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An ornithopod trackway from the Albian-Turonian Arcurquina Formation,
Arequipa, Peru, and its paleoecological implications

Un rastro de ornitépodo, del Albiano-Turoniano de la Formacion Arcurquina, Arequipa,
Peru, y sus implicaciones paleoecoldgicas

Guillermo-Ochoa, Angel A.'™; Zevallos-Valdivia, Leonardo M.'™; Castro-Eguiluz, Camila'";
Garcia-Flores, Vilma'"; Martinez, Jean-No€l*"; Silupu-Cardenas, Omar Alfredo?";
Sanchez-Alva, Claudia Isabel*”; Epiquien-Llaja, José Luis?"; Pintado-Abarca, Thalia del
Pilar?"; Delgado-Quiroz, Lizbeth Mariana®"; Rodriguez-de la Rosa, Rubén A.3"

!Laboratorio de Paleontologia, Facultad de Geologia Geofisica y Minas. Universidad Nacional de San Agustin de Arequipa,
esquina Avenida Independencia con calle Paucarpata S/N, Arequipa, Pert.

2Instituto de Paleontologia, Universidad Nacional de Piura, Campus Universitario, Urbanizaciéon Miraflores, Castilla, Piura, Peru.

3Unidad Académica de Ciencias Biolégicas, Universidad Auténoma de Zacatecas, Calzada Solidaridad, esq. Paseo de la Bufa S/N,
Campus II, C.P. 98060, Zacatecas, Mexico.

* rubenrodriguezr@uaz.edu.mx

Abstract

Tracks and trackways of swimming ornithopod dinosaurs are rather rare in the ichnological record; in this paper, a short trac-
kway of a small ornithopod dinosaur is described from Albian-Turonian sediments of the Arcurquina Formation, at Yura District,
southern Peru. According to the age and overall footprint morphology, a basal member of Iguanodontia is proposed as the poten-
tial trackmaker. The trackway consists of three consecutive tridactyl and mesaxonic footprints, preserved as concave impressions
or negative epichnia. The first footprint preserves impressions of digits I to IV with a very low angle of total divarication (7.5°). The
second footprint preserves a half-moon shaped plantar impression, with no traces of digits I and IV; however, digit III is observed
as an elongate and narrow impression, bearing an acuminate end and a proximal subcircular impression; a sediment mound,
behind the impression of digit III is preserved as well. The third footprint preserves the whole impression of digit ITI, while digits
IT and IV preserve their most distal ends as sub-triangular impressions. The second step is shortest; this characteristic, as well
as the different morphology of the three footprints, can be explained by a scenario in which a small ornithopod dinosaur was in
underwater locomotion; however, the action of the waves influenced the locomotion of the producer of the footprints. This finding
represents an important addition to the ichnological record of dinosaurs in Peru.

Keywords: Arcurquina Formation, Ornithopoda, Peru, subaqueous locomotion, Yura.

Resumen

Huellas y rastros de dinosaurios ornitopodos nadando son raros en el registro icnoldgico; en esta publicacion, el rastro corto de un dino-
saurio ornitépodo pequefio, es descrito de sedimentos del Albiano-Turoniano, de la Formacion Arcurquina, en el Distrito de Yura, al sur de
Perti. De acuerdo con la edad y a la morfologia general de las huellas, un miembro basal de Iguanodontia es propuesto como el productor po-
tencial de las huellas. El rastro se conforma por tres huellas consecutivas; estas son triddctilas, mesaxonicasy se conservan como impresiones
céncavas, o epicnia negativa. La primera huella conserva impresiones de los digitos IT al IV con un dngulo de divergencia total muy bajo, de
tan sélo 7.5°. La segunda huella conserva una zona plantar en forma de medialuna e impresiones de los digitos I y IV ausentes; sin embargo,
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estd presente la impresion, alongada y estrecha del digito III, con una impresion distal acuminada y una proximal de contorno sub-circular;
un monticulo de sedimento se encuentra conservado detrds de la impresion del digito II1. La tercera huella conserva una impresion sub-oval,
alongada, del digito III; mientras que los digitos II y IV conservan impresiones de su parte mds distal, con un contorno sub-triangular. El
segundo paso se vuelve mds corto; esta caracteristica, asi como la morfologia diferente de las tres huellas, pueden ser explicadas por un es-
cenario en el que un dinosaurio ornitopodo pequefio se encontraba en locomocién subacudtica, no obstante, la accién de las olas influyd en
la locomocién del productor de las huellas. Este hallazgo representa una adicién importante al registro icnoldgico de dinosaurios en Pertl.

Palabras clave: Formacién Arcurquina, locomocién subacudtica, Ornithopoda, Pert, Yura.

1. Introduction

The vertebrate footprint record from the
Mesozoic of Peru includes supposed dinosaur
footprints from the Late Cretaceous sediments
of the “Couches Rouges” Formation, in the
Cusco Region (Gregory, 1916; Leonardi, 1994;
Noblet et al., 1987, 1995). However, Lockley
et al. (1999) considered that the footprint-bear-
ing layers were Paleogene in age; thus, the
footprints were produced by notungulate and/
or litoptern mammals (Lockley et al., 1999).
The other non-dinosaurian footprint record,
known to date, from the Mesozoic of Peru, are
footprints related to the ichnogenus Brachychi-
rotherium; these footprints came from Upper
Triassic sandstones of the Sarayaquillo Forma-
tion in central Peru (Salas-Gismondi and Cha-
caltana, 2010).

In regard to dinosaur footprints, an early
report includes theropod and sauropod foot-
prints that were discovered in a point on the
road between Huacamochal and Usquil, at
La Libertad Region (Trottereau, 1964). Jail-
lard et al. (1993) reported Upper Cretaceous
theropod and ornithopod footprints from
the Vilquechico Group, Vilque Chico District,
Huancané Province, Puno Region. In 2016,
Jaimes et al. reported a short trackway of a
purported theropod dinosaur, also from the
Vilquechico Formation (Jaimes et al., 2016).
Large-sized dinosaur footprints were reported
from the Lower Cretaceous Carhuaz Forma-
tion at the Conococha-Antamina road (Obata
et al., 2006); these fooprints were also com-
mented on by Arce (2002). One of the best
known tracksites from Peru, is located close
to the town of Querulpa Chico and 70 km in
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the northwest of the city of Arequipa, south-
ern Peru. This site preserves 11 trackways
belonging to large and small-sized theropod
dinosaurs in sediments interpreted as Lower
Cretaceous beds of the Hualhuani Formation
(Moreno et al., 2004, 2012); however, assigned
by local geologists to the Late Jurassic Grama-
dal Formation. This tracksite was discovered
in 2002 and a thematic touristic park has been
created around the site.

Recently, a short trackway of an ornitho-
pod dinosaur was found in the Albian-Turo-
nian strata of the Arcurquina Formation, at
Yura District, in the Province and Region of
Arequipa (Figure 1). The footprint morpholo-
gy suggests a basal member of Iguanodontia
in a subaqueous locomotion. It represents the
first record of dinosaur footprints in the Ar-
curquina Formation, Yura District, southern
Peru. To report this trackway and its paleo-
ecological implications is the main purpose of
this paper.

2. Material and methods

The trackway is preserved in a relatively
small outcrop, 2.48 m by 1.40 m; the surface
was cleaned manually with brushes. Measure-
ments were taken from the trackway, with
a measure tape and a protractor. Divarica-
tion angles were measured between the lon-
gitudinal axes of the digits. As an additional
record of the trackway, footprints were drawn
in a plastic sheet with permanent ink mark-
ers. Photographs were taken with a Flexacam
C5-Leica camera and a Sony Cyber-shot, DSC-
WX60 camera.

Palentologia zooldgica 2
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Figure 1. a-b, Location of the studied area, Yura-Arequipa district, southern Peru. ¢, Geological map and location of the out-

crop. d, Stratigraphic section.

3. Geological setting

The Arcurquina Formation represents the
Albian-Turonian sedimentation in southern
Peru, in the regions of Arequipa and Moquegua
(Figure 1). In the Yura Basin (Arequipa), it
has a thickness of 600 m. Four third order se-
quences (in terms of sequence stratigraphy)
can be recognized in the Arcurquina Forma-
tion (Jaillard, 1995). The outcrop consists of a
carbonate succession with intermittent detri-
tal and silt-clay episodes (Figure 1d). A strati-
graphic correlation with the historical column
of Jaillard (1995), suggests that the track-
way-bearing outcrop corresponds to sandy
beds at the beginning of the third sequence,
which are Cenomanian age based on the in-
vertebrate assemblage (Benavides, 1962). The
sedimentary environments recorded indicate
a shallow to outer carbonate platform, with

Paleontologia Mexicana Vol. 14 No. 1

some lagoon beds and sandy bodies (Jaillard,
1995). The sedimentary facies interpretation
corresponding to the third sequence indicates
middle to outer ramp facies, interbedded with
stratigraphic levels interpreted as tidal flats.
The studied trackway is located on a tidal flat
level. This layer is composed of coarse to me-
dium-grained sand, with grey and reddish
colors due to oxidized allochthonous clasts. It
is located at the top of a 3 m small sequence
interpreted as tidal flat beds. Mud-cracks sed-
imentary structures, gypsum cristals and hor-
izontal laminations, are features of this fining
upwards sandy sequence. Asymmetric and
eroded ripples in the sediment surface (Figure
2a-b) suggests local wave reworking.

In thin section this layer has a lithic com-
position (quartz 30%, plagioclases 15%, lithic
fragments 45%) with a matrix of similar com-
position (lithic, quartz and chert fragments)

Palentologia zooldgica 3
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Figure 2. a, Hand sample of the track-bearing sandy bed with eroded surface. b, View under stereomicroscope (7.5 X) showing
detrital interbedded layers, Cs (coarse sand) and Fs (fine sand). ¢, Thin section under crossed polars petrographic microscope
showing detrital components in Fs layer. d, Thin section under crossed polars petrographic microscope showing detrital compo-
nents in Cs layer. (Qz = Quartz, Fr = Lithic components, Plg = Plagioclase, Op = Opaque minerals, Mz = Matrix components).

and carbonate and siliceous cement (Figure
2c-d). A poorly sorting, low sphericity of
grains and reworking ripples can be observed
and indicate that these beds represent inter-
tidal environments.

4. Description of the trackway

The reported trackway is conformed by
three consecutive footprints preserved in a

Paleontologia Mexicana Vol. 14 No. 1

relatively small outcrop (Figure 3a), two rights
and one left; these are preserved as concave
impressions, negative epichnia (Figure 3b).
Footprints are tridactyl and mesaxonic; how-
ever, these show morphological differences,
related to the mode of locomotion and the
way that the autopodium interacted with the
sediment (Figure 3c). The first footprint in the
trackway is a right one (Figure 4a); it bears
a relatively wide plantar area, with a subcir-
cular heel contour. Its maximum length and

Palentologia zooldgica 4
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20 cm

Figure 3. a, Partial panoramic view of the Albian-Cenomanian sediments of the Arcurquina Formation, at Yura District; the
white arrowhead points to the stratigraphic level preserving the dinosaur trackway. b, Ornithopod trackway from the Arcurquina
Formation; arrowheads point to each of the three footprints, the first footprint in the right of the photo represents a right one. c,
Schematic drawing of the trackway.
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width are 23.8 cm and 12.9 cm, respective-
ly. The plantar area is 8.4 cm in length, mea-
sured from the posterior area of digit III to
the most posterior border of the heel. Digit II
has a sub-oval contour, with a rounded prox-
imal end and an acuminate distal end, sug-
gesting the presence of a subtriangular claw.
Itis 11.0 cm in length and 3.9 cm in maximum
width. Digit III bears a conspicuous morphol-
ogy, with a pyriform-elongate contour, being
narrow proximally and wider distally (Figure
4a); it preserves a subcircular proximal border
and, distally, a sub-triangular claw impres-
sion, 2.0 cm in width, at its base, and 1.4 cm
in antero-posterior length. Digit III is 15.4 cm
in total length, 4.2 cm in proximal width and
5.6 cm at its widest portion. Digit IV has mor-
phological similarities with digit II; it is sub-
oval and elongated, with a rounded proximal
end and a distal acuminate end, suggesting
the presence of a subtriangular claw. It is 10.2
cm in length and 3.5 cm in maximum width.
The angles of divarication between digits,
measured from their tips to the heel are 12.5°
between digits II and III, and 13.5° between
digits IIT and IV; in this way, the total angle of
divarication is 26°. However, the total angle of
divarication, measured between the longitudi-
nal axes of digits IT and IV, is only 7.5°% it is an
important fact that will be discussed later.

The second footprint is a left one (Figure
4b); its morphology varies drastically from
the previous right footprint. The plantar
area is preserved as a half-moon shaped im-
pression whose apexes represent the contact
points with digits IT and IV. The total length of
this footprint is 21.3 cm and 11.9 cm in maxi-
mum width. The plantar area is 9.6 cm, mea-
sured from the anterior border (contact with
digit IIT) to the posterior border of the heel.
Impressions of digits II and IV are absent.
Digit III is elongate, preserved as a “scratch
impression”, with a rounded proximal im-
pression, and a distal acuminate end; digit III
preserves, as well, a sediment mound of dis-
placement, between its posterior border and
the anterior border of the plantar impression
(Figure 4b, white arrowhead).
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The third footprint, is a right one (Figure
4c¢), it is tridactyl and mesaxonic; it preserves
the whole impression of digit ITI, and digits II
and IV preserve just their distal parts; the wide
plantar area observed in previous footprints is
absent on this one. This footprint is 16.3 cm
in length and 14.2 cm in width, as preserved.
Digit III is elongate and suboval in outline,
with a roughly acuminate distal end; it is 13.6
cm in length and 7.0 cm at its widest portion.
The distal end of the digit II is subtriangular in
outline; it is 6.0 cm in length and 6.0 cm at its
widest portion. The distal end of the digit IV is
pyriform in outline; it is 8.1 cm in length and
4.6 cm at its widest portion. The angle of di-
varication is 7° between digits II and III, and
10° between digits III and IV; thus, the total
angle of divarication (II-IV) is 17°.

The preserved trackway parameters include
steps (measured tip to tip of digit III), stride
and pace angulation. The step between the
first and the second footprint is 34.5 cm. The
step between the second and the third foot-
print is 24.5 cm. The stride measures 63.8 cm
(measured between the tips of digit III, of the
first and last footprints). The pace angulation
is 151°.

