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Abstract: Uruguayan ammonoids are preserved in phosphate and siderite nodules found at the
basalmost tillite-like conglomerates of the San Gregorio Formation. This lithostratigraphic unit
was deposited under glacial conditions and its age (as well as that of the nodules) has been highly
debated because glaciations were intermittent in Gondwana during the Late Paleozoic. Reef-builder
organisms (e.g., Rugosa and Tabulata), goniatite and orthoceratid cephalopods, brachiopods, sponges,
actinopterygians and other indeterminate gnatostomes, as well as fragmentary stems and roots of
cf. Lycopsida are the most frequent fossils in the nodules. According to new biostratigraphic
and paleoclimatic evidence, these taxa are representative of a reefal environment of a preliminary
Devonian age including species that are common in the underlying Early Devonian (Emsian) Durazno
Group. Among the ammonoid remains, more than 40 clusters of hatchling goniatites were found in
the nodules. Each cluster contains a variable number of shells similar in shape to some of the adults
also preserved within the nodules, representing a single species preserved at the same developmental
stage (3 mm on size average). The strongly packed shells are enveloped by a substance with a
different chemical composition and microstructure with respect to that of the nodule matrix, possibly
indicating the presence of a gelatinous-like substance reminiscent of that secreted by the females
of some extant cuttlefish and octopuses at the time of the egg spawn. Differing from previously
described ammonoid accumulations, our clusters are unique in containing individuals of just a single
species preserved in the same ontogenetic stage. That allows us to suggest that they represent a mode
of reproduction in which hatchlings were morphologically similar to their parents and occupied
the same habitat. Our results are thus one of the oldest known records of reproductive strategies in
Paleozoic ammonoids and the phosphate and siderite nodules from the San Gregorio Formation are
here classified as a new Konservat-Lagerstatte, which is the oldest known for South America.

Keywords: paleoenvironments; phosphate and siderite nodules; goniatite cephalopods; reproductive
strategies; exceptional preservation

1. Introduction

In Uruguay, fossil cephalopods are exclusively represented by ammonoids and nau-
tiloids preserved within phosphate and siderite nodules included at the basalmost levels
of the San Gregorio Formation. This formation is well represented along both the banks
of the Negro River, encompassing the Tacuaremb¢ and Durazno counties, and extends to
the East, cropping up at the Cerro Largo department, close to the Melo city (Figure 1). The
deposition of the San Gregorio Formation has been traditionally related to the Late Paleo-
zoic Ice Age, which was apparently represented by short and subtle events in Gondwana,
followed by episodes of more attenuated but still cold conditions [1]. The age of the San
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Gregorio Formation has been constrained as Early Permian based on palynological data
from boreholes and surface samples taken from the deposits that crop out near the Melo
city (Cerro Largo Department) [1,2], among others); such deposits lack fossiliferous nodules
(Figure 1). Indeed, the phosphate and siderite nodules containing goniatite ammonoids [3]
and actinopterygians [4,5] were thought to have an Upper Carboniferous age and they
are common along the banks of the Negro River in Tacuarembé and Durazno counties
(Figure 1).
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Figure 1. Map showing the distribution of the studied areas of the San Gregorio Formation of
Uruguay in the vicinity of the San Gregorio de Polanco city along both the banks of the Negro River
(Tacuarembo and Durazno Departments, red circle), and close to the Melo city in the Cerro Largo
Department (black symbols) [1,2,6]. The fossiliferous phosphate and siderite nodules described
herein are limited to the former area.

The well-preserved cephalopod specimens initially studied by [3,7,8] led to the descrip-
tion of the goniatite Eosianites (Glaphyrites) rionegrensis [7] and the orthoceratid nautiloid
Dolorthoceras chubutense [8]. However, no other records of such well-preserved specimens
were made since and the research was reduced to better define the paleoenvironmental
settings and to try solving the controversy about the age of the San Gregorio Forma-
tion. However, the fossil content of the nodules does not provide relevant evidence for
these studies.

Recent investigations in newly discovered outcrops of the San Gregorio Formation
in the area of the Negro River banks have yielded new cephalopod materials preserved
in phosphate and siderite nodules that may represent new species, but direct (at hand)
comparisons with the Glaphyrites rionegrensis-type specimen and paratypes previously
reported by [7], would be required to formally describe them.

The high potential of the San Gregorio nodules to preserve soft tissues is well known.
We have corroborated this taphonomic feature in a recent preliminary contribution [9],
where we described masses of small ammonoids preserving soft tissues and a possible
evidence of ammonoid reproductive biology.

The aim of this paper is to analyze the meaning of these ammonoid concentrations
containing a high number of tiny shells and to describe the morphology of the ammonitella
stage from the best preserved specimens. Furthermore, we will analyze the environmental
conditions suggested for the San Gregorio Formation in contrast to the nature of the fossil
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community preserved by the nodules in order to shed light about the age of the specimens
and that of the nodule formation.

1.1. Geological Setting

Paleozoic sediments in Uruguay are primarily located in what is known as the Norte
Basin, which covers the north and northeastern region of the country as part of the southern
extension of the Brazilian Parand Basin [10]. The oldest sedimentary deposits of the
Norte Basin are represented by the Durazno Group and date back to the Lower Devonian
(Emsian) [11]. This group comprises the base to the top, the Cerrezuelo, Cordobés and the
La Paloma formations [12], distributed along the southern central edge of the Norte Basin
and spreading northwest over the right margin of the Negro River.

