, Pb,
Zn at the sub-site H (Li = 19, Ba = 506, Pb = 19 and Zn = 46 ppm)
than the sub-site F (Li = 6, Ba = 98, Pb = 4 and Zn = 12 ppm)
(Table 2). However, at Los Barquitos, the Sauces Formation exhibits
generally lower values (V = 15, Cu = 10, As < 5, Li = 7, Ba = 33,
Pb < 2 and Zn = 10 ppm). A similar geochemical pattern is present
in the Los Llanos Formation, where at the lower level of this
formation, the highest concentrations are at sub-site H (Li = 9,
Ba =395,V =93, Cu=23,Zn = 17,Pb = 7 and As = 12 ppm) and
sub-site F (Li = 3, Ba =48,V =10, Cu = 11, Zn = 4, Pb = 2 and
As < 5 ppm) and lower at Los Barquitos (Li = 4, Ba = 24, V = 10,
Cu=38,Zn =4, Pb < 2 and As < 5 ppm). Similarly, the upper level
(egg horizon) of the Los Llanos Formation exhibits relatively higher
values at sub-site H(Li =5,Ba=70,V=18,Cu=9,Zn=6,Pb =3
and As = 10 ppm) and lower values in the other profiles (sub-site F,
Li=4,Ba=47,V=12,Cu=10,Zn =5, Pb < 2 and <5 ppm; Los
Barquitos, Li = 4, Ba =65, V=9, Cu=28,7Zn =4, Pb < 2and
As < 5 ppm). All this suggests that the H (mainly) and F sub-sites
were altered compositionally by hydrothermal/geothermal activi-
ties, in contrast to Los Barquitos where geothermal evidence such
as geodes, druses, calcitic crystals, and geyserites botryoidal
structures are absent (Fig. 16). Chemical analyses of eggshells from
the A, E and F sub-sites (Fig. 1, Table 2) indicate low concentrations
for all of the oxides except for CaO and SiO;. Two eggshells display
similar oxide contents (CaO = 30.84 and 32.49 and SiO, = 36.46 and
40.15, respectively) while the third has lower CaO (7.09 wt.%) and
higher SiO, (80.61 wt.%) values, reflecting a higher degree of silic-
ification. Similar trace element contents of the sedimentary rocks
were recovered in the eggshells, with relatively anomalous values
of Ba (from 33 to >2000 ppm), V (from 17 to 34 ppm) and lower
concentrations of Pb (<2—5 ppm) and Zn (from 2 to 6 ppm). This
geochemical similarity between the sedimentary rock and the
eggshells implies that both were subjected to the same geothermal
regime and alteration.

4.6. Cretaceous age for the egg-bearing level and Los Llanos
Formation

Although recent work constrained the age of Los Llanos
Formation to the Miocene (Ezpeleta et al., 2006; Ruskin, 2006;
Davila et al., 2007; Ruskin et al., 2011), the discovery of Creta-
ceous oological dinosaur remains reported originally by Tauber
(2007), and subsequently confirmed by the discovery of the neo-
sauropod nesting site at Sanagasta (Grellet-Tinner and Fiorelli,
2010), has necessitated a return to the original Cretaceous age
determined by Bodenbender (1911). The eggs correspond to
faveoloolithid type, which were laid by sauropod dinosaurs

according to Tauber (2007) and Grellet-Tinner and Fiorelli (2010).
The relationship between ovipositions and hydrothermal activity
implies that both biological and geological processes were
synchronous because the eggs were laid in hydrothermal ground.
This implies a similar age because hydrothermal activity leads to
rapid sediment lithification in weeks or months (see Guidry and
Chafetz, 2003; Renaut and Jones, 2003; Pentecost, 2005; Pirajno,
2009). To sum up, the discovery of new Cretaceous fossils at the
type locality of Los Llanos Formation (Fiorelli et al., 2011) supports
Bodenbender’s (1911) Cretaceous age determination. Based on the
geochemical analyses, we propose here an Early Cretaceous age for
the Sanagasta nesting site and Los Llanos Formation (see discussion
below).