5. Discussion

The general morphological features of these
footprints suggest that they were produced by
the same type of dinosaur; digit II, in particu-
lar, is preserved in the first and third footprints,
itis suboval and elongated, with a conspicuous
robustness (Figure 4); thus, it is suggested that
the footprints were produced by the same in-
dividual. The presence of a wide plantar area,
as well as parallel sided to slightly tapered
toes, suggests an ornithopod trackmaker
(Thulborn, 1990; Lockley, 1991); according to
the age and overall morphology of these foot-
prints, a basal member of Iguanodontia is pro-
posed as the potential trackmaker.

The general morphology of the second
footprint (Figure 4b) recalls, somewhat, that
of Limayichnus major (Calvo, 1991). In this
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Figure 4. Close up of the footprints of the Yura ornithopod
trackway. a, right footprint, the first in the trackway, note the
wide plantar area, as well as the subtriangular claw impression
of digit III, and acuminate ends of digits II and IV; b, left foo-
tprint, the second in the trackway, note that digit III is preser-
ved as a “scratch mark” with a subcircular proximal impression
and a sediment mound of displacement is preserved as well
(white arrowhead); ¢, right footprint, the third in the trackway,
note the complete impression of digit III and distal impressions
of digits II and IV; Roman numerals indicate digit numbers.
Scale in a represents 10 cm and also applies to b and c.

ichnotaxon, digits II and IV diverge slightly
from digit III, at an angle of 25° or less; also,
the impression of digit III is oval in shape
and separated from the heel impression.
As described by Calvo (1991), digits II and
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IV fuse with the plantar impression, form-
ing a U-shaped structure/impression (Calvo,
1991). A similar configuration is observed in
the second footprint from the Yura trackway;
however, it lacks the IT and IV digit impres-
sions, thus given the half-moon appearance
above mentioned. Indeed, Limayichnus major
has been related to Iguanodontidae, as well
(Calvo, 1991; Calvo and Rivera, 2018). On the
basis of the present evidence, no additional
ichnotaxonomical assignation is purported
for the Yura trackway.

Although each footprint, in the Yura track-
way, preserves different morphological traits
(Figure 4), the overall morphological features
of the footprints are suggestive of an organism
in a subaqueous locomotion, as it is explained
below. To date, most of the reported non-avian
dinosaur swimming traces preserve parallel
digit impressions, or “scratch marks”; this is
a common feature of dinosaur footprints indi-
cating subaqueous locomotion (e.g., Coombs,
1980; Ezquerra et al., 2007; Navarro-Lorbés
et al., 2023). As for example, parallel digit
traces are a diagnostic feature in the ichno-
genus Characichnos, an ichnogenus related to
subaqueous locomotion (Whyte and Romano,
2001; Milner et al., 2006; Xing et al., 2013). Ac-
cording to Navarro-Lorbés et al. (2023), the
parallel digit impressions are the result of the,
minimal or almost minimal, biomechanical
interaction between pes and sediment; this
minimal interaction is related to the low in-
fluence that it has in the displacement of the
animal, being the displacement highly per-
formed by paddling or classical swimming.

As mentioned above, most of the track and
trackways of swimming dinosaurs preserve
elongate and subparallel digit impressions,
ranging from one to, usually, three; also, no
trace of the plantar area is preserved. It has
been explained by the deepness of the water
body crossed by the dinosaur; as the water
body got deeper, the dinosaur scratched the
bottom with its claws, leaving such subparallel
impressions (e.g., Coombs, 1980; Whyte and
Romano, 2001; Milner et al., 2006; Ezquerra
et al., 2007; Xing et al., 2013; Navarro-Lorbés
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et al., 2023). An additional feature, observed in
footprints indicating subaqueous locomotion,
is that most of these parallel “scratch marks”,
were left regularly spaced within a particu-
lar trackway, as the organism crossed a water
body in calm (e.g., Xing et al., 2013). However,
Ezquerra et al. (2007) reported an Early Creta-
ceous swimming dinosaur trackway, from la-
custrine nearshore sediments in the Cameros
Basin, Spain: the evidence suggests a thero-
pod swimming and scratching the bottom;
although the footprints are regularly spaced,
amplified asymmetrical walking movements
left the right sets of footprints with an inward
rotated angle of 40°, in order to maintain di-
rection into a leftward water current (Ezquer-
ra et al., 2007).

In the first footprint of the Yura trackway,
the three digits were placed together, almost
sub-parallel, with a very low angle of divarica-
tion between digits II and IV, just 7.5° (Figure
4a). Thus, it is here assumed that, the almost
parallel digit impressions indicate swimming
locomotion. In regard to the presence of the
plantar impression in the first footprint of the
Yura trackway; it is not possible to demon-
strate that this footprint is the first one in a
trackway of a dinosaur entering in a water-
body; however, it is possible to appreciate
the preservation of different footprint mor-
phologies within a single trackway. A simi-
lar situation is seen in a Lower Cretaceous
tracksite known as “Icnitas-4 tracksite”, at La
Rioja, Spain. In this case, the trackway known
as EVP12 represents a swimming dinosaur
(Perez-Lorente, 2015; Navarro-Lorbés et al.,
2023). Although this trackway is composed
of five footprints, the morphology of the first
one suggests it was made by terrestrial loco-
motion. However, the second and third foot-
prints (EVP12.2 and EVP12.3; Perez-Lorente,
2015), have elongated and roughly parallel toe
impressions, interpreted as the product of the
foot slipping in the mud (Perez-Lorente, 2015;
Navarro-Lorbés et al., 2023); particularly, the
third footprint preserves three elongated digit
impressions not convergent in the proximal
area (Perez-Lorente, 2015). The explanation of
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the morphological differences among the foot-
prints from Spain, is that the organism, in this
case a dinosaur, entered a water body, from a
shallow area to a deeper area (Pienkowski and
Gierlinski, 1987; Perez-Lorente, 2015; Navar-
ro-Lorbés et al., 2023).

The second and third footprints of the Yura
trackway preserve morphological traits that
clearly indicate a swimming locomotion; as
mentioned above, the plantar impression in
the second footprint is observed as a half-
moon structure (Figure 4b); it lacks the im-
pressions of digits IT and IV. However, digit III
is observed as an elongate and narrow impres-
sion, bearing an acuminate distal end and a
proximal subcircular impression; a sediment
mound, between the impression of digit III
and the anterior border of the plantar impres-
sion, is preserved as well (Figure 4b, white
arrowhead). In this case, it is possible to ap-
preciate that the plantar impression together
with digit III participated in the propulsion of
the organism.

Structures such as sediment mounds behind
digit impressions indicating propulsion have
been observed in swimming ornithopod foot-
prints from the Lower Cretaceous Yanguox-
ia tracksite in China (Fujita et al., 2012: fig.
7e) and from the Lower Cretaceous “Icnitas-4
tracksite”, in Spain; in this later case, the left
footprint EVP12.5, from the EVP12 trackway,
preserves a large rounded mound of sediment,
just behind the toe impressions (Perez-Lo-
rente, 2015: fig. 3.105; Navarro-Lorbés et al.,
2023).

The third footprint of the Yura trackway
preserves subtriangular impressions, antero-
posteriorly short, of the tips of digits IT and IV,
and a complete impression of digit III (Figure
4c). The overall morphology of this footprint
suggests that propulsion was given by digit
IIT and distal portions of digits II and IV. The
morphology of this third footprint recalls the
footprint morphology of small ornithopods
from the famous Cretaceous (Albian-Ceno-
manian) Lark Quarry tracksite, in the Winton
Formation, Queensland, Australia (Romilio
et al., 2013; Thulborn, 2016). Some of these
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ornithopod footprints preserve a prominent
digit ITI, while digits II and IV are observed as
sub-triangular impressions; it has been sug-
gested that these footprints were left by swim-
ming ornithopods (Thulborn, 2016: fig. 3).
Among saurischian dinosaurs, swimming
traces are well known for theropods (Milner
et al., 2006; Whyte and Romano, 2001; Milner
and Lockley, 2016). Although questioned by
some authors (e.g., Vila et al., 2005; Ishiga-
ki and Matsumoto, 2009; Falkingham et al.,
2011, 2012), manus-only and manus-dominat-
ed trackways have been associated with swim-
ming sauropods (Bird, 1944; Ishigaki, 1989;
Demathieu et al., 2002; Farlow et al., 2019).
Tracks and trackways of swimming ornitho-
pod dinosaurs are rather rare in the ichnologi-
calrecord; for example, manus-only trackways
attributed to swimming thyreophorans have

been reported for ankylosaurids (Riguetti
et al., 2021) and suggested for stegosaurians
(Romano and Whyte, 2015). In regard to large
tracks and trackways of swimming ornitho-
pods, these have been reported by Fujita et al.
(2012) and Moklestad et al. (2018); and those
of small swimming ornithopods have been re-
ported by Lockley and Foster (2006) and Rom-
ilio et al. (2013).

The parameters of the trackway are a notable
feature, the step between the first and second
footprints is 34.5 cm, the next step between
the second and third footprints is shorter, 24.5
cm. The shortening of the second step, as well
as the different footprint morphologies in the
Yura trackway, could be explained by the sce-
nario of a small ornithopod dinosaur in sub-
aqueous locomotion, however, at the mercy of
the waves (Figure 5).

Figure 5. Reconstruction of locomotion behavior of track-maker producer based on the Yura trackway; it represents a small
ornithopod, probably a basal member of Iguanodontia, in a subaqueous locomotion being influenced by the waves on the envi-
ronment. Artwork by one of the authors (RARR), and is based on Gasparinisaura cincosaltensis, a basal iguanodontian from the Co-
niacian-Santonian of Argentina (Coria and Salgado, 1996).
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6. Conclusion

This paper reports the first record of dino-
saur footprints in the Albian-Turonian Arcur-
quina Formation and, indeed, from the Yura
District, southern Peru. Additionally, it rep-
resents a rare finding of a trackway of a small
ornithopod, probably a basal member of Igua-
nodontia, in a subaqueous locomotion being
influenced by the waves on the environment.
This record is an important addition to the ich-
nological record of dinosaurs in Peru.
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Abstract

The fossil record of Ankylosauria is well-documented in several regions of the world yet remains relatively scarce in Mexico.
Here we report new thyreophoran material from the Late Cretaceous in Coahuila, northeastern Mexico. The specimens, which
include isolated osteoderms and partial skeletal elements, contribute to our understanding of the diversity, paleobiogeography,
and paleoecology of this dinosaur clade in North America. Morphological comparisons suggest affinities with nodosaurid ankylo-
saurs, expanding their known range and ecological roles in the region. This discovery highlights the importance of Coahuila as a
key locality for studying dinosaur faunas at the southern margin of the Western Interior Seaway.

Keywords: Ankylosauria, Ankylosauridae, Coahuila, diversity, Nodosauridae.

Resumen

El registro fosil de Ankylosauria estd bien documentado en varias regiones del mundo, pero sigue siendo relativamente escaso en Meéxico.
En este trabajo reportamos nuevo material de tiredforos del Cretdcico Tardio en Coahuila, noreste de México. Los especimenes, que incluyen
osteodermos aislados y elementos esqueléticos parciales, contribuyen a nuestra comprension de la diversidad, paleobiogeografia y paleoeco-
logia de este clado de dinosaurios en Ameérica del Norte. Las comparaciones morfologicas sugieren afinidades con anquilosaurios nodosdu-
ridos, ampliando su rango conocido y sus roles ecologicos en la region. Este descubrimiento resalta la importancia de Coahuila como una
localidad clave para el estudio de faunas de dinosaurios en el margen sur del Mar Interior Occidental.

Palabras clave: Ankylosauria, Ankylosauridae, Coahuila, diversidad, Nodosauridae.
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1. Introduction

The monophyletic Ankylosauria (Osborn,
1923) is a clade within Thyreophora which
includes Ankylosauridae and Nodosauridae
and all taxa more closely related to these di-
nosaurs than to Stegosaurus (Carpenter, 1990),
forming together the clade Thyreophora
(Nopcsa, 1915), which includes ankylosaurs
and stegosaurs and all taxa more closely re-
lated to them than to Cerapoda (Ornithopoda
+ Marginocephalia). They were a very diverse
group of thyreophoran dinosaurs charac-
terized by flat and wide skulls with leaf-like
teeth, a heavily armored of the skull and body
protected by a shield of densely packed osteo-
derms, a barrel-shaped body, and an obliga-
tory quadrupedal stance (Vickaryous et al.,
2004; Carpenter, 2012).

There are two formally distinguished fam-
ilies: Ankylosauridae, and Nodosauridae
(Coombs, 1978; Arbour and Currie, 2016).
They differ by a number of diagnostic char-
acters identified (e.g. in the skull, and teeth),
but they are most easily distinguished by the
presence (Ankylosauridae) or absence (No-
dosauridae) of a distinctive tail club formed
by the co-ossification of the caudal-most ver-
tebrae combined with a series of plate-like
osteoderms.

The earliest valid members of Ankylosau-
ridae are known from the Middle Jurassic of
England and China (Carpenter, 2012). Anky-
losaurs have been found on every continent
including Africa. The highest diversity of this
group is observed during the Late Cretaceous
in Asia, North America and Europe. Ankylo-
saurs are also reported, however to a much
lesser degree of diversity from South Ameri-
ca, and Antarctica (Arbour and Currie, 2016).

Ankylosaurs are characteristic and abun-
dant components of dinosaur assemblages
from the Late Cretaceous of western North
America (Laramidia). Campanian strata yield
numerous specimens of nodosaurids and
ankylosaurids, mostly from the north of the
continent. In contrast, the record from the
southern part of Laramidia (e.g., Mexico) is
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surprisingly scarce (Loewen et al., 2013; Rive-
ra-Sylva and Carpenter, 2014).