Overlying the Durazno Group is the glacio-marine San Gregorio Formation, a sedi-
mentary sequence distinguished mainly by the presence of diamictites, sandstones, and
rhythmic shales (varves) with dropstones. These typical glacial to postglacial environments
are described for several Gondwanan continents and today represent the Late Paleozoic
Ice Age (LPIA) e.g., [13] (Figure 2). Recent studies have shown that the glacial and post-
glacial deposits of the San Gregorio Formation originated from the weathering of Lower to
Upper Proterozoic Terranes, and received a substantial sedimentary contribution from the
underlying Lower Devonian (Emsian) formations [13-17]. The Lower Devonian sequence
was deposited unconformably over crystalline basement rocks with a slight northwest
inclination [16].

Previous research on the age of the San Gregorio Formation has suggested deposition
during the Carboniferous-Permian or close to this boundary. This age was mostly calibrated
by palynostratigraphy based on microfossil assemblages obtained from boreholes of the
eastern section of the San Gregorio Formation at the Cerro Largo county i.e., [1,2,6], which
is lithologically different from the deposits found at the central region of the country, over
the Negro River banks which are characterized by the presence of fossiliferous phosphate
and siderite nodules (see Figure 1).

The Upper Carboniferous-Lower Permian age suggested by the microfossils from
the eastern boreholes is congruent with previously published age estimates based on
actinopterygians i.e., [5] and on cephalopods [7,8] from the nodules of the central re-
gion. However, the actinopterygians are represented by endemic species not found from
other Pangean localities [18], and goniatite ammonoids are mostly known from the Lower
Devonian. It was also proposed an Upper Carboniferous age based on the presence of
radiolarians while leaving open the possibility that the nodules were older [19]. Thus,
the age assigned to the formation is in fact based on a single relying biostratigraphic tool
(palynostratigraphy), which is not optimal.

Recent interdisciplinary studies have suggested a more complex scenario [9,20], of
multiple glaciations that impacted Gondwana over a nearly 100-million-year interval,
ranging from the Famennian (Late Devonian) to the Visean (Early Carboniferous) and
possibly affecting part of the Capitanian (Middle Permian), but not uniformly affecting
all regions of Gondwana [21]. Regional correlations indicate that glaciations in the Parana
basin originated during the Mid-Visean (Early Carboniferous) and persisted intermittently
through the Early Permian [18,22].

1.2. Ammonoid Reproductive Strategies

According to most authors, the ammonoid ontogenetic development lacked larval
stages, implying that hatchlings should resemble adults except for size [23]. Nevertheless,
the successive embryonic stages as occurring before the hatching are represented by a
small, generally bulbous protoconch that is the first living chamber followed by a short first
whorl extending up to the primary constriction, a shallow notch that marks the position of
the embryonic aperture [24]. Collectively, these initial ontogenetic forms are referred as
the ammonitella embryonic stage [23,25-28], (among others), which represents the early
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Figure 2. Basic stratigraphy of the nodule bearing San Gregorio Formation of Uruguay and the
underlying Early Devonian Durazno Group. (A). Schematic stratigraphic section of one of the
outcrops where we found the specimens described herein. The arrow points to the level where striate
bedrock surfaces from glacier displacement were found. (B). Photograph of the basal level of tillites
that contain the reworked fossiliferous nodules (head arrow). (C). Detail of the bedrock surface
scratched by rocks embedded in glacial ice during glacier displacement. It is worth noting that these
striae (yellow arrow) are stratigraphically above the tillites that are bringing the nodules, evidencing
the periglacial and postglacial origin of these deposits. Scale: Engineer Sebastian Marmol.

The ammonitellae are morphologically different from their parents because growth
of the phragmocone occurs after hatching and juvenile configuration (miniatures similar
in shape to their parents) may have arisen relatively soon in post-embryonic develop-
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ment. It has been proposed that ammonoids hatched at the initial stage of ontogenetic
development and thus they were represented by only the initial chamber, considered as
a planktonic larval stage that transformed into a juvenile through some kind of meta-
morphosis [29,30]. According to this theory, ammonitellae are a larval rather than an
embryonic stage. However, other evidence would indicate that at least some ammonoids
may have been ovoviviparous, as suggested by [30]. These authors discovered clusters
of “embryonic” ammonitellae in the lower Aptian (Cretaceous) of Russia, associated with
the decomposing shell of an adult ammonoid. Intriguingly, each tiny embryonic specimen
carried an already mineralized aptychi, a condition not previously observed at such an
early stage of ammonoid development. After a detailed study of the taphonomic conditions
affecting fossil preservation and a comparative analysis of the known reproductive traits in
extant and extinct cephalopods, [30] concluded that ovoviviparity was the most plausible
explanation for the association of embryonic masses with the shell of an adult ammonoid.
In this scenario, hatchling ammonitellae would complete their development inside the
female’s body or within protective gelatinous sacs secreted by the mother’s glands to avoid
predation as it is observed in some extant cuttlefishes and octopuses [31].

Nevertheless, these hypotheses, particularly that of [29] have been widely rejected by
most ammonoid specialists, primarily because a single planktonic and dispersive “proto-
conch” has never been found in the fossil record [24].

Following the common developmental concept that embryonic means not born or-
ganisms, the characterization of the ammonitella stage has to be defined as a pre-hatching
stage and as a consequence, it would be difficult to find it in the fossil record. Accordingly,
the predicted size of the egg in fossil ammonoids would be equivalent to the ammonitella
size and not to that of the initial chamber [32].