5. Discussion

Although previously faveoloolithid eggs were associated by
some authors with titanosaurs (e.g., Casadio et al., 2002; de Valais
et al., 2003; Simén, 2006), a lower taxonomic identity to Neo-
sauropoda would provisionally be advisable without supportive
evidence from fossil embryos “in ovo” (Grellet-Tinner and Fiorelli,
2010). This taxonomic association rests on both the oological
characters indicating a sauropod affiliation (see Grellet-Tinner and
Fiorelli, 2010; Grellet-Tinner et al., 2011) and the documented
presence of both diplodocoid and titanosaurid sauropods in the
fossil record of South America during that period of time (Grellet-
Tinner et al., 2012). The taphonomy of this monotypic nesting site
displays biostratinomic and fossil diagenetic pecularities. The
three-dimensional spatial arrangement of the egg clutches
dispersed throughout the entire egg-bearing horizon and
geothermal relics implies that egg ovideposition and geothermal
activity were coeval. Moreover, the ubiquitous presence of clutches
within a radius of 3 m from a given geothermal relic may indicate
a deliberate parental choice to ovideposit their eggs at these precise
sites. Eggs were buried in the geothermal sediments before their
consolidation and lithification. Hydrothermal sediments can be
lithified rapidly within months (see Renaut and Jones, 2003;
Scholle and Ulmer-Scholle, 2003; Pirajno, 2009), which is
congruent with synchronization between oviposition and
geothermal activity. The biocoenosis corresponds to a biogenic
production of eggs, with eggshell mineralization altered by
hydrothermal activity and biolithificating extremophile microor-
ganisms (stromatolites, cyanobacteria, and diatoms; Fig. 14).
Biostratinomy, thanatocenosis and time-averaging were virtually
nil because the eggs were buried in the substrate after their ovi-
deposition (Grellet-Tinner and Fiorelli, 2010). In contrast, the
taphocenosis (buried associations) represents the most important
taphonomic feature. The eggshells display several taphonomic
alterations (e.g., high fragmentation, chemical erosion, and eggshell
thinning) produced by acidic solutions immediately after oviposi-
tion, while re-calcification and silicification (mainly microsparite,
chalcedony, microchert, opal-A, and epidotes) during the eodia-
genesis are the most common eggshell recrystallizations. The
presence of opal-A/CT microspheres ca.10 pm in diameter (see
Grellet-Tinner and Fiorelli, 2010), epidote aggregates (e.g., clino-
zoisite through the “saussuritization” process), and fibrous clay
minerals (e.g., smectite derivates from plagioclase through the

Fig. 11. Photomicrographs of sedimentary rocks with eggshell fragments from the Sanagasta nesting site. A, arkosic sandstone with eggshell fragment eroded and silicified by warm,
acidic hydrothermal fluids. B, typical conglomeratic sandstone with large grains (quartz and feldspars) rounded by calcareous cement. C, D, sedimentary rocks with eggshell
fragments under a petrographic microscope and cross nicols displaying different types of calcite cements and peloids (dark zone in D). E, very silicified complete eggshell with
characteristic sedimentary sparry calcite cement. Abbreviations: ch, chalcedony; dc, drusy cement (equigranular); es, eggshell; f, feldspars; mc, microchert; pal, palisade; pc:

polycrystalline; q, quartz grain; sc, sparry calcite cement.
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Fig. 12. Photomicrographs of the arkosic and conglomeratic sandstone from the egg-bearing level. A, B, quartz grains and calcareous (sparry) cement under a petrographic
microscope and cross nicols (A) and cross-polarized light (B), C, D, arkosic and conglomeratic sandstone with a typical hydrothermal microfabric displaying a silicified (microchert
and chalcedonitic) cement under cross nicols (C) and cross-polarized light (D). E, thin section from the Lower Cretaceous levels showing calcite and silicified cement infilling some
pore spaces under cross nicols. F, sandstone with sparry calcite cement and palisade cement around the quartz grains in cross-polarized light.
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Fig. 13. Palaeohydrothermal and hot spring megastructures and microfabric from the Sangasta nesting site. A, palaeogeyser, silicified mound structure. B, thin section of the arkosic
sandstone from the mound shown in A with microsilicates infilling the rock matrix. C, palaeogeyser calc-mound structure (mud-pots) with large calcite crystals at the edges. D,
photomicrograph of a thin section of the calcite edge showing the internal composition and mineral phases of the “large crystalline calcite vein” with bipolar growth.