Ankylosaur specimens are extremely rare in
Upper Cretaceous deposits of Mexico, which
contrasts with the rich hadrosaurian assem-
blages reported from the region (Rivera-Sylva
and Carpenter, 2014). Nevertheless, ankylo-
saur remains have repeatedly been reported
from Mexican strata, although most of these
are undiagnostic consisting of a few teeth,
osteoderms, vertebrae, and long bones (Ri-
vera-Sylva et al., 2011a; Figure 1). To date, Ac-
antholipan gonzalezi is the only thyreophoran
formally described for Mexico (Rivera-Sylva
et al., 2018). The material of ankylosaur re-
mains documented so far, comes from the
Zorrillo-Tabernas Indiferenciadas Formation
(Bajocian) of Puebla, the Mojado Formation
(latest Albian-earliest Cenomanian) of Chi-
huahua (which is the first report for Mexico
of Ankylosaurian tracks), El Gallo Formation
(Campanian) of Baja California, the San Carlos
Formation (Campanian) of Chihuahua, the
Cerro del Pueblo Formation (Campanian) and
the Olmos Formation (Campanian-Maastrich-
tian) of Coahuila (Morris, 1967; Rivera-Syl-
va and Espinosa-Chévez, 2006; Kappus et al.,
2011; Martinez-Diaz and Montellano-Balles-
teros, 2011; Rivera-Sylva et al., 2011a; Rodri-
guez-de la Rosa et al., 2018; Rivera-Sylva et al.,
2019; Rivera-Sylva et al., 2021).

An ankylosaurid femur from the Olmos
Formation near Sabinas, Coahuila, was men-
tioned by Meyer et al. (2005), but after a close
examination of the specimen we conclude
that it does not belong to Ankylosauria but
rather represents an unidentified ornithopod.

This paper describes newly discovered ma-
terial that sheds light on the diversity of anky-
losaurs in Mexico, offering a fresh taxonom-
ic perspective. These findings are particularly
significant given the scarcity of ankylosaur re-
mains in the region, which has historical-
ly limited our understanding of their distri-
bution and diversity. The new material not
only provides insights into their morpholog-
ical variability but also underscores the im-
portance of Mexico as a region for studying
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Figure 1. Geological formations of Coahuila that yielded ankylosaurids and nodosaurids remains. Ag) Aguja Formation (Cam-
panian); CdT) Candn del Tule Formation (Maastrichtian); Pn) Pen Formation (Santonian); LS) La Soledad Beds (Campanian); CdP)
Cerro del Pueblo Formation (Campanian); Ol) Olmos Formation (Campanian-Maastrichtian).

ankylosaurs and their broader paleobiogeo-
graphic implications.

Abbreviations: CPC = Coleccion Paleon-
tolégica de Coahuila, Museo del Desierto,
Mexico; MUDE = Museo del Desierto, Mexico.

2. Material and methods

The material described herein from the
southeast of Coahuila was discovered during
field seasons between 2000 and 2002. All the
material is housed in the Coleccién Paleon-
toldgica de Coahuila at the Museo del Desier-
to in Saltillo, Coahuila. The exact locality in-
formation of each specimen is on file at the
Museo del Desierto, Saltillo, Coahuila.

The specimens were measured using a dig-
ital caliper, and photographed using a Canon
EOS Rebel T2i with a Canon Zoom Lens EF 35-
80mm 1:4-5.6 III with filters close ups 1-3, and
a Nikon COOLPIX P610 with a lens NIKKOR
60X Wide Optical Zoom ED VR (4.3-258 mm
1:3.3-6.5).

Paleontologia Mexicana Vol. 14 No. 1
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3. Systematic palaeontology

Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Thyreophora Nopcsa, 1915
Eurypoda Sereno, 1986
Ankylosauria Osborn, 1923
Ankylosauria indet.

Material. Caudal vertebra (CPC 3045; Figure
2 a-d).

Horizon and locality. Soledad Beds (Campa-
nian-Maastrichtian, Late Cretaceous), 22 km
southwest of the town La Esmeralda; munici-
pality of Sierra Mojada, Coahuila, Mexico.

Description. CPC 3045 is a badly weathered
centrum with a hexagonal cross-section, and
pronounced transverse processes, the latter
being completely fused with the mid part of
the neurocentral junction. The neural canal
is circular in cross-section. Measurements of
CPC 3045 in millimetres: length = 70; maxi-
mum height = 60; maximum width = 98.

Discussion. The well-developed transverse
process suggest that the specimen represents
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Figure 2. CPC 3045: caudal vertebra in: a) cranial, b) caudal, c) lateral, and d) dorsal views. CPC 3046: caudal vertebra in: e) cra-
nial, ) caudal, and g) lateral views. CPC 3047a: h) cranial, k) caudal, and n) lateral views. CPC 3047b: i) cranial, 1) caudal, and o)
lateral views. CPC 3047c: j) cranial, m) caudal, and p) lateral views. Scale = 10 cm.
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an anterior caudal vertebra of an ankylosauri-
an (Vickaryous et al., 2004; Arbour, 2009). The
specimen was mention as an hadrosaur caudal
by Rivera-Sylva and Carpenter (2014).

Material. Caudal vertebra (CPC 3046; Figure
2 e-g).

Horizon and locality. Aguja Formation
(Campanian, Late Cretaceous), La Salada lo-
cality; municipality of Ocampo, Coahuila,
Mexico.

Description. CPC 3046 is a badly weathered
amphicoelus centrum of a proximal caudal
vertebra, with a rounded cross-section, and
pronounced transverse processes, the latter
being completely fused with the mid part of
the neurocentral junction. The neural canal
is circular in cross-section. Measurements of
CPC 3046 in millimetres: length = 88; maxi-
mum height = 178; maximum width = 240.

Discussion. The well-developed transverse
process and the rounded outline suggest that
the specimen represents an anteriormost
caudal vertebra of an ankylosaurian (Vickary-
ous et al., 2004; Arbour, 2009). The specimen's
size aligns with that of a significantly large
ankylosaurid, estimated at approximately 7
meters in length, as determined through com-
parisons with the caudal vertebrae of other an-
kylosaurians (e.g., Peloroplites cedrimontanus)
(Carpenter, pers. comm., 2018; Molina-Pérez,
pers. comm., 2023; Figure 3).

In 2017, Shiller described a right tibia dis-
covered in the Aguja Formation of northern
Coahuila, which is part of a private collection.
Consequently, the precision of the measure-
ment could not be verified. Nevertheless, if
the measurement is accurate, it may pertain to
a significantly large specimen (Molina-Pérez,
pers. comm., 2023), consistent with the attri-
butes of CPC 3046.

Material. Caudal vertebrae (CPC 3047, a, b,
c; Figure 2 h-p).

Horizon and locality. Cerro del Pueblo
Formation (Upper Cretaceous, Campanian),
Rincén Colorado locality, General Cepeda,
Coahuila, Mexico.
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Figure 3. Silhouette of a thyreophoran showing CPC 3046.
Scale bar = 1m.

Description. These are three amphicoelus
centra of caudal vertebrae. CPC 3047 had a cen-
trum with circular cross-section being as long
as is tall, while CPC 3047b and c had centra
with a hexagonal cross-section, with its length
been half of its height. All three vertebrae had
broad bases of transverse processes with oval
cross-section, the latter being fused with the
mid part of the neurocentral junction. Mea-
surements of CPC 3047a in millimetres: length
= 46.1; maximum height = 58.6; maximum
width = 72. CPC 3047b: length = 36.9; max-
imum height = 58.6; maximum width = 65.9.
CPC 3047c: length = 37.8; maximum height =
54.4; maximum width = 64.7.

Discussion. The well-developed transverse
process and the rounded centrum of CPC
3047a suggest that the specimen represents an
anterior caudal vertebra of an ankylosaurian;
while CPC 3047 b and ¢ are mid-caudals (Vick-
aryous et al., 2004; Arbour et al., 2009).

Material. Right metatarsal II (CPC 2975;
Figure 4).

Horizon and locality. The specimen come
from the Cerro del Pueblo Formation (Upper
Cretaceous, Campanian), Porvenir de Jalpa
locality, General Cepeda, Coahuila, Mexico.
Description. The proximal articulation of the
metatarsal is rugose and bulbous, subrectan-
gular, dorsally inclined at an angle of approx-
imately 10°, obliquely oriented relative to the
long axis of the shaft, being in consequence
the ventral edge longer than the dorsal, and
is dorsally smooth, although some parts are
weathered. The rugose texture extends distally
on the medial side in a ridge to the mid-length
of the shaft. The distal condyle extends proxi-
mally onto the plantar surface on the medial
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Figure 4. Metatarsal II. CPC 2975, a) dorsal, b) ventral, c) lateral, d) right lateral, e) cranial, and f) caudal views.; scale bar =5 cm.

and lateral sides. Measurements of CPC 2975
in millimetres: length = 103.5; maximum
height = 41.1; maximum width = 68.7.

Discussion. The right metatarsal II CPC 2975
is as described and figure of those of Niobrara-
saurus coleii, Europelta carbonensis, and for the
ankylosaur AMNH 5266 (Carpenter et al., 1995;
Coombs, 1986; Kirtkland et al., 2013), therefore
is unequivocal ankylosaurian.

Material. Phalanges (CPC 3048a, b; Figure 5
p-u).

Horizon and locality. Canién del Tule Forma-
tion (Upper Cretaceous, Maastrichtian), Caroli-
nas locality, Ramos Arizpe, Coahuila, Mexico.

Description. They are anteroposteriorly
short. With a shallow articular surface and
poorly developed distal condyles. Measure-
ments of CPC 3048a in millimetres: length =
32.4; width = 43.7; maximum height =21.5. CPC
3048b in millimetres: length = 25; width = 35.8;
maximum height = 16.2.

Discussion. The phalanges are similar of
those described for Peloroplites cedrimontanus
(Carpenter et al., 2008).

Paleontologia Mexicana Vol. 14 No. 1
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Material. Unguals (CPC 3049; CPC 3050; CPC
3051; Figure 5 a-1).

Horizon and Locality. Cerro del Pueblo
Formation (Upper Cretaceous, Campanian),
Rincén Colorado locality, General Cepeda, Co-
ahuila, Mexico.

Description. The three unguals are widest at
their proximal articulation and taper distally
to a blunt tip. CPC 3049 and CPC 3050 are as
long as there are wide; CPC 3051 is incomplete
but is longer than wide. They are rugose both
dorsally and ventrally, and on the ventral sur-
face the neck is tucked, and bounded on either
side by a proximally extending horn. Mea-
surements of CPC 3049 in millimetres: length
= 64.7; width = 52.5; maximum height = 22.5.
CPC 3050 in millimetres: length = 61.7; width =
53.8; maximum height = 69.7. CPC 3051 in mil-
limetres: length = 52.5; width = 39; maximum
height = 18.

Discussion. These unguals are blunt as seen
in other ankylosaurians (Carpenter, 1990; Car-
penter et al., 1995; Arbour et al., 2009; Currie
et al., 2011) rather than hoofed liked as seen in
ceratopsians.
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m N

Figure 5. CPC 3049 ungual in: a) dorsal, b) ventral, c) lateral, d) caudal views. CPC 3050 ungual in: e) dorsal, f) ventral, g) lateral,
h) caudal views. CPC 3051 ungual in: i) dorsal, j) ventral, k) lateral, 1) caudal views. CPC 3052 ungual in: m) dorsal, n) ventral, o)
caudal views. CPC 3048a-b phalanges in: p, q) dorsal, 1, s) caudal, and t, u) cranial views. Scale bar =5 cm.
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Material. Ungual (CPC 3052; Figure 5 m-o).

Horizon and Locality. Canoén del Tule For-
mation (Upper Cretaceous, Maastrichtian),
Carolinas locality, Ramos Arizpe, Coahuila,
Mexico.

Description. The ungual is widest at their
proximal articulation and taper distally to
a blunt tip, being as long as it is wide; with a
rugose texture dorsally and ventrally. Mea-
surements of CPC 3052 in millimetres: length
=60.6; width = 57.7; maximum height = 22.6.

Discussion. The ungual is blunt as seen in
other ankylosaurians (Carpenter, 1990; Car-
penter et al., 1995; Arbour et al., 2009; Currie
etal., 2011).

Ankylosauridae Brown, 1908
Ankylosauridae indet.

Material. CPC 3053a, ungual; CPC 3053b, os-
teoderm; (Figure 6 e-g).

Horizon and locality. Cerro del Pueblo For-
mation (Upper Cretaceous, Campanian), La
Parrita locality, General Cepeda, Coahuila,
Mexico.

Description. The ungual (CPC 3053a) is
broken and badly weathered, the tip is pre-
served and the left side. In the right side can be
see the proximal end of the vascular groove,
the dorsal surface is rugose while the ventral
is smoother with some foramina present. The
osteoderm (CPC 3053b) is with only right side
preserved, with a dorsal surface with a rise
keel orientated obliquely, with a fine pitting in
its dorsal surface, with a convex ventral sur-
face. Measurements in millimetres of CPC
3053a: length = 66.1; maximum height = 26.2;
maximum width = 54.9. CPC 3053b: length =
47.6; maximum height = 24.1; maximum width
=48.1.

Discussion. The ungual is as seen in other
ankylosaurians (Carpenter, 1990; Carpenter
et al., 1995; Arbour et al., 2009; Currie et al.,
2011). The basally-excavated ostederm is an-
kylosaurian-type as seen in other Ankylosauri-
dae as Ahshislepelta minor (Burns and Sullivan,
2011).

Paleontologia Mexicana Vol. 14 No. 1
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Material. CPC 3054, osteoderm; (Fig. 6 a-d).

Horizon and Locality. Cerro del Pueblo
Formation (Upper Cretaceous, Campanian),
Rancho Ammonite locality, General Cepeda,
Coahuila, Mexico.

Description. The osteoderm (CPC 3054)
has a dorsal surface with a rise blunt keel
orientated caudally, and with convex ventral
surface. It has a smooth surface with vascu-
lar channels over its surface. Is thick-walled
and thicker along the keel. The base is oval,
longer than wide, although only its left side
is the only preserved edge. Measurements in
millimetres of CPC 3054: length = 33.9; maxi-
mum height = 14; maximum width = 24.9.

Discussion. The concave ventral surface
indicates ankylosauridae affinity (Coombs
& Maryanska, 1990), although its small size
cannot be determined if belong to an im-
mature individual or was a small ossicle in a
large individual.