Despite many authors have described the presence of a larval (paralarva) phase in
the development of some cephalopod groups, the prevailing view is that the reproductive
strategy of cephalopods follows direct development, because the structural features of the
adults are present in the larva, and the morphologic changes between the larva and the adult
are gradual as in direct development meaning that there is not a true metamorphosis [33].
Although the controversy about larval stage different from the juvenile or larval stage
as an intermediary phase in the development of cephalopods is not completely resolved,
taking into account what is known about extant cephalopods, a direct development can be
inferred for the extinct groups e.g., [23,25,26,28,34].

According to previous studies e.g., [28,35], there was a notable evolutionary change
leading to a reduction in the ammonitella size from the Early Devonian when they were
relatively large (averaging 0.54-2.6 mm, but up to 5 mm) to the Late Cretaceous when their
size was minimal (0.7-1 mm) [36]. Furthermore, a notorious reduction in ammonitella
size from the Early to the Late Devonian was also proposed [28,36,37] but see also [32].
These size variations can be linked to episodes of fluctuating water temperatures, with
the largest ammonitellae associated with temperate and warm climates during periods
of global warming. Increase in shell size from the embryonic ammonitella stage to the
hatchling or early postembryonic individuals, involves the addition of 2.5 to 3.3 whorls,
resulting in a shell diameter of 3 to 5 mm [35].

2. Materials and Methods

Five of the more than forty clusters of tiny ammonoid shells MMO-IMT 0215, 0304,
0305, 0311 and 312; see Figures 3 and 4) housed at the Museo de Las Bochas (San Gregorio
de Polanco city) are here described. The specimens were found preserved inside phosphate
and siderite nodules of the San Gregorio Formation of Uruguay (Figures 1 and 2). The
specimens were analyzed using a Jeol JSM 5900LV SEM Scanning Electron Microscopy
and in all cases the samples were mounted and examined with the microscope operated at
20 kV. The studied specimens are part of the Juan Manuel Mendez Ortiz collection JMMO-
IMT), recently formalized by the Municipality of Tacuarembd County, central Uruguay.
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Photographs and microphotographs of the specimens were taken by a Canon SX 60 HS
Power Shot camera, PC 2154, Canon INC, Japan, with a Full HD 65 x optical zoom.

Figure 3. Photographs of early juvenile ammonoid clusters from the Devonian of Uruguay. (A). Spec-
imen JMMO-IMT 0215 represents the largest cluster found (approximately 55 mm in length) and
it shows the closely packed ammonoids shells embedded in a possible gelatinous substance that
protected and feed the individuals before hatching [38]. The ammonitellae average diameter at this
stage is near 0.4 to 0.5 mm, and the shell has reached the three additional whorls that would charac-
terize the hatchling phase outside the gelatinous envelope. Scale bar: 10 mm. (B,C). JMMO-IMT 0311.
Part and counterpart of a cluster containing well-preserved, early juvenile tiny ammonoids, which
allowed us to studied them by SEM and took good microphotographs of the initial chamber, as well
as study the morphology that characterize the ammonitella stage for this new species of Uruguayan
ammonoids (see Figures 7 and 8). Scale bars: 5 mm.
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The microstructure of each ammonoid specimen within the masses (Figure 5) was
studied under SEM using energy-dispersive X-ray spectroscopy analysis (EDS) to determine
the chemical composition of the shells by a Thermo Scientific Ultra Dray EDS detector with
NORAN System 7 X-Ray Microanalysis System. This method was also used to study the
microstructure and chemical composition of the surrounding nodule matrix. Measurements
of initial chamber and ammonitella diameters were taken following [36,39] (Figure 5B). The
specimens in the clusters remained uncoated during their study with SEM.

Figure 4. ]IMMO-IMT 0230. Photograph of early juvenile ammonoid clusters from the Devonian of
Uruguay. The image shows some shells inside a phosphate nodule of the San Gregorio Formation
(Central Uruguay). Following [40], a possible gelatinous substance enclosing the shells seems to have
been broken, maybe representing the moment in which the individuals abandon it and escape to the
water-column, or the image might show the thin gelatinous envelop unexpectedly broken by a strong
environmental event or by a predator attack. Scale bar: 5 mm.

3. Results
3.1. The Ammonitella Stage in the Early Juvenile Ammonoid Clusters

The study of the five nodules containing clusters of very small ammonoids (Figures 3 and 4),
allowed us to determine the morphology of the shell at the ammonitella stage and com-
pare it with that described for Glaphyrites, the only previously known ammonoid taxon
for Uruguay that was described by [7,8] as Eosianites (Glaphyrites) rionegrensis. Complete
clusters have an oval outline and their sizes range from 30 to 42 mm in length, a variation
possibly due to the incompleteness of some specimens. The largest one, measuring 55 mm
in length preserves the mineralized shells of most of the represented individuals (Figure 3A)
while other clusters contain only molds of a reduced number of larger individuals. Never-
theless, both kinds of fossils are generally well preserved, many even showing perfectly
preserved siphuncle tubes, representing the oldest record of this structure in ammonoids.
Individual shells in eight of the clusters were measured and a size variation between 2.9 to
5 mm in diameter was detected from one cluster to other, probably representing natural
intraspecific or developmental stage variations (Figure 5). Such size variation in individuals
believed to have approximately the same ontogenetic age was also observed in Mesozoic
ammonitella clusters see [24,32] and reflects differences in growth rates.
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Figure 5. Size variation in the shells (a) and ammonitella stage (b) recording at the ammonoid clusters
found in phosphate and siderite nodules of the San Gregorio Formation of Uruguay. Measurements
of the shells were taken from the best preserved specimens in dorsal view from eight clusters (MMO
0156, 171, 215, 225, 230, 304, 305, 311), trying to cover all the represented sizes, ranging from 3 to
5 mm in average. Measurements of diameters of the ammonitella stage were mostly allowed from
the best preserved specimens studied by SEM and were taken following [36,39].