“argilization” process) replacing parts of the eggshell and egg
membranes support an extreme hydrothermal eodiagenetic alter-
ation (e.g., Deer et al.,, 1996; Mozita and Faure, 1998; Armbruster
et al., 2006; Chardon et al., 2006; Pirajno, 2009; Mackinnon et al.,
2010; Morad et al.,, 2010). The eggs are superficially fractured in
multiple eggshell fragments (Fig. 15D, E), suggesting that the eggs
were complete and not fractured at burial (Mueller-Téwe et al.,
2002). Subsequently, they were exposed to extensive forces when
the matrix had already at least partially solidified, thus constraining
lateral extension and forcing the shells to fracture during the
eodiagenesis (Grellet-Tinner and Fiorelli, 2010). The cement of the
Cretaceous sandstones consists mostly of carbonate and less
frequently silicate, microbialites and hydrothermal phases that
originate commonly from geothermal activities, which produced
the above-menioned eodiagenetic and taphonomic characteristics.

Numerous rift basins were formed from the Early Cretaceous to
the Paleogene in central-western and northwestern Argentinean
regions (e.g., Schmidt et al., 1995; Ramos et al., 2002; Webster et al.,
2004; Chebli et al., 2005; Monaldi et al.,, 2008; Ramos, 2010)
concomitantly to synrift basins throughout the entire South
American continent (e.g., Mohriak et al., 2000; Torsvik et al., 2009;
Moulin et al,, 2010). Many of these rift and foreland basins are
associated with the Sierras Pampeanas orogeny in central-west
Argentina, which supports Bodenbender’s (1911) original dating.

The development of these rift basins is related in part to the
opening of the South Atlantic Ocean (Schmidt et al., 1995; Ramos
et al., 2002; Webster et al., 2004; Torsvik et al., 2009; Moulin
et al., 2010) as well as to the back-arc subduction of the Nazca
Plate below the South American Plate (Ramos, 2010), generating
high regional/continental tectonism as well as volcanic activity and
Cretaceous pegmatite intrusions (Comin-Chiaramonti et al., 2007;
Kirstein et al., 2001; Poulsen et al., 2003). Recently, Lobens et al.
(2011) presented an uplift model for the Sierras Pampeanas.
According to these authors, the Sierras 2.3 km orogeny took place
during the Cretaceous Period. This orogeny fostered the sedimen-
tary basins associated with the eastern edge of the mountains and
would have led to significant erosion of the pre-existing granite
(about 400 m) generating the sedimentary material for basin
infilling (Lobens et al., 2011; see also Webster et al., 2004). Although
the Cretaceous orogeny of southeast Sierras Pampeanas ended
about 80 million years ago, this process began during the Early
Cretaceous (Lobens et al., 2011).

Five hydrothermal cycles, which show characteristic metal-
logenic and hydrothermal signatures, are recognized in associa-
tion with the Sierras Pampeanas orogeny (Mutti et al., 2005a, b).
These occurred during the Proterozoic, Lower—Middle Cambrian,
Early—Middle Ordovician, Carboniferous—Cretaceous and Ceno-
zoic, respectively (Mutti et al., 2005a, b). Grellet-Tinner and
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Fig. 15. Clutches and eggs from the Sanagasta nesting site. A—C, spatial arrangement of the eggs inside clutch 2 from sub-site F, one of the largest clutches at the nesting site.
A, upper view. B, lateral view. C, three-dimensional view. D, complete eggs from the clutch 6 at sub-site A. E, complete eggs in clutch 2 from sub-site F. F, clutch from sub-site E (see
Fig. 1) showing the spatial arrangement of seven eggs.