Nodosauridae Marsh, 1890

Acantholipan gonzalezi Rivera-Sylva et al.,
2018

The only thyreophoran formally described
for Mexico is the nodosaurid Acantholipan
gonzalezi (Rivera-Sylva et al., 2018). It is a no-
dosaur that inhabited on the northwest coast
of Coahuila, which today is a semi-desert
around the township of Ocampo. The sed-
iments in this region correspond to the Pen
Formation, with an age of about 85 million
years. According to the remains preserved,
the individual was a juvenile with a length of
about 4.5 meters and a mass close to 500 kg.
Its remains were extracted from a bedrock
that was deposited in shallow coastal seawa-
ters. The carcass floated down a river prior
to deposition, a taphonomical scenario fre-
quently observed among nodosaurs (e.g., Ale-
topelta, Borealopelta, Nodosaurus, Stegopelta,
Pawpawsaurus, and Niobrarasaurus; Carpen-
ter et al., 1995; Carpenter and Kirkland, 1998;
Ford and Kirkland, 2001; Arbour et al., 2016;
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Figure 6. Osteoderms. CPC 3054, a) dorsal, b) ventral, c) lateral, and d) frontal views. CPC 3053, e) dorsal, f) ventral, g) caudal

views. Scale bar =2 cm.

Brown et al., 2017), unquestionable evidence
that the group occupied the ecological niche
of nowadays hippopotamus.

The holotype of Acantholipan gonzalezi (CPC
272) consist of a thoracic and a caudal verte-
bra, the fragment of a rib, the distal end of left
humerus, the distal end of the left femur, and a
thoracic osteodermal spine. It is distinguished
from the other species of nodosaurids due to
the following combination of characteristics:
ulna with a prominent anterolateral process,
tapered and proximally truncated, triangular
in lateral view, conical and slightly curved cau-
dally thoracic osteoderm with an oval longitu-
dinal cross-section and vascular grooves on
the lateral view.

The spine belongs to the thoracic area based
on its circular base and cross section as ob-
served in other nodosaurids (Ford, 2000; Car-
penter, 2012; Osi and Pereda-Suberbiola, 2017),
while the spines from the cervical region have
a triangular base, the bodies are compressed
with a y-shaped cross-section with the dorsal
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side keeled for most of its length (Ford, 2000;
Kirkland et al., 2013; Penkalski, 2014).

The spine rows in Acantholipan and other
nodosaurids (e.g., Europelta, Struthiosaurus)
might have extended down through the tail,
as in extant crocodiles. The spines working
with the other body osteoderms may have
functioned as an efficient distribution of ab-
sorbed radiant heat during basking (both in
and out of the water) as in crocodiles (Seidel,
1979; Clarac and Quilhac, 2019). The argument
favoring protection is weakened (but not dis-
missed) when considering the vascularity of
osteoderms suggesting an important physio-
logical role in calcium remobilization as sug-
gest by Brum et al. (2023). Therefore, in large
semiaquatic reptiles, basking is related to the
presence of dermal armor, where the sculpted
armor is present only on surfaces that would
be available for absorption of solar radiation.
These surfaces are exposed to sunlight during
basking on land and while the animal is partly
submerged (Seidel, 1979).
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Parrita locality, General Cepeda, Coahuila,

Nodosauridae indet. Mexico.
Description. The vertebra is slightly am-
Material. Caudal vertebra; phalanges; os-  phicoelus. With rounded centra in anterior
teoderms (CPC 3055; Figure 7). and posterior view. Is as long as it is tall. The
Horizon and locality. Cerro del Pueblo For- base of the neural canal is rounded. It has a

mation (Upper Cretaceous, Campanian), La broad base of the transverse process, being on

Figure 7. CPC 3055, caudal vertebra in: a) cranial, b) caudal, c) dorsal, d) ventral; proximal pedal phalanx in: e) dorsal, f-g) late-
ral, h) cranial, i) caudal; distal pedal phalanx in: j) dorsal, k-1) lateral, m) cranial, and n) caudal views. Scale bar =5 cm.

Paleontologia Mexicana Vol. 14 No. 1 Paleozoologia 22
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straight angle with the centrum. The phalan-
ges are anteroposteriorly short. With a shal-
low articular surface and poorly developed
distal condyles. CPC 3055b is longer than it is
wide, while CPC 3055c¢ is wider than it is long.
Measurements of CPC 3055a in millimetres:
length = 36.2; maximum height = 39.7; maxi-
mum width = 62.9; CPC 3055b in millimetres:
length = 55.1; maximum height = 36.5; maxi-
mum width = 59.7; CPC 3055c in millimetres:
length = 25.7; maximum height = 21.4; maxi-
mum width = 43.5. CPC 3055d in millimetres:
length = 30; maximum height = 29; maximum
width = 22; CPC 3055e in millimetres: length =
25.6; maximum height = 20.3; maximum width
=29.8.

Discussion. The well-developed transverse
process and the rounded centrum of CPC
3055a suggest that the specimen represents
an anterior caudal vertebra (Vickaryous et al.,
2004; Arbour et al., 2009). The phalanges are
as those figured by Carpenter (1990). While
the fragments of the osteoderm looks flat in
their ventral surface, it suggests the nodo-
saurid affinity of the specimen (Coombs &
Maryanska, 1990).

Material. CPC 3092 a-c, osteoderms; (Figure
8 a-l).

Horizon and locality. Cerro del Pueblo
Formation (Upper Cretaceous, Campanian),
Rincon Colorado locality, General Cepeda, Co-
ahuila, Mexico.

Description. The osteoderms (CPC 3092 a-c)
had a dorsal surface with a rise blunt keel ori-
entated caudally, and with and almost flat ven-
tral surface. It has a smooth surface with vas-
cular foramens over their surface. The base
is oval in CPC 3092c, except in CPC 3092a and
CPC 3092b where the base is slightly broken
and only one side is the only preserved edge.
Measurements in millimetres of CPC 3092a:
length = 31.8; maximum height = 17.5; maxi-
mum width = 26.8. CPC 3092b: length = 34.4;
maximum height = 21.1; maximum width =
26.9. CPC 3092c: length = 22; maximum height
=14.9; maximum width = 28.5.
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Discussion. The three elements were found
in close association, that is why were con-
sidered as belonging to one individual. The
almost flat ventral surface indicates nodosau-
rian affinity (Coombs & Maryanska, 1990), al-
though its small size cannot be determined
if belong to an immature individual or was a
small ossicle in a large individual.

4. Discussion

Previous studies indicate the presence of
Upper Cretaceous marine deposits at Sierra
Mojada (Palomino-Sanchez, pers. comm.,
2006). However, the presence of terrestrial
fossil vertebrates cast doubts on this inter-
pretation or at least suggests the close prox-
imity of coastal or fluvial environments. The
vertebrate fossils described above come from
a sequence of sandstones, conglomerates
and claystones, which overlie marl beds. The
strata above the marls appear to represent flu-
vial environments, which is supported by the
presence of dinosaur bones and fossil tree
stumps found in situ (Haarmann, 1913; Jan-
ensch, 1926). The palaeoenvironment of the
Soledad Beds may have been a coastal plain
with marine estuaries that allowed coloniza-
tion by oysters and sharks (Rivera-Sylva and
Lopez-Espinosa, 2006).

Ankylosaur occurrences throughout North
America are common in deposits from coastal
plains, deltas and in marine shales. So is sug-
gested a preference by ankylosaurs, mainly
nodosaurs for coastal habitats bordering the
sea. The Soledad Beds may provide additional
evidence for latitudinal faunal diversity at that
time.

The presence in northern Mexico of Acan-
tholipan gonzalezi, provides evidence for an
isolated local endemism, as is also report-
ed for other coeval dinosaurs of Laramidia
(Lehman, 1987; 1997; 2001; Sankey, 2008; Rive-
ra-Sylva et al., 2011b; 2017; 2018; Lehman et al.,
2019). Late Cretaceous dinosaur assemblages
of northern Mexico are taxonomically distinct
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Figure 8. Osteoderms. CPC 3092a, a) dorsal, b) ventral, c) left lateral, and d) right lateral views. CPC 3092b, e) dorsal, f) ventral,
g) left lateral, and h) right lateral views. CPC 3092c, i) dorsal, j) ventral, k) left lateral, and 1) right lateral views. Scale bar =2 cm.
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from coeval assemblages of northern Lara-
midia. Among ankylosaurs, differentiation
around the world is frequently considered to
be related to the different types of vegetation
consumed by these dinosaurs (Osi et al., 2016).
The diversification of vegetation likely result-
ed from a north-south climate gradient, with
periodic dry to arid intervals that occurred
earlier and lasted longer in the south than in
the north of Laramidia (Loewen et al., 2013).
Endemism has been suggested for Mexican
ankylosaurids, although Euplocephalus sp. has
been reported from the southern Aguja For-
mation (West, 2020), which could be a south-
ern Laramidian species. Endemisms are
known from other groups of Campanian dino-
saurs (e.g., tyrannosaurids, hadrosaurids, and
ceratopsians; Sampson et al., 2004; 2010). The
scenario of endemic Mexican ankylosaurs also
supports an unknown Late Cretaceous geo-
graphical barrier that separated northeastern
Mexico from the rest of Laramidia running
along the southern shoreline of the continent.
This barrier apparently prevented terrestrial
faunal interchange (Rivera-Sylva et al., 2011b).
The recent focus on the fossil record of
thyreophorans from Mexico has added sub-
stantial data for the reconstruction of the bio-
geography, diversity, and evolutionary pat-
terns of this group of herbivorous dinosaurs.
They inhabited a variety of habitats and were
opportunistic herbivores. The evolution of an-
kylosaurs is marked by a progressive widening
of the posterior part of the digestive tract, as
seen by the increasing aperture of the pelvis
(Carpenter, 2012). This change may have been
the result of changing diet and the need for a
longer fermentation and digestion time.
Ankylosaurids and nodosaurids are known
to coexisted in coastal environments, but the
dominance of nodosaurids in nearshore de-
posits in Mexico may indicate a preferred en-
vironments along river systems where their
carcasses could be more easily transported to
the nearby ocean. In contrast, ankylosaurids
preferred more inland environments.
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CPC 3048 and CPC 3052 were collected from
the Cafion del Tule Formation (Upper Maas-
trichitan), making them the youngest thyreo-
phoran fossil remains recorded in Mexico to
date.

5. Conclusions

The diversity of late Cretaceous Mexican
ankylosaurs represents a significant episode
in the evolution of terrestrial macroverte-
brate faunas in Laramidia. The low diversi-
ty is probably the result of a bias of the fossil
record rather than a real reduction in biolog-
ical diversity. Although diagnostic material is
presently limited, the knowledge on Mexican
ankylosaurs will likely improve by the discov-
ery of more complete specimens in the future,
as well as by biogeographic comparisons be-
tween taxa inhabiting northern and southern
Laramidia during the Campanian.

The potential of new discoveries of ankylo-
saurs from Mexico is very high, and it is likely
that many more finds will become available as
researches concentrate on the already known
localities.
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Abstract

The Sierra Agua Verde is a significant paleontological site in northwestern Mexico. While numerous stratigraphic and paleon-
tological studies have been conducted in this area, a lack of geochemical research has hindered a complete understanding of its
paleoenvironmental context. Our study primarily focused on examining the fossiliferous limestone from the Middle Mississippian
to Middle Pennsylvanian periods in the region. By utilizing X-ray fluorescence (XRF), we measured major element oxide concen-
trations in bulk rock limestone samples. This analysis helped us infer the paleoenvironmental conditions through elemental ratios
and correlation coefficients. The samples displayed calcium enrichment, with some also exhibiting high magnesium/calcium (Mg/
Ca) ratios. The silicon/aluminum (Si/Al) ratio, akin to Si/Ca, was interpreted as indicative of productivity, potentially attributed to
the presence of siliceous sponges. Nevertheless, elevated silicon values could also result from continental weathering processes.
Peaks in elemental values apart from calcium may indicate episodes of riverine influx onto the carbonate platform where these
sediments settled. We related the curve of major elements to previous stable isotope studies to determine if detrital element input
aligned with global or regional climate conditions. Our hypotheses were corroborated by statistical analysis, yielding dendro-
grams that highlighted associations between elements such as Al and K, as well as Fe and Ti (Morisita Index). This could suggest
the precipitation of minerals like orthoclase/illite and ilmenite. Moreover, the increasing divergence between Mg and Mn in com-
parison to the Al-K phenon, along with Si, might explain the strong Fe-Ti connection, reflecting the tendency of both Mn and Ti to
form oxides. The co-precipitation of Si and P might also be linked to productivity episodes. However, the Si content could indicate
either quartz input or biogenic silica contribution.

Keywords: Carboniferous, Mexico, paleoenvironment, Si/Al, Si/Ca, Sonora, X-ray fluorescence.

Resumen

La Sierra Agua Verde es un importante sitio paleontolégico en el noroeste de México. Si bien se han realizado numerosos estudios es-
tratigrdficos y paleontoldgicos en esta drea, la falta de investigacion geoquimica ha dificultado una comprension completa de su contexto pa-
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leoambiental. Nuestro estudio se centr principalmente en examinar calizas fosiliferas del Misisipico Medio-Pensilvdnico Medio en la region.
Utilizando fluorescencia de rayos X (FRX), medimos las concentraciones de oxidos de elementos mayores en muestras de caliza en roca total.
Este andlisis nos ayudo a inferir las condiciones paleoambientales a través de proporciones elementales y coeficientes de correlacion. Las
muestras presentan un enriquecimiento de calcio, y algunas también mostraron altas proporciones de magnesio/calcio (Mg/Ca). La relacion
silicio/aluminio (Si/Al), similar a Si/Ca, se interpretd como indicativa de productividad, potencialmente atribuida a la presencia de esponjas
siliceas. Sin embargo, los elevados valores de silicio también podrian deberse a procesos de intemperismo continental. Los picos en los valores
elementales distintos del calcio pueden indicar episodios de aporte fluvial hacia la plataforma carbonatada donde se asentaron estos sedi-
mentos. Relacionamos la curva de elementos mayores con estudios previos de isotopos estables para determinar si la entrada de elementos de-
triticos se alineaba con las condiciones climdticas globales o regionales. Nuestras hipétesis fueron corroboradas mediante andlisis estadistico,
arrojando dendrogramas que resaltaron asociaciones entre elementos como Aly K, ast como Fe y Ti (Indice de Morisita). Esto podria sugerir
la precipitacion de minerales como ortoclasa/illita e ilmenita. Ademds, la creciente divergencia entre Mg y Mn en comparacion con el clado
AI-K, junto con el Si, podria explicar la fuerte conexion Fe-Ti, reflejando la tendencia de Mn y Ti a formar oxidos. La coprecipitacion de Siy
P también podria estar relacionada con episodios de productividad. Sin embargo, el contenido de Si podria indicar entrada de cuarzo o una

contribucion de silice biogénica.