The general morphology of the hatchling shells only differs in size and number of
whorls, meaning in the phragmocone length, from that observed in adult and subadults
ammonoids also preserved within the San Gregorio Formation nodules. The clusters are
easily delimited inside the nodule matrix by exhibiting a different microstructure of long
and intricate tubules and a different chemical composition (Figure 6).

These structures (Figures 6C1 and 7A) are not found around other fossil groups within
the nodules. Despite the high density of the ammonoids inside the clusters will avoid the
complete shell delimitation, we estimate that each one would have enclosed a variable
number of individuals (between 10 and 70) and those containing only a few individuals are
represented by larger shells than those preserving the largest number.

SEM images taken of some well-preserved individuals from the available studied
clusters have facilitated the identification of key structures in goniatite ammonoids from
Uruguay, which were previously used to reconstruct the microanatomy of the ammonitella
stage from elsewhere species.

The embryonic shell (ammonitella) includes a semicircular to elliptical initial chamber
in transverse cross section (Figures 7 and 8), which is not easily distinguishable from the
first whorl in external view (Figures 3, 4 and 7).

A fortuitous finding revealing the internal surface of the initial chamber showed the
presence of a septum that separates it from the beginning of the first whorl and contributes
to its elliptical or semicircular outline. The initial chamber has an average diameter of
0.21 mm (Figures 5B and 7-9), it is devoid of ornamentation or has very weakly marked
lines. It seems to retain an organic wall, according with the data obtained from the SEM-EDS
study for chemical composition (see Section 2).

However, original aragonite layers could have been replaced by apatite during the
diagenesis as is common for preservation in phosphorite concretions. The caecum has a
bulbous shape as in most goniatite cephalopods and it is positioned against the external
surface of the initial chamber, near the beginning of a muscle scar. It is more or less well
identified in the specimens depicted in Figures 7 and 8C,D, but other structures are less
clear due to the accumulation of debris produced by shell fracturing. The proseptum
(1) and the second septum (2) (Figures 7A and 8D) are not easily observable in most of the
available materials. The prosiphon is preserved and appears as comparatively thicker and
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longer than the proseptum (Figure 7D). Following the initial chamber, in which a crystalline
layer is not observable, the phragmocone could be at the second stage of mineralization;
however, the external wall of the first whorl is covered by a single crystalline layer while
the region near the umbilical area remains unmineralized. Part of the successive two whorls
appears to be partially mineralized and the proseptum (1) and the second septum (2) which
seem to be similar in length and positioned parallel to each other when preserved, initiate
their mineralization at this stage. This aspect of the shell mineralization will need to be
corroborated by a more thorough analysis involving more specimens.

The siphuncular tube and the siphuncle are well preserved in many individuals and
are positioned marginally and ventrally. It is enclosed by the shell septa, which forms a
median semicircular opening (the siphuncular lobe) that seems to be continuous through
the phragmocone (Figure 9). Intriguingly, the siphuncular tube can be seen as passing
through more central or marginal openings of the septa and thus it appears to shift its
position even within the phragmocone of the same individual (Figure 9A), but it may be a
taphonomic bias.

The ornamentation of the external shell surface consists of transverse fine ribs known
as lirae, which are more prominent on the outermost whorls (Figure 8C,D and 9A). Delicate
lirae can also be seen on the first whorl, although only with SEM, along with a delicate
transverse striate surface (Figure 10C). Towards the outer whorls, these thinned ribs become
widely spaced and are well exposed in various specimens (Figure 8C,D and 10A). As
observed by other authors, the last two chambers are filled with organic matter, likely
representing the fossilized remains of the body of the animal that inhabited them. A
primary constriction or primary varix is not present or it may have been very weakly
marked. The prosiphon is also observed in some specimens and it appears to be short and
thick (see Figures 7D and 8C,D).

Glaphyrites rionegrensis is the only ammonoid species known for Uruguay and it
is exclusively represented in the phosphate and siderite nodules of the San Gregorio
Formation [7-9,20,41,42]. Some similarities can be noted between the ammonitella stage of
the herein described tiny ammonoids and that of Glaphyrites sp. from the Carboniferous of
North America [26] particularly in the globular morphology of the caecum and possibly
in the configuration of the proseptum and the second septum, although is not clear if the
later was present or mineralized (Figure 7A,D and 8C,D). However, the referred characters
are very common in Palaeozoic ammonoids and thus differences in the shape of the initial
chamber are rather more relevant. The initial chamber is apparently semicircular to elliptical in
the new Uruguayan specimens (although it is not easy to discern externally), and it is rounded
in Glaphyrites [26]. Another difference lies in the relative position of the caecum, which is
separated from the initial chamber by the prosiphon in Glaphyrites sp., but it is very close to
that chamber in the Uruguayan specimens, possibly due to the shorter length of the prosiphon
and siphuncle (see Figure 7A,D and 8C,D). Additionally, the configuration of the siphuncle in
our specimens differs from that described by [26] for Glaphyrites, as it extends along to the
outer border of the chambers in the former (Figure 10), while it is preserved separated from
that border in the specimen figured by [26]. This last configuration may reflect taphonomic
differences or a more effective support of the organs by the septa in the Uruguayan species.