Fig. 14. Photomicrographs of sediments from the Sanagasta nesting site with microbialite framestones and hydrothermal microfabrics. A, B, samples from the egg-bearing sedi-
ments and lower section of Los Llanos Formation under cross nicols (A) and cross-polarized light (B). C, characteristic microbialite with long filamentous stromatoliths. D, botryoidal
growth of a stromatolite. E, photomicrograph of some filaments of cyanobacteria. F, dense clustering of diatom and cyanobacteria cut crosswise; 1, 2 and 3, are stromatoliths,
diatoms and cyanobacteria, respectively.
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Table 2

Eggshell and sedimentary chemical analyses for the Sanagasta nesting site and Sanagasta valley.
Samples
Oxides Eggshell fragments Sediments sub-site H Sediments sub-site F Sediments Los Barquitos
(wWeight %)  Subsite A  SubsiteE  Subsite P SANI®  SAN2®  SANG°  SAN3'  SAN4®  SANS5®  SAN7®  SANS®  SANO®

(clutch 10) (clutch 4) (clutch 11)

SiO, 40.15 80.61 36.76 70.05 85.51 31.81 74.20 64.27 75.71 82.88 54.56 59.00
TiO, 0.01 0.01 0.01 0.38 0.11 0.09 0.10 0.02 0.06 0.10 0.03 0.08
Al,03 0.23 0.19 0.24 8.46 4.59 242 3.02 2.48 2.34 7.63 6.57 3.90
Fe,03 0.16 0.28 0.15 2.64 1.27 0.61 1.22 0.53 0.66 1.00 0.05 0.64
MnO 0.01 0.01 0.01 0.08 0.25 0.03 0.03 0.02 0.01 0.02 0.01 0.01
MgO 0.04 0.03 0.04 0.81 0.24 0.21 0.27 0.07 0.11 0.24 0.10 0.30
Cao 32.49 7.09 30.84 1.15 1.06 35.83 9.14 15.81 8.82 0.90 17.34 16.61
Na,O 0.06 0.06 0.06 4.56 0.90 0.36 0.30 0.52 0.47 2.28 1.24 0.73
K>,0 0.05 0.07 0.07 1.71 1.75 0.96 1.08 1.37 0.98 1.46 4.13 1.76
P,0s5 0.01 0.02 0.02 0.07 0.04 0.18 0.09 0.05 0.04 0.03 0.04 0.04
LOI 27.77 6.59 26.77 7.82 2.90 27.54 8.82 13.08 8.20 1.90 14.43 14.30
Total 100.98 94.96 94.97 97.73 98.62 100.04 98.27 98.22 97.40 98.44 98.50 97.37
Trace elements (ppm)
Li <2 <2 <2 19 9 5 6 3 4 7 4 4
Ba >2000 51 33 506 395 70 98 48 47 33 24 65
\% 17 34 18 59 93 18 52 10 12 15 10 9
Cu 3 2 5 28 23 9 18 11 10 10 8 8
Zn 5 6 2 46 17 6 12 4 5 10 4 4
Pb 5 <2 <2 19 7 3 4 2 <2 <2 <2 <2
As <5 <5 <5 11 12 10 5 <5 <5 <5 <5 <5

The lower limit for detection of the major oxides is 0.01 wt %. Limit detection for Li there is between 2 and 10,000 p.p.m.; for Ba is between 2 and 2,000 p.p.m.; for V between 1
and 10,000 p.p.m.; for Cu between 1 and 10,000 p.p.m.; for Zn between 1 and 10,000 p.p.m.; for Pb between 2 and 10,000 p.p.m.; and for As between 5 and 10,000 p.p.m.

2 Rock sample from the lower Cretaceous levels.
b Rock sample from the upper Permian levels.
€ Rock sample from the upper Cretaceous levels.