Palabras clave: Carbonifero, México, paleoambiente, Si/Al, Si/Ca, Sonora, fluorescencia de rayos-X.

1. Introduccion

The Late Paleozoic was a time of great clima-
tic change that started in the Late Devonian and
ended in the early Permian. These changes re-
present the development of a series of glacia-
tions in the Gondwana supercontinent, which
ultimately led to the formation of the northern
hemisphere cyclothems (Isbell et al., 2003). It
was also a time of extended continental colli-
sions, mountain building, and fluctuating sea
levels (Wicander and Moore, 2010). The Paleo-
zoic stratigraphic record extends through the
world since it constitutes the base over which
younger strata of Mesozoic and Cenozoic ages
lie. Particularly, the Paleozoic has been long
studied in North America, with a paleoclima-
tic and paleoenvironmental perspective, which
has allowed the correlation of these patterns
found in the region with those present in other
parts of the world like the Paleotethys (Mii et
al., 2001). In the same way, the Late Paleozoic
shows lower eustatic levels compared with
those of the Early Paleozoic, a phenomenon
that can be attributed to the so-called Late Pa-
leozoic Ice Age (LPIA) (Haq and Schutter, 2008).
Paleozoic exploration geology in search of hy-
drocarbon reservoirs has broadened in recent
years (e.g. Xiangzheng et al., 2019; Yuan et al.,
2019). Regarding geochemistry, there is a scar-
city of studies comprising Paleozoic materials;
most geochemical studies are focused on seve-
ral stages in the Mesozoic and Cenozoic.
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In the state of Sonora, the Sierra Agua Verde
has the most complete sequence of the Paleo-
zoic in northwestern Mexico and has deposits
from the Neoproterozoic (?) to the Pennsylva-
nian period in two different groups. Stewart
et al. (1984, 1988, 1999) were among the first
to recognize the presence of Paleozoic rocks.
The deposits of San Jose Group represent only
the Cambrian period, whereas the Agua Verde
Group represents lithologies from the Ordovi-
cian to Lower Permian systems (Ochoa-Grani-
llo and Sosa-Ledn, 1993). Many of the strata of
the Agua Verde Group are highly fossiliferous.
Previous studies have focused on the identifi-
cation of crinoids and taphonomic patterns of
encrinites (Buitron-Sanchez et al., 2007); the
discovery of Pennsylvanian fusulinid foramini-
fera and calcareous algae (Gémez-Espinosa et
al., 2008); the identification of a varied Carboni-
ferous biota of phylloid algae and invertebrates
like coralline chaetetid sponges, brachiopods,
bryozoans, tabulate and solitary corals, fusu-
linid foraminifera and several paragenera of
crinoids (Buitron-Sanchez et al., 2015); and
the description of mid-Carboniferous cono-
dont associations (Navas-Parejo et al., 2017).
These conodont associations are typical of sha-
llow-water carbonate platforms found in other
parts of the North American craton.

The Sierra Agua Verde range has not been
studied from a geochemical approach. Recent-
ly, Villanueva-Olea et al. (2019) expanded the
study of this group by generating more data
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on microfacies and by involving new geoche-
mical analysis of a section representing the
Middle Mississippian-Middle Pennsylvanian
interval. Geochemical characteristics were
obtained through the excursions of §*C and
880 of limestones of the La Joya section and
were interpreted in terms of paleo-depositio-
nal environments that varied from the mar-
gin-platform reefs to a restricted-circulation
lagoon. A paleo-bathymetric curve recons-
tructed from the microfacies analysis and dis-
tinctive patterns of 8*C and 8%0 infers that
the changes observed were due to regional as
well as local factors, such as varying inputs of
2C-enriched continental fresh water, regional
upwelling and residence times of the seawater
in the shallow restricted platform. Neverthe-
less, the global climatic patterns also forced
the isotopic behavior as well (Villanueva-Olea
et al., 2019). Geochemical characteristics go
beyond the characterization of stable isoto-
pe compositions and involve differentiation
among lithologies through the major element
analysis (Craigie, 2018). For example, Herron
(1988) introduced a parameter (i.e. log Fe/K
ratio) for the classification of arkoses, which
is one of the most commonly used geochemis-
try-based classification schemes for sandsto-
ne. Similarly, many other geochemical studies
have focused on paleoenvironmental inter-
pretations using major oxides as biomarkers
(e.g. Ross and Bustin, 2009; Hakimi et al., 2015;
Hu et al., 2017), showing the viability of using
these proxies for interpreting depositional en-
vironments. For example, Hakimi et al. (2015)
interpreted the high Ca and moderate Si and
Al contents in their samples from Late Juras-
sic-Early Cretaceous sediments of Iraq as in-
dicators of a deposit in Ca-rich waters but with
clear inputs of quartz and clay minerals. The
finding of low- to moderate levels of P concen-
trations was interpreted as input of mixed or-
ganic matter, which led to the formation of a
reducing depositional environment favorable
for preservation of organic matter.

In this work, we further discern aspects re-
garding geochemistry of the Middle Missis-
sippian-Middle Pennsylvanian limestones
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exposed at Sierra Agua Verde of northwestern
Mexico (state of Sonora) by determining the
concentrations of the major element oxides
through the X-Ray Fluorescence technique
(XRF) to identify the lithologies as well as to
complement the previously reported paleocli-
matic and paleoenvironmental interpretations
for this area.

2. Study area and stratigraphy

The Sierra Agua Verde is a mountain range in
the state of Sonora in northwestern Mexico. The
works of Stewart et al. (1984, 1988, 1999) were
among the first to recognize the presence of Pa-
leozoicrocksinthisarea. Other studies have also
contributed to the understanding of the regio-
nal stratigraphy (Repetsky et al., 1985; Poole et
al., 1995). Ochoa-Granillo and Sosa-Ledn (1993)
disserted on Ordovician, Devonian, Carbonife-
rous, and Permian strata. The area (Figure 1) is
distinguished for its richness in Paleozoic biota
(Minjarez-Sosa et al., 1993; Ochoa-Granillo and
Sosa-Ledn, 1993). The lithological group with
the same name includes the informal Santia-
go formation of the Mississippian age and it is
composed of limestone, dolomitized limestone,
and sandstone in a platform with calcareous
banks of colonial organisms (Ochoa-Granillo
and Sosa-Ledn, 1993). Overlying it and in a tran-
sitional contact, the informal La Joya forma-
tion, of the Pennsylvanian age, can be found.
It consists of limestone intercalated with calca-
reous lodolites and sandy lenses, and was depo-
sited in a shallow platform, with development
of calcareous banks with terrigenous input
(Ochoa-Granillo and Sosa-Le6n, 1993, p. 35-38).
The paleontological study of Gémez-Espinosa
et al. (2008) reported the presence of fusulinids
and calcareous algae. Recently, Buitrén-San-
chez et al. (2007, 2015) mentioned the presen-
ce of numerous other species such as phylloid
algae, fusulinids, chaetetids, tabulate and so-
litary corals, gastropods, fenestellid bryo-
zoans, productid and spiriferid brachiopods,
crinoids, and conodonts in the La Joya for-
mation. Navas-Parejo et al. (2017) conducted
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a biostratigraphic study based on conodonts,
in which they reported the presence of some
index fossils that allowed the location of the
mid-Carboniferous boundary within the
mid-sequence of the La Joya section, being
composed in the lower part of Meramecian
and Chesterian (Middle-Upper Mississippian:
Visean-Serpukhovian) strata, and in the upper
part of a Morrowan (Bashkirian, Lower Pen-
nsylvanian) sedimentary sequence. Traditio-
nally, this section had been considered part of
the Pennsylvanian system (Atokan: Upper Bas-
hkirian-Lower Moscovian) (Buitron-Sanchez
et al., 2007, 2015; Gomez-Espinosa et al., 2008).

We studied the lithologies of a sequence of
deposits of ca. 270 m thick of Meramecian-
Atokan (Middle Mississippian-Middle Pen-
nsylvanian) age within the section (Figure 2).
The base of this section (about 50 m thick) co-
rresponds to sandy limestones and poorly fos-
siliferous grayish limestones. It is overlain by
light to dark gray limestones between 50-180
m (from the base) and intercalations of pale
volcanic tuff, and a coquina layer composed of
brachiopods at 80 m (Navas-Parejo et al., 2017).
The Pennsylvanian La Joya formation starts at
131 meters over the base, which means the
previously described Mississippian lithology
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al., 2017).

continues over the Pennsylvanian. The upper
part of the section (180-270 m from the base)
has pink limestone with intercalations of
white and dark chert nodules. This interval is
highly fossiliferous with a biota consisting of
green algae, coralline sponges (Chaetetes), fo-
raminifers, brachiopods, bryozoans, and cri-
noids (Buitrén-Sanchez et al., 2007, 2015; Go6-
mez-Espinosa et al., 2008).

3. Material and methods

A total of 67 samples from this section were
evaluated through petrographic microscopy
in thin sections looking for those with mini-
mal diagenesis (i.e. dolomitization, silicifi-
cation, stylolitization, and presence of iron
oxides). Finally, we selected 31 samples for
this study. All of them were ground to <72
um particles in a Spex SamplePrep 8000 M
mill in tungsten carbide vials. The powdered
samples were further dried in an oven up to
110°C for 24 hours and about 0.8 g of the dried
samples were mixed with a flux containing
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lithium metaborate (LiBO,), lithium tetrabo-
rate (Li,B,0,), and lithium iodide (Lil), main-
taining a sample/flux ratio of 1:9 for esti-
mation of major element oxides in an X-ray
fluorescence (XRF) spectrometer (e.g. Loza-
no-Santa Cruz et al., 1995; Lozano and Bernal,
2005). Loss on ignition (LOI) was determined
by heating 1 g of sample at 950°C for 1 hour,
and this data was added to the elemental con-
centrations obtained in the spectrometer to
obtain the total mass of the sample.

Subsequently, the sample and flux mixing
was fused in Pt/Au (ratio of 95:5) melting
pots using a Claisse Fluxy-10 fluxer and the
disc-shaped glass pearls generated were
placed into a ZSX Primus II Rigaku wavelen-
gth-dispersive X-ray fluorescence spectrome-
ter (WD-FRX), housed at the Laboratorio de
FRX (Instituto de Geologia, UNAM), which
detected different wavelengths typical of each
element and estimated the concentrations of
SiO,, Ti0,, Al,0,, Fe,0,, MnO, MgO, Ca0, Na,O,
K,O, and P,0,, by using the inhouse and exter-
nal reference materials (USGS). The threshold
of detection was 0.002% or 20 ppm.
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4. Results

Due to the ease to work with elements, we
decided to convert the values of elemental
oxides to elements by eliminating the corres-
ponding percentage of oxygen on each value.
Hence, Table 1 shows the concentrations once
converted to percentage elements in the calca-
reous samples. In general, calcium with 15.4%
- 40.1% is the most abundant, and is followed
by silicon with 0.1% - 28.5%, magnesium with
0.08% - 6.9%, ironwith 0.03% - 0.5%, titanium
with 0.01% - 0.15%, and phosphorus with
0.003% - 0.12%. Most of the concentrations of
some elements remained below the detection
limit. For example, aluminium had a range

between <0.002% - 0.6%; potassium showed
values between <0.002% - 0.28%, whereas
manganese between <0.002% - 0.01%. Sodium
could not even be detected by the equipment.
The Santiago formation represents the li-
mestones of the Mississippian epoch and has
a total of 17 samples, which range from L] 2 to
L] 38 (Table 1). The ranges (in percentage) for
each element are: calcium with 15.38 - 40.11,
silicon with 0.23 - 28.52, magnesium with 0.08
- 2.13, aluminum with <0.002 - 0.59, iron with
0.03 - 0.35, potassium with 0.01 - 0.28, tita-
nium with 0.01 - 0.15, phosphorus with 0.003
-0.117, and manganese with <0.002 - 0.01.
For the La Joya formation, which is defined
by the Pennsylvanian part of the section, a

Table 1. Contents of major elements in samples of the La Joya section in w/w units.

Si Ca Al Ti Fe Mn Mg K P LOI
Samples % % % % % % % % % %

Lj2 1.29 36.03 0.06 0.02 0.07 0 2.13 0.02 0.007 42.18
Lj4 0.36 38.55 0 0.02 0.06 0 1 0.01 0.008 42.77
Lyje6 0.34 39.75 0 0.01 0.05 0 0.22 0.01 0.003 42.48
Lj7z 0.27 40.11 0.01 0.03 0.06 0 0.2 0.02 0.003 42.02
Lj11 0.31 39.07 0.01 0.02 0.19 0.01 0.2 0.01 0.016 42.98
Lj12 0.23 39.76 0.02 0.03 0.07 0.01 0.17 0.01 0.006 42.61
L] 14 0.71 39.2 0.05 0.02 0.18 0.01 0.19 0.03 0.007 41.85
L] 16 1.04 39.11 0.07 0.03 0.12 0.01 0.16 0.05 0.01 41.36
Lyj21 28.52 15.38 0 0.02 0.03 0 0.08 0.01 0.117 16.04
L] 24 7.23 31.78 0.59 0.15 0.35 0.01 0.34 0.28 0.054 34.49
L] 27 2.95 37.22 0 0.01 0.05 0 0.4 0.01 0.028 40.02
LJ 29 1.43 38.81 0 0.03 0.05 0 0.22 0.01 0.081 41.06
L] 30 8.76 31.27 0.25 0.04 0.16 0.01 0.34 0.13 0.01 34.51
L] 32 6.31 34.09 0.15 0.08 0.06 0.01 0.21 0.09 0.013 36.7

L] 34 3.56 36.74 0.1 0.07 0.05 0.01 0.18 0.06 0.038 39.09
L] 36 0.66 39.56 0.01 0.02 0.05 0.01 0.18 0.02 0.037 41.91
L] 38 0.49 39.65 0 0.03 0.07 0.01 0.15 0.01 0.027 42.2

L] 40 3.66 36.97 0.06 0.04 0.07 0.16 0.04 0.014 38.92
L41 0.74 39.19 0 0.02 0.08 0 0.22 0.01 0.008 42.28
Ly 42 0.29 40.01 0.03 0.02 0.06 0 0.15 0 0.007 42.19
L] 44 0.83 39.17 0.02 0.02 0.05 0 0.23 0.02 0.007 42.11
L] 45 0.78 38.62 0.01 0.02 0.07 0 0.63 0 0.009 42.34
L] 48 0.6 33.36 0.01 0.03 0.1 0 4.34 0.01 0.043 43.65
L] 50 2.22 37.98 0 0.02 0.04 0 0.22 0 0.033 40.82
L] 52 1.13 38.87 0.01 0.01 0.05 0 0.21 0 0.028 41.92
L] 54 2.57 37.58 0.01 0.02 0.06 0 0.23 0.01 0.012 40.63
L] 55 6.92 28.82 0.19 0.05 0.48 0.01 3.1 0.11 0.041 36.52
L) 57 6.94 31.53 0.14 0.06 0.17 0.01 1.46 0.07 0.035 36.55
L] 60 14.06 16.1 0.63 0.12 0.51 0.01 6.93 0.28 0.12 30.02
L] 63bis 1.01 39.75 0 0.02 0.05 0 0.23 0 0.004 41.02
L] 64 0.11 40.1 0 0.02 0.04 0 0.26 0 0.003 42.47
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total of 14 samples were analyzed. The ranges
(in percentage) for this formation are: cal-
cium with 16.1 - 40.1, silicon with 0.11 - 14.06,
magnesium with 0.15 - 6.93, aluminium with
<0.002 - 0.63, iron with 0.04 - 0.51, potassium
with <0.0002 - 0.28, titanium with 0.01 - 0.12,
phosphorus with 0.003 - 0.12, and manganese
with <0.002 - 0.01.