3.2. Chemical Composition of the Shells in Ammonoid Clusters from Uruguay

Our SEM analyses of the strongly packed shells in the clusters yielded new data on
their chemical composition (Figure 6). The analyses revealed significant differences in
the matrix structure and chemical composition of the phosphate nodules with respect to
these found at the clusters. Ca and P along with Fe are the most abundant components
of the nodule matrix, whereas only P and Ca are present at the space surrounding the
ammonoid shells, where a distinctive structure of intricate tubules interwoven within the
matrix and the shells is observed (see Figure 7A). It is important to note that this particular
microanatomical feature is found just in the nodules containing the ammonoid clusters,
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and was not yet observed surrounding other preserved fossil groups such for instance the
actinopterygians, the adult ammonoids and nautiloids or around the plant remains.
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Figure 6. Comparative chemical composition and microstructure of the substance that encloses
the ammonoid early juvenile specimens herein studied with respect of that of the nodule matrix
containing them. (A). SEM-EDS analysis of an area of the matrix in specimen JMMO-IMT 0215. The
main elements are calcium and phosphorus, with a variable content of iron, which turns the nodules
as phosphate or siderite according to the amount of Fe that they contain. (B). Typical composition
found in the possible gelatinous substance that encloses the clusters. (C1,C2) are SEM-EDS analyses
that show the high content of carbon that is found in the mentioned substance, denoting the high
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preservation of soft tissues.
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4. Discussion

While several examples of clusters of purposed eggs, embryonic ammonitella, early
postembryonic, and juvenile ammonoids, have been discovered in Mesozoic (Jurassic and
Cretaceous) deposits [30,43-45], older records of early ammonoid masses, particularly from
the Devonian have been less documented. Examples of the oldest found records include
clusters of shells containing individuals at different stages of the ontogenetic development
(e.g., ammonitellae mixed with postembryonic and juvenile specimens), and accumulations
mixed with remains of other taxa, see [24,27,30,32,46].

£ B_s‘[’
1

Figure 7. Microanatomy of the ammonitella stage of tiny ammonoid shells inside the clusters from
the Devonian of Uruguay. (A). IMMO-IMT 0305. SEM images of one of the best-preserved shells in
lateral view. The initial chamber is poorly delimited but the caecum is well identified. (B). Close up
of other shell preserved in the same cluster JMMO-IMT 0305) to show the internal morphology of
the initial chamber well delimited by a septum that separates it from the beginning of the first whorl.
(C,D). Other specimens from cluster [MMO-IMT 0304 also show the semicircular shape of the initial
chamber and the caecum and prosiphon shapes. Abbreviations: ¢, caecum; ic, initial chamber; prs,
proseptum; psi, prosiphon.

As a result, these findings did not allow identifying reproductive strategies in ancient
ammonoids [30]. In contrast, the clusters described herein comprise small ammonoid shells,
all belonging to the same species and all in each cluster preserved at the same ontogenetic
stage, although showing a small difference in size (Figure 5), possibly related to particular
environmental or physiological conditions that may have impacted the growth rates.

As an attempt to reconstruct reproductive traits and lifestyles of Paleozoic ammonoids,
the relationship between egg size and the size of the initial chamber, as well as the rates
of growth of the initial chamber and the ammonitella size were highlighted in previous
discussions e.g., [32,36]. However, the impact of these parameters on ammonoid evolution
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could not be conclusively demonstrated because patterns are not persistent and show
a high variability, suggesting that the proposed evolutionary changes in the egg and
ammonitella size through time may have affected only particular groups and may be linked
to environmental and climate change variability [47]. Accordingly, an intraspecific size
variation in ammonitellae of Cretaceous species was observed by [48], who concluded that
it is due to different regional environmental factors (epigenetic effects plus selection), and
should not be linked to chronological (or evolutionary) changes.

Figure 8. (A). Dorsal view of the initial chamber and the first whorl showing the position and
morphology of the proseptum and the second septum (small black arrow). (B). Close up of the
proseptum and second septum shown in (A). (C). Ammonitella stage morphology of a specimen
found in the cluster ]IMMO-IMT 0305, where can be seen that the ornamentation of the shell shows a
gradual change at the level of what we interpreted is the proseptum 1. (D). Interpretive drawing of
(C) at the same scale. Abbreviations: ¢, caecum, ic, initial chamber, prs, proseptum, psi, prosiphon.

4.1. Available Evidence of Ammonoid Reproductive Strategies

Reproductive strategies in ammonoids have been hypothesized but the evidence is
still weak. Putative egg-masses have been discovered e.g., [24,27] and see also [40] but
the ammonoid status in such masses is uncertain see [27,30]. It has been suggested the
reproduction of ammonoids as involving egg masses laid by the female suspended in a
gelatinous substance secreted by special nidamental glands, based on what is known for
extant cephalopod species and from the study of ammonoids found in a Lower Carbonif-
erous locality at the United States [40]. These gelatinous masses may have dispersed for
long distances by floating in the water column, or they may have been attached to floating
debris as is observed in some octopuses and cuttlefishes, hypothesized [40]. The eggs hatch
protected by the gelatinous masses and the embryonic ammonitellae would have been part
of the plankton until they reached a diameter of 20 or 20,5 mm, when they finally acquired
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a necktoplantonic or necktobentonic lifestyle [40]. However, [30] found evidence to suggest
ovoviviparity among other reproductive strategies for ammonoids because embryonic
individuals were found in the living chamber of one adult aconeceratid ammonoid, which
also might suggest some kind of parental care.

To evaluate these previous hypotheses on the reproductive behavior of early am-
monoids, it is necessary to consider the strategies known for extant cephalopods which
certainly, will shed light on this attempt.

According to a recent research, cephalopods have two developmental strategies:
(i) they hatch as planktonic paralarvae which are morphologically different from the
adults and occupy different niches during their early ontogenetic development or (ii) they
hatch as juveniles that are similar to the adults and both share the same habitat [36,45].
The latter authors also highlight the fact that cephalopods possess a direct development,
independently of the mode followed by the species.