Fiorelli (2010) determined that the fourth, named the Gondwanic
extensional cycle, was responsible for the geothermal activity at
the Sanagasta nesting site during the Early Cretaceous. This cycle
is characterized by Mn (Fe—F—Ba), F (Fe—Mn)-rich veins formed in
association with granitoids and pegmatitic intrusions (Galindo
et al.,, 1997; Rapela and Llambfias, 1999; Mutti et al., 2005b). The
mineralogical and geochemical characteristics of this Cretaceous
cycle are the only ones that match the results of the geochemical
analyses at the Sanagasta nesting site (see Mutti et al., 2005b;
Grellet-Tinner and Fiorelli, 2010). This last point indicates that
the egg clutches were also affected concomitantly by this Creta-
ceous hydrothermal process (Fig. 16), as the geochemical signature
is congruent with that of the Cretaceous Gondwanic hydrothermal
cycle described by Mutti et al. (2005b). This cycle includes an
extensional metallogenic stage dated between the Hauterivian
and Aptian (134 4+ 5 and 117 + 26 Ma; Galindo et al., 1997; Rapela
and Llambias, 1999; Brodtkorb and Etcheverry, 2000; Mutti et al.,
2005b), thus further delimiting the age and duration of the ovi-
deposition and hydrothermal activities at Sanagasta (Grellet-
Tinner and Fiorelli, 2010). However, and more importantly, this
shows the synchronous relationship and reproductive/biological
dependence of neosauropods on this specialized environment.
The E sub-site rests directly on granitoids and is characterized by
only carbonate hydrothermal mineralogy. Conversely, the main
nesting site exhibits, in addition to carbonates (e.g., mini-dams,
terraces, mounds), bluish and grey-rimed cup-shaped (ca. 1-5 cm
0) siliceous sinters along with plane and smooth flat sinters in close
proximity to geyser and fountain mounds and clutches (Figs. 6—9).
According to Schinteie et al. (2007), these silica structures are
congruent with hot and hypersaturated hydrothermal solutions
(Handley et al., 2005; Schinteie et al., 2007; Preston et al., 2008;
Tobler et al, 2008). Moreover, irregular smaller and thin
(ca. 0.5 cm @) cup-like siliceous sinters (Fig. 8) are interspersed
regularly on the outcrop, analogous to Microfacies-4 structures in the

Rotokawa geothermal field in New Zealand, which are indicative of
warm (ca. 45 °C) surface and shallow-depth thermal water (Schinteie
etal., 2007). However, and according to Behl (2011), small diagenetic
and botryoidal opal-A microspherules reported in some eggshells
(see Grellet-Tinner and Fiorelli, 2010) suggest formation tempera-
tures below 40 °C; in addition, botryoidal silicates, domal silicified
sandstone structures, and travertine veins are omnipresent at the
main nesting site close to the egg-chlutches (Figs. 4F and 9F).
According to Guidry and Chafetz (2003), and as fore the Yellowstone
Norris Basin, the domal mounds are regarded as discharge channels
with temperatures below 80 °C (Figs. 6, 7 and 9). In addition, the
Lower Cretaceous levels display large calcite geodes and tubes with
large scalenohedric calcite crystals with bipolar growth. According to
Muchez et al. (1998), Suchy et al. (2000), Nielsen et al. (2005) and
Immenhauser (2009), these crystals that generally fill cavities
(Fig. 4D, E) precipitate from hot fluids at the shallow fringes of
hydrothermal systems (<5 m) in low temperatures (between 30 and
50 °C) and moderately elevated salinities.