When we plot the abundance of Si and Ca
as oxides (Figure 3), it is evident that there is a
reverse relationship between them. Major ele-
ment analyzes suffer from the closure limita-
tion (e.g. Johansson et al., 1984; Pingitore and
Engle, 2022). Since calcium is the most repre-
sented element in limestones, it suffers a con-
centration decrease as the concentrations of
the other elements increase. Complementarily,
the nature of our samples is reflected in the LOI
fraction (comp. Torok et al., 2010), as revealed
by similar LOI and CaO plots (Figure 3).

As a method to elucidate the paleoenvi-
ronmental signal, we pursued the analysis of
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Figure 3. SiO, (blue) vs CaO (red) variation plots of strata
from the La Joya formation. The dotted line interval is cha-
racterized by the occurrence of diagenetic events, such as si-
licification. LOI plot (green) displays similarities with CaO, as
expected, due to the original calcitic mineralogy. See text for
further information.
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elemental ratios. The main ratios utilized were
Si/Ca, Si/Al, Al/Ca, Fe/Ca, Ti/Ca, K/Ca, and Mg/
Ca (Table 2).

For the Si/Ca ratio, all values except L] 21,
are found below 1, meaning that Si concentra-
tions are lower in relation to Ca. In contrast,
for the Si/Al ratio, Si is enriched in relation to
Al. For the remaining ratios (Al/Ca, Fe/Ca, Ti/
Ca, K/Ca, and Mg/Ca) values are less than 1
and, in several samples, equal 0.

These data were then plotted (Figure 4). These
ratios compared against calcium show a similar

Table 2. Relations between different major elements with
calcium and silicon, coming from samples of Sierra Agua
Verde, Sonora. Values in asterisk were calculated based on the
lower threshold of the equipment detection (0.002%), therefo-
re, the value shown here is underestimated for the Si/Al ratios.

Sample Si/Ca  Si/Al Al/Ca Fe/Ca Ti/Ca K/Ca IC\:/IE/

Lj2 0.036 | 21.55 0.002 |0.002 |0.001 |0.001 |0.059
L] 4 0.009 | *675.69 |0 0.002 |0.001 |0 0.026
Lje6 0.009 | *649.20 |0 0.001 |0 0 0.006
Lyj7 0.007 |18.88 0 0.002 |0.001 |0.001 |0.005
LJ11 0.008 | 21.17 0 0.005 |0.001 |0 0.005
L] 12 0.006 |12.7 0 0.002 |0.001 |0 0.004
L] 14 0.018 | 14.28 0.001 |0.005 |0.001 |0.001 |0.005
L] 16 0.027 | 14.2 0.002 |0.003 |0.001 |0.001 |0.004
LJ21 1.854 |5988.99 |0 0.002 |0.001 |0 0.005
L] 24 0.228 |12.31 0.018 |0.011 |0.005 |0.009 |0.011
LJ 27 0.079 |*5573.37 |0 0.001 |0 0 0.011
L] 29 0.037 | 337.07 0 0.001 |0.001 |O 0.006

L] 30 0.28 35.17 0.008 [0.005 |0.001 |0.004 |0.011
L] 32 0.185 | 43.23 0.004 |0.002 |0.002 |0.003 |0.006
L] 34 0.097 | 36.01 0.003 |0.001 |0.002 |0.002 |0.005

L] 36 0.017 | 56.61 0 0.001 |0 0 0.004
L] 38 0.012 | *933.61 |0 0.002 [0.001 |0 0.004
L] 40 0.099 | 60.86 0.002 |0.002 |0.001 |0.001 |0.004
L] 41 0.019 |*1407.03 |0 0.002 |0 0 0.006
L] 42 0.007 | 8.98 0.001 |0.002 |0 0 0.004
L] 44 0.021 | 54.03 0 0.001 |0.001 |0 0.006
L] 45 0.02 105.04 |0 0.002 |0 0 0.016
L] 48 0.018 | 62.76 0 0.003 [0.001 |0 0.13

L] 50 0.058 | *4191.07 |0 0.001 [0.001 |0 0.006
L] 52 0.029 14191 |0 0.001 |0 0 0.005
L] 54 0.068 |421.97 |0 0.002 |0 0 0.006
L] 55 0.24 36 0.007 |0.017 |0.002 |0.004 |0.107

L] 57 0.22 48.42 0.005 |0.005 |0.002 |0.002 |0.046
L] 60 0.873 | 22.32 0.039 |0.032 |0.007 |0.018 |0.43

1L

I . 0.025 | *1913.14 |0 0.001 |0.001 0 0.006

63bis

L] 64 0.003 |*199.62 |0 0.001 |0 0 0.007
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Figure 4. Logarithmic relationships between different elemental ratios of the La Joya section compared with the paleoba-
thymetric curve and 8“°C and &0 values previously published in Villanueva-Olea et al. (2019). Asterisks indicate some of the
elements in the ratio yielded a value below detection equipment limit (<0.002%), which implies the corresponding peak is more
accentuated than that shown in the plot. The values of §'*C follow the standard of VPDB, whereas those for §'*0 are in VSMOW.

pattern. Onlythe first curve (Si/Al) does not exact-
ly match the others in some parts, having seve-
ral peaks scattered through the entire column,
which could be attributable to low Al concentra-
tions at the corresponding points.

For the Mg/Ca ratio curve (Figure 4), the
lower half of the section (the Santiago fm. and
the base of the La Joya fm.) presents comparati-
vely lower values than the upper half and until
LJ 45, where an increase starts until L] 60, which
has the higher value. After this rise, a fall in the
last two samples was recorded, with values like
those of the lower half of the section.

To recognize the source of the main elements
analyzed, we used the Pearson correlation co-
efficient (r; Pearson, 1895) between any major
element (i.e. K, Mg, Fe, etc.) and Ti or Al (Table
3). High correlations (close to 1) between any
major element and Ti-Al (low solubility ele-
ments) are considered proxies of continental
erosion, because the elements were transpor-
ted in the detrital fraction together with the
Ti-Al from the continent. Hence, r values close
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to 0, might indicate in situ precipitation at the
sea bottom. To complement these analyses,
dendrograms were additionally designed with
the aid of the MVSP software (licensed to FSB),
in order to strengthen the inferences obtained
through the Pearson Correlation coefficient
(Figure 5). Four experiments were carried out,
using two algorithms and two coefficients. The

Table 3. Correlation coefficients of various elements from
the La Joya section. p-values are indicated above the diagonal,
whereas the coefficients are below it. Values highligted in bold
overpass the confidence level of 0.05.
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Figure 5. Dendrogram using both UPGMA and WPGMA clustering methods coupled with the Pearson Coefficient. Ca is inde-

pendent of other elements, pointing to a calcitic mineralogy. The strong Al-K phenon depicted here (with values close to 1) can
provide evidence the presence of illite/orthoclase. In addition, the progression from Ti towards Mn (encompassing Fe and Mg)
can be related to silicates. Finally, the phenon Si-P could point to some sort of biogenic precipitation. See text for further details.
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Figure 6. Dendrogram using both UPGMA and WPGMA clustering methods coupled with the Morisita Similarity Index. Note the

similar topology compared with Figure 5, except for the phenon Fe-Ti (with values close to 0.85), which could indicate the precipi-
tation of minerals such as ilmenite. See text for further explanation.
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algorithms used were WPGMA (Weighted Pair
Group Method with Arithmetic Mean) and
UPGMA (Unweighted Pair Group Method with
Arithmetic Mean), both of them developed by
Sokal and Michener (1958). These algorithms
were coupled with both the Morisita Similarity
Index (Morisita, 1959; Figure 6) and with the
aforementioned Pearson Correlation Coeffi-
cient. Results were very similar, showing only
slight topological variations in the obtained
dendrograms (Figures 5 and 6).

5. Discussion

5.1. General interpretations of r values and
elemental ratios

The most abundant element in rocks of the
La Joya section was Ca, which was expected,
since most of the rocks in the area are limes-
tones. Si was the second most abundant ele-
ment, which might have different sources.
Dendrograms confirm that Ca concentrations
are independent of those of other elements
(Figures 5 and 6). This makes sense, because
in limestone, the most abundant element is
Ca (Fliigel, 2010). On the other hand, silicon is
essential to form silicates and feldspars, and
it can thus carry other elements such as Al, K,
Mg, Fe and Mn. The partial decoupling of Si
regarding these elements is possibly linked to
the fact that its source might be either quartz
or biogenic silica (White, 2013), which may
also account for its abundance, second to Ca.
Furthermore, it must also be stressed that
the coupling between silicon and P (Figures
5 and 6), despite the low concentrations of
the latter, could be related to organic preci-
pitation events, since the silicon concentra-
tion can be related to productivity episodes
(Kristiansen and Hoell, 2002). Likewise, the
interaction of silicon with phosphorus has
been successfully studied in aquatic envi-
ronments, to assess bioproductivity (Conley
and Malone, 1992; Tallberg et al., 2008). Ne-
vertheless, more studies involving more ele-
ments, such as Ba (Liguori et al., 2016) and its
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relation to Mn (Carter et al., 2020), would be
required to sustain this assertion.

When we plot the r coefficients of the diffe-
rent elements, a negative correlation (r = -0.6)
is observed between Al and Ca, which is attri-
buted to the association of aluminum with clay
and other clastic minerals. Conversely, positi-
ve correlations are found between Al, Fe, K,
and Ti, which means all these elements cons-
titute the clastic fraction of the samples. Com-
plementarily, dendrograms with clustering al-
gorithms between UPGMA/WPGMA and the
Morisita Similarity Index (C,) indicate an asso-
ciation between Fe and Ti (Figure 6). This could
mean a coprecipitation of these elements in
minerals like ilmenite (Anthony et al., 2005).
However, this is not reflected in UPGMA/WPG-
MA-Pearson dendrograms (Figure 5). Therefo-
re, to confirm this association, more studies
would be necessary.

In all dendrograms (Figures 5 and 6), Mg
and Mn are progressively more distant from
the Al-K phenon, and from Si. This can serve
as a complement to the explanation that Fe
and Ti could be associated with each other, in
addition to the fact that Mn can, like Ti, form
oxides (White, 2013).

The strong positive correlation between Al
and Ti implies that these elements have the
same continental source and were transpor-
ted as particles through continental runoff. The
low positive correlation between Si-Al, Si-K,
and Si-Fe (<0.43) indicates that not all the sili-
con in the platform results from chemical wea-
thering of continental rocks, supporting the
idea of a partly biogenic origin for Si. The same
is true for Mg, when it is compared with Ti and
Al: not all the Mg was carried in the insoluble
fraction of weathering products, it could also be
the product of precipitation at the sea bottom in
Mg-enriched waters (e.g. Warren, 2000).

In any case, it must be stressed that Si con-
centrations are considerably high (x = 3.54),
when compared to other sources. This would
imply that silicon must have another origin
additional to silicates/feldspars (e.g. Tucker
and Wright, 1990) which would include a bio-
genic source (comp. Reitner, 1992).
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The concentrations of Na below the detec-
tion limit of the XRF equipment suggests a lack
of deposition of Na-bearing plagioclase in the
platform or chemical weathering of most of the
plagioclase during the transportation from the
continent into the platform. On the other hand,
K-bearing minerals (potassium feldspars) are
present in the platform and are more resis-
tant to chemical weathering compared to pla-
gioclases (Pye, 1986). K might also have been
present in clay minerals deposited in the plat-
form and it is similar to the abundance of Al.
Furthermore, all dendrograms suggest a strong
association between K and Al, forming a strong
phenon (C, = 0.983; Figures 5 and 6), which
reinforces the theory that supports orthocla-
se as a possible source of origin of these ele-
ments. However, another possibility could be
that the cause of this association, as indicated
by the dendrogram, could be the presence of
illite, as this would explain the more or less
strong correlation that exists between the
K-Al phenon and elements such as Mg and Fe.
Nevertheless, its rather low C, value (ca. 0.57
using UPGMA and 0.52 using WPGMA; Figure
6) in comparison with the K-Al value, in addi-
tion to the presence of other elements like Ti
and Mn, which are not typical of illite, leads
us favor orthoclase as the most likely option
for the coprecipitation of K-Al.

Different proxies were used to evaluate the
fluctuations of some variables in the platform,
like biogenic productivity, using the Si/Al ratio;
and erosion using Al/Ca, Fe/Ca, Mg/Ca, Ti/Ca,
and K/Ca ratio and total carbonate content of
the samples. Mg/Ca is a proxy that enables the
abundance of magnesium in calcite to be seen,
or the abundance of low magnesium calcite
compared to high magnesium calcite or dolo-
mite (Warren, 2000; Sanchez-Beristain et al.,
2016). It might also be used as a proxy of salinity
of the water (Honisch et al., 2013). The r for Mg
and Al has a value of 0.55, whereas this value
for Mg and Ca is -0.60. Both r coefficients are
interpreted as Mg found mostly in the clastic
fraction rather than being part of high magne-
sium calcite or dolomite. Therefore, the Mg/Ca
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ratio can be regarded as a proxy of continental
erosion, as are all previously mentioned ratios.