4.2. Ammonoid Clusters Being Gastric Contents or Coprolites

Even suspecting a strong reproductive significance for the clusters described in this
contribution, there is yet a plausible hypothesis that should be considered to explain the
preservation of several masses of small ammonoids in the Uruguayan nodules. Such alter-
native possibility is that they could represent gastric contents, regurgitations or coprolites.

Figure 9. SEM images showing the morphology and configuration of the siphuncle and the siphun-
cular tube in the ammonitella ontogenetic stage of the best-preserved specimens in clusters from the
Devonian of Uruguay. All specimens shown are part of the cluster IMMO-IMT 0311. (A). Almost
complete specimen showing the siphuncle across the last whorl passing through the chambers close
to the outer wall of the shell at the middle region of the chamber. Interestingly, it can be seen that
the septum is deformed/opened both centrally and dorsally. (B-D). Images taken from different
shells confirming the common configuration of the siphuncle by passing through the median opening
formed by the septa, particularly clear in (D).
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Indeed, some of the features already described for our specimens lead us to dismiss
this hypothesis because of the delicate preservation of the samples plus the fact that they
are accumulations of individuals of a single taxon representing the same ontogenetic stage,
and because the notable packaging of the shells that gives the impression that they have
been enclosed by a substance or envelope at the moment of their death (Figure 4).

In addition, the fracture of the shells observed in some of the clusters is mainly
produced by the process of opening of the nodules. Therefore, it is highly unlikely that a
predator consumes such a well-selected set of prey in terms of size and specific composition
and then defecate its prey in the good condition observed in the samples.

A ¥

Figure 10. Ornamentation of the external surface of the ammonitella and early juvenile stages in
individual shells from clusters of the Devonian of Uruguay. (A). IMMO-IMT 0304. Photograph under
Camera Lucida of part of the gelatinous substance covering the shells. An almost complete and
well preserved specimen displays the lirae-like ornamentation across the shell. Note that it is very
fine-ribbed at the first whorl, increasing the space between ribs in direction to the aperture. Scale bar:
30 mm. (B). JMMO-IMT 0304. SEM image where both the mold and the outer ornamentation of the
ammonitella shell can be appreciated. (C). JMMO-IMT 0311. SEM photograph of one of the cluster
components showing the faint lirae-like ornamentation pattern characterizing the first whorls of the
phragmocone, which is different from the well marked ribs observed in the outermost whorls.

4.3. Taxonomic Identification of the Ammonoid Clusters

We have insufficient evidence to assign the tiny specimens preserved inside the
nodules to Glaphyrites rionegrensis, which is the only species previously described for the
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Uruguayan record. All the specimens display the same overall morphology and identical
pattern of sutures (Figure 11), which is notably more consistent with the pattern described
for species of the early to middle Devonian [49], suggesting that they belong to a unique
species, a new one for Uruguay.

Figure 11. Morphology of the suture in ammonoids preserved in siderite and phosphate nodules of the
San Gregorio Formation, Devonian of Uruguay. (A): JIMMO-IMT 0215, small ammonoid, possible early
juvenile individual. (B). JMMO-IMT 0016, young adult individual. (C,D). JMMO-IMT 0092 and 0091,
adult individuals. The pattern of the sutures is clearly related to the ontogenetic stage of the analyzed
specimens. It seems to be not constant because the walls of the septa form three-dimensional folds that
are more or less accentuated or possess more or less irregularities, depending on the height at which the
specimen is sectioned. The sutures at the central chambers are not always visible, i.e., they are not always
exposed if the cut does not pass exactly to the center of these sections. (E-H). Interpretive drawings
of (A-D). (I). IMMO-IMT 0305. Interpretive drawing of the shell of one of the individuals that are
components of the cluster showing the first four phragmocone cameral septa and the sutures for these
septa, thus delimitating the end of the ammonitella shell (red arrow). (J). Photograph of the specimen
drawn at I clearly showing the first septum (red arrow) delimitation the shape of the ammonitella stage.
Scale bars: (E). 5 mm; (F-H). 10 mmy; (J). 1 mm. See also Figure 8 as a complement.
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The main differences with respect to Glaphyrites sp. from the Early Carboniferous
of North America [26] are noted in the morphology of ammonitella stage of the best-
preserved specimens, such as the semicircular shape of the initial chamber, which is poorly
differentiated with respect to the first whorl; the slightly marked change in ornamentation
from ammonitella to the beginning of the phragmocone represented by only a slightly
marked lirae-type ornamentation in the first whorl with respect to the ribbed pattern
observed in the outer whorls (Figure 9), the presence of a short and curved prosiphon and
the apparent absence of a primary constriction and primary varix [50]. These characters
have been considered as phylogenetically plesiomorphic for ammonoids (i.e., they were
acquired early in the evolution of the group).

In order to investigate the taxonomic affinities of the Uruguayan ammonoids described
herein we will have to test the following three hypotheses, (a) there is indeed more than
one species preserved in the reworked nodules of the San Gregorio Formation, (b) the
assignment to Glaphyrites of the previously described Uruguayan ammonoid specimens is
wrong, and (c) if there is only one species and the taxonomic assignment to Glaphyrites is
correct, it can be suggested that the biochron for this taxon would be extended back to the
Devonian. All hypotheses will be analyzed in a forthcoming paper.