Microbialites are organosedimentary structures that result from
the trapping, binding, and lithification of sediments by microbial
mat communities (Burne and Moore, 1987). Thus, mineral deposits
resulting from organomineralization s.l. (microbially-induced and
microbially-influenced mineralization) are called microbialites
(Burne and Moore, 1987; Dupraz et al., 2009) and are classified in
several categories based on their macroscopic features, although
they can occur as thrombolites and/or stromatolites (Burne and
Moore, 1987; Riding, 1991, 2000; see Dupraz et al., 2009 for more
information on calcareous microbialites). Although more common
in marine sediments a few continental environments (mainly
lacustrine, hypersaline and hydrothermal settings) can preserve
microbial communities through biolithification (Dupraz and
Visscher, 2005; Dupraz et al., 2009). The Cretaceous sedimentary
level at the SGP displays several microbialite framestones formed
by silicified filamentous, stratified and laminated “crust-like”
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Fig. 16. Elemental analysis of the sediments and eggshell fragments from the Sanagasta nesting site and Sanagasta valley. The grey fields represent the chemical analyses of the
eggshells; the red, green and yellow lines indicate the geochemical analyses of the Permian, and lower and upper egg-bearing Cretaceous sedimentary samples, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microstromatolits and filaments of cyanobacteria, with a dense
matrix of fossil pennate diatoms (Fig. 14), which has only been
reported on rare occasions from continental settings in the Creta-
ceous, e.g., from the Early Cretaceous Shindong Group, Gyeongsang
Basin, South Korea (Harwood et al., 2004; Chang and Park, 2008).
These microscopic observations confirm the presence of

extremophilic (mainly thermophile and acidophile) microorganism
assemblages at the nesting site, which further support the presence
of a palaeohydrothermal environment.

The combined geological evidence at the SGP substantiate the
presence of an epithermal palaeoenvironment (Heaney, 1993;
Sillitoe, 1993; Bustillo et al., 1999; Grellet-Tinner and Fiorelli,
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Fig. 17. Sanagasta hydrothermal environment during the Early Cretaceous.

2010) and suggest a soil temperature range from 35° to 80 °C that
would have favoured the incubation of eggs 21 cm in diameter
(Grellet-Tinner et al., 2012). Overall, the evidence gathered at the
Sanagasta nesting site indicates that a group of neosauropods must
have used geothermal soil thermoradiation and moisture to incu-
bate their exceptionally large eggs with intricate shell strutures
(Grellet-Tinner and Fiorelli, 2010; Grellet-Tinner et al., 2012).
During the Early Cretaceous, the nesting site area was a localized
geothermal microbasin with hot springs. It was poorly vegetated, as
evidenced by the lack of silicified fossil plants, unlike that of the
Jurassic geothermal ecosystems at San Agustin, Patagonia (see
Channing and Edwards, 2004, 2009; Channing et al., 2007; Guido
et al,, 2010). As such, the area must have looked like the modern
geotectonically active, Puna-like Andean landscape with hydro-
thermal settings like those of the El Tatio geothermal field, Anto-
fagasta region, northern Chile (Fernandez-Turiel et al., 2005;
Phoenix et al., 2006).

Recent field work at the type locality of the Los Llanos Formation
and other exposures has led to the identification of numerous
fossil-bearing deposits, with remains of turtles, crocodyliforms,
ornithopod, sauropod and theropods ranging from fragmentary
bones to semi-articulated vertebrates (Fiorelli et al., 2011), but
lacking oological remains. At these localities, the Los Llanos
Formation exposures are characterized by a succession of well-
developed palaeosols, composed of quartz sandstones cemented
by sparry calcite (calcisols). The palaeosols display paedogenetic
structures (e.g., calcareous nodules, thick laminar gypsum, and
abundant large rhizocretions) suggesting typical calcitic horizons
interspersed by ephemeral rivers, represented by the presence of
isolated fossil-bearing sandy river channels. Bioturbation, burrows,
and pupal chambers (in ephemeral lake facies), and indeterminate
trace fossils are also ubiquitous (Fiorelli et al., 2011).