The K/Ca, Fe/Ca, and Al/Ca ratios with mini-
mum values close to 0 (Table 2) mean a deple-
tion of these elements in the carbonates. Low
Fe/Ca ratios can be explained because of the ab-
sence of ferromagnesian minerals (Creamean
et al., 2014), whereas low Al/Ca values mean a
reduced input of Al-rich clays (Kraft et al., 2013).

5.2. Geochemical interpretations for the San-
tiago formation

The Al/Ca, Fe/Ca, K/Ca, and Ti/Ca ratios
show a similar pattern with low values through
much of the Meramecian (Table 2). The low Fe/
Ca ratios are interpreted here as indicating no
entrance of Fe-rich minerals, whereas the low
Al/Ca values mean a reduced input of Al-rich
clays. At the end of this stage, in the sample
L] 24, there is a conspicuous peak which is in-
dicative of riverine influx with detrital input
into the marine platform environment. That
assumption is supported by the correlation of
a negative excursion observed in §*C and 6'#0
for the same sample.

The pattern of low continental inputs into
the external marine platform environments is
similar to the paleobathymetric curve which
shows deeper sea levels for this time and,
hence, a major distance from the coast, indi-
cating a reduced river input. The paleobathy-
metric curve shifts from deeper to shallower
conditions approximately when the elemental
ratio curves peak in the final part of the Me-
ramecian. The return to deeper conditions
agrees with the return of low levels at the base
of the Chesterian, even if the shallowing at the
end of the Chesterian does not seem to cause
another peakin the elemental ratios. This is in-
terpreted as indicating no entrance of detrital
sediments into the platform at that time. The
behavior of the Mg/Ca ratio in the Mississip-
pian part of the section is like that of the other
erosion proxies, which proves the magnesium
is part of the clastic fraction.
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The Si/Ca curve (Figure 4) shows a slightly
different pattern in relation to the other ero-
sion curves already mentioned, but it is quite
similar to the Si/Al curve, with a peak in LJ 21,
a little before the peaks of the other elemen-
tal ratios. Since the Si/Al ratio indicates the
abundance of continental quartz, biogenic
silica or both, the peak in Si/Al, also present
in Si/Ca but not displayed in the other elemen-
tal curves means that Si does have a biogenic
source rather than continental and is conside-
red a proxy of productivity. For the peak in L]
30, the possible source of this biogenic silica
could be attributed to the presence of sponge
spicules seen in the microfacies analysis of the
section (Villanueva-Olea et al., 2019).

A previous study on 0 (Villanueva-Olea et
al., 2019) shows that this proxy varied greatly
throughout all the Meramecian, but, on avera-
ge, the curve tends to higher values. This was
interpreted as a period with cool temperatures
(even if it was not glacial as such), with some
warming periods. During this time, the values
of elemental erosion ratios remained low and
uniform, except for the peaks in the samples al-
ready mentioned, which does not seem to agree
with the unstable pattern of the §%0 curve.

A decrease in sea level causes the continen-
tal surface to be easily exposed to weathering
and erosion. However, for this mechanism to
happen, wet conditions must be present. This
encourages the removal of chemically weathe-
red sediment. Therefore, wetter and colder
conditions are necessary to produce an increa-
se in the riverine influx of major continental
elements. Since we only have cold conditions
for this time, no substantial increase in detri-
tal input is seen in the platform.

By this time, the 6%C isotopic signature
has a slight and uniform tendency to higher
levels (1-4%o) that begin at the base of the
section (Meramecian) to the end of the Ches-
terian, except for two negative peaks in L] 16
and in LJ 24 (Figure 4). This uniformity fits
well with the patterns in elemental ratios
with scarce input by this time. The interpre-
tation here is a platform with nearly similar
conditions, except for some environmental
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shifts (from margin platform reef to more
restricted, shallower lagoon) in a context of
a cool climate, with low inputs of organic
matter and detrital minerals from the con-
tinent. This is corroborated by other studies
(e.g. Fielding et al., 2008) that bring eviden-
ce of short glaciation pulses during the Mis-
sissippian of Gondwana. Caputo et al. (2008)
reported the occurrence of short-lived glacial
events, one of them during the Visean (Me-
ramecian) of South America and during the
earliest Serpukhovian (Upper Mississippian:
latest part of the Meramecian) of South Ame-
rica and Africa. These events had an impact
on the water chemistry globally with higher
8C and 60 values during some part of the
Mississippian (i.e. latest Tournaisian-latest
Visean boundary sensu Frank et al., 2008).

5.3. Geochemical interpretation for the Mis-
sissippian-Pennsylvanian boundary

For the Mississippian-Pennsylvanian boun-
dary (found in sample L] 40), the Ti/Ca, K/Ca,
Al/Ca, and Si/Ca ratios show a slight upturn
towards higher values, whereas the $*C and
80 remain in low values related with those
of the Mississippian (Figure 4). The slight in-
creases of Ti, K, Al, and Si together with *O
impoverishment could indicate a major con-
tribution of freshwater to the platform (Kulac-
ki and Cardinale, 2012), which is °O enriched.
This means the establishment of warmer and
more humid conditions in a regional scale,
which promoted higher erosion rates of major
elements and organic matter coming from
land. Facies belts data from LJ 40 to L] 42 (Mo-
rrowan) indicate a switch from lagoon to mar-
gin-platform close to the slope environments,
as well as a decrease in 6'*0 which are thought
to respond to wetter and warmer conditions
that enabled a rise in sea level.

This contrasts with a major event of glacia-
tion, recorded at the Mississippian-Pennsylva-
nian boundary (Holz et al., 2008) based on stra-
tigraphical and paleontological evidence in
Gondwana (Fielding et al., 2008 and references
therein) and §"*C and 80 positive excursions
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recorded throughout the world (Mii et al., 1999;
Frank et al., 2008). Only 80 shows a positive
excursion that initiates slightly later than the
M-P boundary, but the same positive tendency
in §*C values is not recorded. This might be re-
lated to the closeness to the coastline because
of sea-level changes which locally change the
water chemistry in more restricted waters, not
reflecting the immediate changes in 6*C and
880 values.

5.4. Geochemical interpretations for the La
Joya formation

After L] 42, an upturn in 80 values is ob-
served, which can be correlated with the pre-
viously mentioned glacial event occurring
during the late Mississippian-early Pennsylva-
nian (Veevers and Powell, 1987; Crowell, 1999;
Isbell et al., 2003; Fielding et al., 2008, among
others). The element ratio curves support this
pattern for much of the Morrowan (L] 42 - LJ
54) for the occurrence of low levels of con-
tinental elements brought to the platform
(Figure 4).

For the Mg/Ca ratio curve, a conspicuous
peak is observed only in the sample L] 48
(Figure 4) and does not follow the pattern
seen in the other curves, including the Si/Al
ratio curve, meaning the magnesium for this
sample, is a product of precipitation as high
magnesium calcite or dolomite, and might re-
present more saline conditions. However, it
would be necessary to carry out an analysis
of sample LJ 48 by means of EDS to determine
the original composition of the sample and the
magnesium content in it.

Regarding L] 50, Si/Al strongly rises (Figure
4), without a corresponding increase in the
other elemental ratios, perhaps as a result of
biogenic precipitation of Si, even if there is no
evidence of a biogenic source for this sample
(Villanueva-Olea et al., 2019). Another possible
explanation is a shiftin provenance of the terri-
genous material that comes to the platform in
the form of volcanic glass, which might be co-
rrelated with active volcanic activity. Such acti-
vity can be associated with the orogenic event
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Ouachita-Marathon-Sonora, when Gondwana
collided with Laurentia to form Pangea (Poole
et al., 2005) or to the submarine volcanic ac-
tivity due to the closeness to the mid-ocean
ridge located in the Rheic Ocean by that time
(Palafox-Reyes, 2011). However, aside from
this possible shift in the source of silica, we did
not find any other evidence of such correlation
with this orogenic activity, except for the thin
layer of tuff in L] 23 from the Santiago fm. Al-
ternatively, a simpler explanation could invol-
ve a major quartz input into the carbonates.

For the last part of the Morrowan some
peaks are present which correlate with paleo-
bathymetric changes (from L] 50 to L] 64). They
could be assigned to wetter and warmer condi-
tions; however, the §C and &0 curves do not
support this assumption, as 6**C is maintained
at relatively constant values and 6'*0 has a po-
sitive tendency (Figure 4), which is evidence of
a cooling climate. For this reason, we believe
the rise in the deposit of detrital elements by
freshwater streams must be on a local/regio-
nal rather than global scale.

However, in the case of the L] 60 level, it
appears with the most conspicuous peaks in
detrital elemental ratios (except Si/Al). This
behavior correlates to a shift to shallower con-
ditions as evidenced by the paleobathymetric
curve. This shallowing may be due to a regres-
sion in a context of glaciation, which is suppor-
ted by 8"C and 60 isotopic data, with positive
peaks for this level (Figure 4).

6. Conclusion

The study of major element ratios in sedi-
ments from the La Joya section in the Sierra
Agua Verde, Sonora, agrees with the previous
work on the area about microfacies and stable
isotope analyses. Some conclusions can be
drawn:

1. Some of the higher Mg/Ca values are in-
terpreted as high evaporation rates, but
most of them are the result of Mg coming
from the continent in the detrital frac-
tion of the samples analyzed.
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2. The ratio Si/Al, when similar in behavior
to Si/Ca, has been interpreted as a proxy
of productivity for the presence of sili-
ceous organisms (i.e. sponges).

3. The use of correlation coefficients has
shown that not all Si deposited in the pla-
tform was removed together with the Al,
Fe, or K by chemical weathering of conti-
nental rocks, but one part of it must be of
autochthonous biogenic source, which
can be confirmed by means of the pre-
sence of siliceous sponges spicules.

4. Plotting dendrograms aided us in discer-
ning the relationships between elements
in a much clearer way, thus leading us to
the conclusion that element pairs such as
Al-K might be related to minerals like or-
thoclase. In addition, this method led to
a possible association between Ti and Fe,
linked to ilmenite, and to a Si-P phenon,
possibly related to bioproductivity episo-
des. Si, however, might also in addition
be related to quartz input.

5. Most of the Mississippian corresponds
to low values of elemental ratio inputs,
with some remarkable peaks that indica-
te weathering and erosion through rive-
rine influx into the carbonate platform.
This tendency is accompanied by high
o1C and &0 values, which were decrea-
sing until the end of the Mississippian,
and are indicative of cooling conditions,
but with some warming and wetter pe-
riods correlating with these elemental
positive peaks, when weathering and
erosion are enhanced.

6. Unlike the overwhelming evidence of
the establishment of glacial conditions
in the Mississippian-Pennsylvanian
boundary of the La Joya section, slight
increases of some continental elements
are shown, together with lower 6*C and
80 values, which are interpreted as a
major influx of freshwater into the pla-
tform, perhaps because of warmer and
more humid conditions regionally.

7. The isotopic evidence of a glaciation
appears after L] 42 (posterior to the M-P
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boundary), where the 80 curve starts to
change to more positive values, suppor-
ted by the relatively low values in the de-
trital elemental ratios through much of
the Morrowan. Some peaks could be at-
tributed to a change in the source of Si
derived from volcanic activity in a con-
text of orogenic events, when Gondwana
collided with Laurasia. Yet, more studies
are necessary in order to fully ascertain
the extent of such volcanic activity.

8. For the last part of the section corres-
ponding to the end of the Morrowan and
Atokan, an increased input of detrital
elements is assigned to local or regio-
nal conditions, as this pattern is not re-
plicated for 8"*C and 60 isotope values,
which indicate cooler temperatures.
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Resumen

El estado de Baja California Sur se caracteriza por su riqueza paleontoldgica, la cual ha sido de gran interés cientifico, econdmi-
co y social. Sin embargo, varios factores limitan la investigacion paleontolégica en la regién; uno de ellos es el exiguo desarrollo
de las colecciones de caracter cientifico con registro fésil, a pesar de que existe gran interés en la comunidad cientifica nacional y
extranjera sobre el tema. En el presente trabajo se realiz6 una sistematizacién de la creciente coleccién paleontolégica del Museo
Regional de Antropologia e Historia de Baja California Sur. Se documentaron y catalogaron un total de 371 ejemplares fésiles, y
se clasificaron 41 taxones a nivel género. El 68.4% del catalogo se constituyd por invertebrados, el 26.2% por vertebrados, el 4.1%
por maderas fésiles, y el 1.4% por icnofésiles y réplicas. Finalmente, el ordenamiento de esta coleccién permitié reconocer parte
de las condiciones y estado actual en las que se encuentran las colecciones fésiles del estado. La presente coleccién constituye el
primer registro f6sil documentado y catalogado en el estado. Ademas, cabe resaltar que visibilizar las colecciones, no solo implica
la perspectiva cientifica, sino también realzar una relevante entidad social, la cual trae beneficios de desarrollo en términos eco-
némicos, conocimiento, salud, identidad, conservacion y protecciéon del patrimonio biocultural estatal y del pais.

Palabras clave: Baja California Sur, coleccion paleontoldgica, fosiles, INAH.

Abstract

Baja California Sur state is characterized by its paleontological richness, which has been of great scientific, economic and social interest.
However, several factors limit paleontological research in the region; one of them is the meagre development of scientific collections with fossil
records, even though there is great interest in the national and foreign scientific community on the topic. In the present work, a systemati-
zation of the growing paleontological collection of the Regional Museum of Anthropology and History of Baja California Sur was carried
out. From the collection, 371 fossil specimens were documented and catalogued, and 41 taxa were classified at the genera level. 68.4% of the
catalogue comprises invertebrates, 26.2% are vertebrates, 4.1% are fossil woods, and 1.4% are ichnofossils and casts. Last, the organization
of this collection allowed us to recognize part of the current conditions and state of the fossil collections in the state. The present collection
constitutes the state's first documented and catalogued fossil record. Furthermore, it should be noted that making collections visible not only
implies a scientific perspective but also highlights a relevant social entity, which brings development benefits in terms of economic, knowl-
edge, health, identity, conservation, and protection of biocultural heritage in the state and at the national level.