4.4. The Devonian Age of the Nodules from Biostratigraphic and Paleogeographic Evidence

The age of the San Gregorio Formation has remained poorly constrained due to the
absence of radiometric dating in both the Norte and Parana Basins. Paleontological records
(i.e., palynological assemblages from boreholes in the eastern section of the formation
at Cerro Largo Department, and the content of fossiliferous nodules at the central area,
in Tacuarembd and Durazno departments) provided controversial data that need to be
contrasted to the paleogeographic and paleoclimatic scenario in which the deposition of
the San Gregorio Formation occurred.

Notably, in Uruguay there is a tendency of rejuvenate the Paleozoic sequences and
all the deposits overlying the San Gregorio Formation (e.g., Tres Islas, Frayle Muerto and
the Mangrullo formations) were placed in the Lower Permian. For instance, recent studies
performed at the Mangrullo Formation attributed an Upper Carboniferous or at most a
Carboniferous-Permian age to this unit e.g., [51-54], among others, which had been previ-
ously considered as early Upper Permian e.g., [55]. The Mangrullo Formation is a fossil-rich
Konservat-Lagerstitte containing the remains of a continental lagoonal community docu-
mented mostly by mesosaur amniotes and pygocephalomorph crustaceans, although algal
matts, insects, ichnofossils tentatively assigned to cf. Chondrites isp. and plants, are com-
monly found [51]. That fossil association is equivalent to Upper Carboniferous sequences
of North America, mainly based on pygocephalomorph and insect biostratigraphy and the
identity of the well-preserved plant remains, see [51,52].

A Carboniferous age is also suggested by the plesiomorphic features of the mesosaur
skeleton [53,54,56] and their phylogenetic position as one of the basalmost amniotes [54,57].

The fossiliferous nodules, whether isolated or loosely cemented to the basal fine-to
middle grained tillite conglomerates, have been clearly reworked from underlying se-
quences and the original unit/level where these nodules formed could have been entirely
barren and eroded by the glacial movements (see Figure 2). This suggests a greater resis-
tance of the nodules to erosion than their matrix, which, however, could have also been
mixed with the glacial tillites from the base of the San Gregorio Formation.

Recent fieldwork studies also provided relevant evidence to suggest that the nodules
originated in the underlying Devonian sequences of the Durazno Group that bear similar,
although no yet fossiliferous nodules, which can be considered as an evidence to be better
developed in future studies.

We highlight the presence of an association that includes Actinopterygians, probable
and yet indeterminate acanthodians and placoderms, cephalopods, trilobites, brachiopods,
corals, sponges and cf. Lycopsida as the main represented taxa (Figure 12). Rugose
and tabulate corals (Figures 12E and 12F, respectively) are well preserved and represent
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the most common fossils in the nodules (up to 70% of the sample) including not only
solitary corallites but colonial complex ecosystems. These reef-building organisms usually
live in temperate to warm shallow water conditions [58,59], which therefore are strongly
contradictory to the glacial climates suggested for the deposition of the San Gregorio
Formation [1,10], among many others.

Figure 12. Main taxa represented in the reef community preserved in siderite and phosphate nodules
of the San Gregorio Formation, Devonian of Uruguay. (A). JMM-IMT 0006, Actinopterygii (skull
and anterior region of the trunk). (B). JMM-IMT 0056. Ammonoidea (goniatite ammonoid adult
associated to corallites of cf. Rugosa (arrow). (C). JMM-IMT 0331. Trilobita (characteristic red color
and badly preserved; could be a molten exhubia). (D). JMM-IMT 0313. Brachiopoda (clusters of
Orbiculoidea baini). (E). IMM-IMT 0234. Rugosa (colonial corallites). (F). ]IMMO-IMT 0380. Well-
preserved coral specimen tentatively assigned to Tabulata, showing internal morphology of the
wall (w) and trabeculate septal region (st). (G). JIMM-IMT 0422 cf. Lycopsida stem or root. (H,I).
JMM-IMT165. Cephalopoda Orthoceridae. Fragmentary cone-shaped shell of a nautiloid cephalopod.
Scale bars: (A-C,E-G): 10 mm; (D): 3 mm; and (H-I): 20 mm.

In addition, the nodules contain goniatite cephalopods (Figure 12B), which are a basal
ammonoid group commonly related to warm environments and abundant specimens of
orthoceratid nautiloids (Figure 12H,I), which represent a group more frequently described
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as to be a component of Silurian and Devonian faunas [60]. Actinopterygians seem to be so
far, the most abundant gnathostome group present in the nodules (Figure 12A).

Other taxa less represented are sponges, conulariids and radiolariids [19], as well as
inarticulate brachiopods assigned to cf. Orbiculoidea baini [61] (Figure 12D), a species very
well represented in the underlying Devonian units, particularly in the Cordobés Formation,
but recently also found by our team, as a component of the Cerrezuelo Formation [9].
Many of the mentioned taxa preserved in the nodules are in association with coral remains,
showing a close temporal correspondence for the high mortality in the community and the
nodule formation.

While a Lower Carboniferous age was recently suggested for the San Gregorio Forma-
tion e.g., [22], our findings suggest that the nodules cannot be younger than Middle-Upper
Devonian. The fossil assemblage found within these nodules is taxonomically different from
the cool Malvinokaffric fauna that dominated the marine realm during the Early Devonian in
Gondwana, but a few of its characteristic taxa remains until the Middle Devonian, such as the
discinid brachiopods Orbiculoidea baini and O. excentrica [62].

The Malvinokaffric community could have been affected by three ecologically significant
extinction events registered at the Early Eifelian, at the Eifelian-Givetian boundary and at
the Middle Givetian [63], the later possibly coincident with one of the three glaciations
events suggested by the Late Devonian-Early Carboniferous of Gondwana [18]. These crises
produced a gradual change in the biota composition, affecting the diversity of benthic taxa
and reducing the endemism observed in the Early Devonian communities, which turned
cosmopolitan before the Frasnian-Famennian mass extinction event [63].