The contrasts between these exposures of the Los Llanos
Formation and the Sanagasta nesting site indicates that the latter
represent a unique expression of the Early Cretaceous geothermal
process that took place in the Sierras Pamepanas (see Mutti et al.,
2005b) and favoured the development of a neosauropod nesting
area. Similarly, the nesting sites in the Seonso Formation, South
Korea (GG-T, pers obs.; Yun and Yang, 1997; Paik et al., 2004; Kim
et al,, 2009a) are located in the Gyeongsang Basin, which was
controlled by a geotectonic setting with regional igneous activity
and hydrothermal deposits (Chough et al., 2000; Choi et al., 2005a,
2005b). Although several dinosaur egg types have been reported
from South Korea (see Lee, 2003), faveoloolithid types seem to be
the most common (Huh and Zelenitsky, 2002; Kim et al., 2009a) in
the Early—Late Cretaceous Jindong, Sihwa, and Seonso formations
(Lee et al., 2001; Lee, 2003; Kim et al., 2009b). Indeed, these eggs
appear usually in well-defined palaeosol levels (Paik et al., 2004)
with several hydrothermal diagenetic characters (e.g., some silica
structures, calcite rims and nodular calcretes). According to Paik
et al. (2004), the palaeoclimate of the nesting area in the Seonso
Formation was semiarid, similar to that of Sanagasta site during the
Cretaceous (Fiorelli et al., 2011). Furthermore, Paik et al. (2004)
suggested that the Seonso eggs were laid in excavated nests that
were buried during incubation, and that the numerous clutches in
several horizons is consistent with site fidelity (Paik et al., 2004).
According to Choi (1986), South Korea was characterized by an
Andean-type continental margin formed by subduction of the Kula
Plate and was subjected to precursory extensional tectonism so that
fault-bounded continental depressions developed, including the
proto-Gyeongsang Basin (Choi, 1986; Lee and Lee, 2000; Hwang
et al, 2008). As such, the several geological and sedimentary
similarities between the dinosaur egg-bearing deposits of
Gyeongsang Basin and the Los Llanos Formation, suggest that,
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although separated by a considerable geographic distance different
neosauropod herds adopted similar nesting behaviours with
a preference for geothermal heat for egg incubation (Fig. 17).

6. Conclusion

The Cretaceous Sanagasta nesting locality represents an impor-
tant breakthrough in dinosaur palaeobiology and palaeoenviron-
ment because, for the first time, it shed lights on neosauropod
reproductive biology in a specialized nesting environment, where
these animals repeatedly congregated to ovideposit their eggs. The
present paper describes in detail the geology and sedimentology in
order to assess the palaeoenvironment of this specialized nesting
site. The geochemical analyses results and microscopic observations
on the sedimentary microstructure, microfacies, and microfabric
reveal the epithermal features of the nesting site and adaptative
biological interdependencies in this unusual geological setting.
Moreover, our study offers a partial answer to the general question
as to why neosauropod nesting sites were confined to a few selected
localities during the Cretaceous Period. Equally importantly, the
results of our research at Sanagasta provide new and valuable
information on regional geology and resolve the longstanding
debate about the relative age of the Sierras Pampeanas Orientales
sedimentary basins. The age of the Los Llanos Formation has been
the topic of long and controversial debates. Now, an Early Cretaceous
age (Hauterivian—Aptian, ca. 134—117 million years) can be confi-
dently assigned to this formation; in addition, the well-developed
palaeo-calcisols recently discovered associated with fossil assem-
blage in other exposures without nests in the Los Llanos Formation
confirm this age determination.

The Sanagasta site is not the only one to reveal an adaptive and
reproductive biological interdependence of neosauropod dinosaurs
to geothermal environments. The faveoloolithid nesting sites in the
Early—Late Cretaceous Jindong, Sihwa, and Seonso formations in
South Korea are also located in basins controlled by geotectonic
settings and dominated by hydrothermal activity. This region was
also characterized by an Andean-type continental margin. The
geological and oological similarities between the Sanagasta and
Seonso nesting sites suggest that the choice of geothermal localities
for ovideposition by neosauropods was perhaps not a random or
isolated event in the Early Cretaceous and, therefore, possibly
implies a recurrent symbiotic relationship with geothermal locali-
ties for nesting purposes by this dinosaur clade.
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