The presence of O. baini in the nodules (Figure 12D), constrains their age to the Middle
Devonian [62]. The presence of sponges was also detected with SEM and the spicules are very
similar to that observed in Devonian stromatoporoids described by [64], but these materials
need further studies and will be described in forthcoming papers.

The goniatite ammonoids display a suture that is typical of Devonian and Lower
Carboniferous taxa e.g., [49,65-67] (Figure 11) and they are found in association with or-
thoceratid nautiloids (Figure 12H,I) as commonly observed in Lower to Middle Devonian
marine communities i.e., [68]. Furthermore, the association of basal ammonoids to ortho-
ceratids and to specimens assignable to Rugosa and Tabulata corals has been also described
for Devonian sequences of Bolivia and Argentina [69], Morocco [68,70] and Uzbekistan [71],
among others.

The high representation of stems and roots preliminary assigned to cf. Lycopsida
(Figure 12G), are a confident evidence of the shallow-depth sea where the biota preserved
in the nodules, lived. Colonial corals are another common fossils in the nodules and
along with the cephalopods, they are good paleoenvironmenal and paleoclimate indi-
cators, suggesting warm-water conditions, as those proposed for the Givetian and Late
Frasnian, when temperatures could have reached 28 to 32 °C in tropical regions [72,73];
coincidently with the major reef dispersion reaching their southernmost known Devonian
distribution [70]. Therefore, based on paleoclimate, paleoenvironmental and biostrati-
graphic evidence we propose a preliminary Devonian age for the nodule formation. Given
also the excellent preservation of most of the fossils that they contain, a near synchronous
massive death of the organisms and nodule formation was possible supported, because
although some kind of time-averaging may have existed, it does not substantially affect
our chronostratigraphic conclusions.

5. Conclusions

Masses of small spherical structures have been previously identified as putative
cephalopod eggs [24] and aggregations containing high amounts of ammonoids including
possible ammonitellae mixed with hatchling, juvenile and subadult individuals, and even
containing other taxa such as orthoceratid nautiloids and brachiopods, are frequently
found in the Devonian deposits [47]. They are interpreted as produced by some kind of



Foss. Stud. 2024, 2

241

catastrophic events that have produced high mass mortality in communities where these
taxa were very well represented [47].

Following the interpretation of some previous authors, the clusters of tiny ammonoid
shells described herein from nodules of the San Gregorio Formation are supporting the
hypothesis that fossil cephalopods, particularly ammonoids, adopted the strategy of repro-
duce by laying the eggs in possible floating or ?fixed gelatinous masses where they hatch
as morphologically similar miniatures of their parents. The clusters contain highly packed
shells averaging 3 mm in diameter that suggest another life history for the ammonitellae,
which are mostly considered an embryonic stage that migrate to the water column to
become part of the plankton. Instead, our findings suggest that they would remain in the
gelatinous envelopes at least until they grow to acquire three additional whorls, when they
abandon the masses resembling the morphology of their parents, except for the smaller
size. This interpretation is consistent with one of the developmental modes described by
cephalopods, where hatchings are similar copies of the adults [33] and may explain the poor
representation of the ammonitellae in the fossil record, which indeed should have been
very abundant given the high diversity and wide geographic distribution of ammonoids
in both Paleozoic and Mesozoic deposits [74]. The fact that none of the clusters herein
described contain ammonitellae but hatchling or early juvenile ammonoids at the same
stage of development may be indicative that the nodules preserved a mortality event that
affected the community during a single reproductive season. We interpreted these findings
as reproductive mass mortality (possibly involving semelparity strategies as was suggested
by [44]).

On the other hand, the good number of postembryonic and juvenile ammonoid
specimens reported both as isolated individuals or forming part of concentrations, which
can include even adults of other taxa represented in the marine community, is more
consistent with our hypothesis of ammonitellae being a transitional embryonic stage that
remains inside floating or fixed gelatinous masses, where they grew to reach a morphology
more similar to their progenitors. They might have become part of the community where
their parents lived, adopting a similar lifestyle as was previously suggested for some extant
cephalopod groups [33].

We collected enough evidence from the fossiliferous content in the nodules, as well
as from biostratigraphic, paleoenvironmental and paleoclimatic data, to argue that the
nodules of the San Gregorio Formation were reworked from underlying Devonian levels,
possibly by glaciers movements. The fossil association represented in the nodules supports
the existence of a new marine reefal assemblage not described before for the Durazno
Group but containing some of the taxa, such as brachiopods and trilobites, already found in
the Lower Devonian Cerrezuelo and Cordobés formations. Part of the lost levels where the
nodules formed may even have been redistributed over other surrounding rock sequences,
a possibility that will have to be analyzed.

The remarkably high fossiliferous potential for preservation of soft and delicate struc-
tures shown by the phosphate and siderite nodules described herein significantly enhanced
our understanding of the nature and taxonomic composition of a particular shallow marine
reef community that developed before the Paleozoic glaciations described for Uruguay
and the Gondwanic region. This unique preservation mode provides a new hypothesis
about the reproductive strategies of extinct cephalopods and facilitates the identification of
various developmental ontogenetic stages. Given this exceptional quality of preservation,
we propose that the phosphate and siderite nodules found at the base of the San Gregorio
Formation be classified as a Konservat-Lagerstétte, following the criteria laid out by [75].
Notably, this would make it the oldest known Konservat-Lagerstétte of South America,
representing a valuable scientific heritage for a small population in our country and for the
overall paleontological record.
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