Keywords: Baja California Sur, fossils, INAH, paleontological collection.
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1. Introduccion

Las colecciones paleontoldgicas forman
parte de las Colecciones Bioldgicas o Natu-
rales, cuya utilidad incrementa al asociarse
con otras colecciones dentro de los museos
de historia natural, universidades o institu-
tos de investigacién (Allmon, 1994; Thomson
et al., 2008; NASEM, 2020). En México, la insti-
tucion encargada de la “investigacion, conser-
vacion, restauracion, recuperaciéon o utiliza-
cion revistan interés paleontolégico”, ya sean
bienes inmuebles o muebles, es el Instituto
Nacional de Antropologia e Historia (INAH),
bajo la jurisdiccion de la Secretaria de Cultu-
ra (DOF, 2018). Los bienes muebles como las
colecciones paleontolédgicas estan protegidas
por la Ley Federal sobre Monumentos y Zonas
Arqueoldgicos, Artisticos e Historicos ~-LFM-
ZAAH-, Art. 36; fraccidn IV; la Ley General de
Bienes Nacionales -LGBN-, Art. 3, fraccion
III y IV; y Art. 6, XVIII; y la Ley Orgdnica del
INAH -LO-INAH-, Art. 2, fraccion XII (Cristin
y Perrilliat, 2011; Morales-Ortega, 2020).

Por otra parte, la Comision Nacional para
el Conocimiento y uso de la Biodiversidad
(CONABIO) tiene registradas 23 colecciones
paleontolégicas (Llorente-Bousquets et al.,
1999; CONABIO, 2023). No obstante, no es
claro cuantas de ellas son cientificas, de do-
cencia, exhibicién o de otro tipo. De acuer-
do con los datos publicados de la CONABIO,
19 se encuentran en la Ciudad de México, 16
son de la Facultad de Ingenieria de la Univer-
sidad Nacional Auténoma de México -UNAM
(estas “16 colecciones” en realidad confor-
man una sola coleccién con subsecciones;
véase Buitron-Sanchez et al., 2020; CONABIO,
2023). Otra coleccion identificada es la Colec-
cion Micropaleontologica Secciéon Ostracoda
del Instituto de Ciencias del Mar y Limnolo-
gia de la UNAM. A esta ultima, se suma la co-
leccion paleontoldgica del Museo de Geologia
de la UNAM, que es distinta de la Coleccion
Nacional de Paleontologia (CNP) del Instituto
de Geologia (IGL) de la UNAM y que no esta
registrada por la CONABIO. Por ultimo, la CO-
NABIO reconoce la Coleccién Paleontoldgica
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de Zoologia del INAH, también localizada en
la Ciudad de México. Los otros registros de
colecciones paleontoldgicas de la CONABIO
pertenecen a los estados de Baja California
Sur (Colecciéon de Referencia para Zoologia,
Arqueozoologia y Paleontologia, Universidad
Auténoma de Baja California Sur); Zacatecas
(Coleccion Cientifica del Museo de Historia
Natural, Universidad Autéonoma de Zacate-
cas), Jalisco (Coleccién Particular de Federico
Soldérzano, Museo de Paleontologia de Guada-
lajara Federico A. Solérzano Barreto; Partida
de la Cruz, 2020) y Chiapas (Coleccién Paleon-
tolégica, Museo de Paleontologia Eliseo Pa-
lacios Aguilera; Carbot-Chanona, 2015). En
contraste, Morales-Ortega et al. (2021) men-
cionan que al menos 142 museos con material
paleontoldgico se registraron en el Sistema
de Informacién Cultural Nacional durante el
2018. Debe recalcarse que histéricamente las
universidades y centros de investigacion son
los principales entes que han desarrollado la
investigacion sobre los fdsiles mexicanos, a
su vez han jugado un rol importante en salva-
guardar y promover el patrimonio paleonto-
l6gico nacional (Gio-Argdez y Rodriguez-Aré-
valo, 2003; Carrefio y Montellano-Ballesteros,
2005; Morales-Ortega et al., 2021).

En Baja California Sur existen seis espacios
con acervo paleontolégico: el Museo Comuni-
tario de Mulegé (fundado en 1993); el Museo
Comunitario Sal, Arena y Mar (MUSAM; fun-
dado en 2023); el Museo de Historia Natural de
Cabo San Lucas (fundado en 2006); el Museo
Regional de Antropologia e Historia de Baja
California Sur (fundado en 1981); la bodega
del Centro INAH de La Paz; y el Museo de His-
toria Natural de la Universidad Auténoma de
Baja California Sur (MHN-UABCS, fundado en
1994). Cabe destacar que solamente las colec-
ciones paleontologicas del Museo Regional de
Antropologia e Historia de Baja California Sur
y de la Universidad Auténoma de Baja Califor-
nia Sur (UABCS), son las Uinicas entidades loca-
les que han generado investigaciones paleon-
tolégicas del estado. Por ejemplo, estudios
sobre los equinoideos del Eoceno (Morales-Or-
tega et al., 2015), o el registro de Mammuthus
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columbi (Rochin-Banaga et al., 2017). En ge-
neral, los museos mencionados son espacios
de exposiciéon museografica, mientras que el
Centro INAH-La Paz (bodega) y el depdsito
Museo Regional de Antropologia e Historia de
Baja California Sur resguardan materiales fo6-
siles con un registro parcial ante el INAH. Por
otro lado, la coleccion de la Universidad Au-
tonoma de Baja California Sur (MHN-UABCS)
es la unica coleccidén de referencia cientifica
hasta ahora.

El Museo Regional de Antropologia e Histo-
ria de Baja California Sur, fue fundado en 1981,
y cuenta con 44 afios de existencia (ISC, 2024).
Es uno de los principales centros culturales
del estado de Baja California Sur (BCS) que ha
influido en la construccién de la comunidad
sudcaliforniana y su identidad. Resguarda una
parte importante de la historia humana y natu-
ral del estado, ya que ha adquirido a través del
tiempo diversos objetos de naturaleza arqueo-
légica, antropoldgica, histérica y paleontolo-
gica. Generando una importante coleccion de
elementos histdricos y naturales. Actualmen-
te, se estd realizando un gran esfuerzo por sis-
tematizar y ordenar sus diversas colecciones
entre ellas la de restos fésiles. En este trabajo
se realiz¢ la sistematizacion (clasificacion, ca-
talogacion y ordenamiento) de la coleccion pa-
leontoldgica del Museo Regional de Antropo-
logia e Historia de Baja California Sur. Con el
objetivo de contribuir a los esfuerzos por pro-
teger y preservar el patrimonio paleontolégico
nacional presente en el estado.

2. Materiales y metodos

El trabajo de sistematizacién y revision de la
coleccion paleontoldgica del Museo Regional
de Antropologia e Historia de Baja California
Sur se realizd bajo el proyecto “Andlisis y Ca-
talogaciéon de las Colecciones Arqueoldgicas
y Paleontolégicas del Centro INAH BCS”, con
autorizacion de los consejos de Paleontologia
y Arqueologia del INAH, oficios No. 401.1S.3-
2022/1151 y No. 401.1S.3-2022/392. Las dos ac-
tividades principales realizadas dentro de la
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bodega del museo fueron: (1) la revisiéon ex-
haustiva del material fésil con el objetivo de
identificar, clasificar y catalogar; y (2) aplicar
‘medidas de conservacion preventiva’ que im-
plican el agrupamiento de material fésil dis-
perso, lalimpieza manual y remocién de polvo
o sedimento, el embalaje de piezas pequeiias
y fragiles con papel china blanco dentro de
bolsas pldsticas con cierre hermético, y su eti-
quetados temporal (clave de identificacidn).

Es importante mencionar que la clave de
identificacion, MRAHBCS Pal/, dentro del ca-
tdlogo de la coleccidén paleontoldgica esta
constituida por las siglas del Museo Regional
de Antropologia e Historia de Baja California
Sur (MRAHBCS); y seguida por la contraccion
“Pal/” que se refiere a la coleccion de Paleonto-
logia. Las siglas sucesivas que pueden ser “V”,
“T”, “B”, “Ic” describen el tipo de material, es
decir, si se trata de un vertebrado o invertebra-
do, material botdnico o icnofdsil, respectiva-
mente (por ejemplo, “MRAHBCS Pal/ I 345”).
Al final de la clave, se indica el numero conse-
cutivo del material fésil identificado; el hecho
de colocar el numero consecutivo permitira
agregar nuevo material al listado, sin importar
el tipo de material (“V, I, Bo Ic”).

3. Resultados

El depdsito de bienes culturales del INAH
del Museo Regional de Antropologia e Histo-
ria de Baja California Sur (Figura 1) posee un
area aproximada de 35 m? en la cual estd la
coleccion paleontoldégica de 371 piezas fdsi-
les. La coleccién cuenta actualmente con un
listado de muestras para seguimiento y cata-
logacidn, resultado del presente trabajo. En
este conjunto fosilifero, se han identificado
fehacientemente 12 especies fosiles diferentes
entre vertebrados e invertebrados (Tabla 1).
Del total de la coleccion, los restos fésiles de
invertebrados conforman cerca del 68.4% de
los especimenes documentados y son princi-
palmente moldes internos (Figura 2). Los prin-
cipales grupos taxondémicos de invertebrados
comprenden los phyla Annelida, Arthropoda,
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Figura 1. Museo Regional de Antropologia e Historia de Baja California Sur, fachada (A). Area de resguardo de la coleccién

paleontoldgica (B y C). En la foto Quintin Mufloz Garayzar, INAH, anteriormente encargado del depdsito de bienes culturales del
INAH en el museo.
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Tabla 1. Especies fésiles identificadas dentro de la coleccién paleontoldgica del Museo Regional de Antropologia e Historia de
Baja California Sur.

Especie Comentarios

El f6sil de este delfin fue hallado en la Isla Cedros Baja California, su edad es Mioceno (véase Barnes, 1984).
Actualmente, el MRAHBCS posee una réplica del craneo.

Al igual que Mammutus columbi, los restos de bisontes son fragmentarios esto incluye elementos craneales
y postcraneales (véase Ferrusquia-Villafranca y Torres-Roldan, 1980).

Los dientes fésiles de este tiburdn, relativamente mds pequefio que el tiburén Otodus megalodon, pertenecen
a los particulares afloramientos de rocas marinas de edad Eoceno-Oligoceno presentes en Baja California
Sur (véase Gonzalez-Barba, 2008).

Los registros de dientes fésiles del tiburén blanco tienen edades desde el Mioceno al Pleistoceno, son relati-
vamente abundantes en varias localidades a lo largo del estado de Baja California Sur (véase Gonzalez-Barba
y Thies, 2000).

Este fésil representa la asociacién y agregacion de anélidos poliquetos que formaron arrecifes en las costas
mexicanas. Esta especie es parte de los registros de edad Oligoceno presentes en Baja California Sur (véase
Fischer et al., 1989).

Este fosil representa un nuevo género y especie de cetdceo, conocido como ballenas del alba o eomisticeti-
dos (Cetacea; Mysticeti; Eomysticetidae), del Oligoceno del Baja California Sur. Los registros de estos mami-

Albireo whistleri

Bison antiquus

Carcharocles angustidens

Carcharodon carcharias

Diplochaetetes mexicanus

Echericetus novellus feros marinos son tnicos a nivel nacional. El holotipo se encuentra en la coleccién del MRAHBCS y es Unico
en su clase (véase Hernandez-Cisneros et al., 2023).
Esta especie de erizo irregular, conocido como galleta de mar o -sand dollar- (en inglés), se encuentra en al-
Encope californica gunas localidades donde afloran las llamadas terrazas marinas del Pleistoceno en Baja California Sur. Estas
terrazas son usualmente ricas en fésiles de invertebrados (véase Durham y Allison, 1960).
. Este fosil es otra especie de erizo irregular del Pleistoceno similar a Encope californica, también asociado a
Encope grandis

las terrazas marinas (véase Durham y Allison, 1960).

Especie de rudista (molusco: bivalvo). Tenian dos valvas asimétricas, una de ellas fijada al sustrato (organis-
mos sésiles). Aparecen en el Jurasico Superior, y se diversificacion en el Cretacico. Se extinguen en el evento
de extincién masiva Cretacico-Paleégeno (limite K-Pg). Durante el Cretdcico fueron los principales respon-
sables de la formacidon de arrecifes en el mar de Tetis (véase Alencaster, 1999).

El registro fosil de este proboscidio del Pleistoceno en Baja California Sur suele ser fragmentario. Usual-
mente se preservan los elementos dentarios (relativamente completos), pero hay registro de extremidades,
fragmentos de craneos, y elementos postcraneales (véase Ferrusquia-Villafranca y Torres-Roldan, 1980).
Los dientes fésiles de esta especie de tiburén gigante de edad Mioceno-Plioceno son comunes y notorios en
varias localidades a lo largo de Baja California Sur (véase Jiménez-Castafieda, 2020).

Esta especie fdsil fue el primer género y especie descrita de un delfin para Baja California Sur, su edad es
Plioceno y fue encontrado en la Isla San José en la Bahia de la Paz (véase Aguirre-Fernandez et al., 2009). El
MRAHBCS posee una réplica del craneo. Actualmente el f6sil original estd extraviado. El holotipo se encon-
traba a resguardo de la coleccién paleontolégica de la Universidad Auténoma de Baja California Sur.

Gugzzyella bisulcata

Mammutus columbi

Otodus megalodon

Protoglobicephala mexicana

B Echinodermata y Mollusca (el grupo mas nu-
Maderas fésiles

4.1% meroso con 32 géneros identificados; Tabla 2).
|

Dentro de los vertebrados (que conforman el

26.2% de la coleccion), las clases Chondrich-

thyes y Mammalia son las més representativas

Réplicas (Tabla 3), los reptiles son mas escasos y estan
11% presentes con restos de carapachos de tortu-
gas terrestres (Orden Testudines). Los ultimos

\Icnofésiles

0.3%

COMPOSICION DE LA COLECCION PALEONTOLOGICA
DEL MRAHBCS
Figura 2. Grupos fésiles en la colecciéon paleontolégica del
depodsito del MRAHBCS. Las muestras dominantes son los in-
vertebrados y en segundo término los vertebrados.
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conjuntos fésiles comprenden a los restos de
maderas fésiles (4.1%), algunos icnofésiles
(.3%) y réplicas (1.1%).

La mayoria de los ejemplares son de edad
Cenozoica, aunque en muchos casos es difi-
cil determinar una edad especifica dentro de
un periodo o época geoldgica. Poco mas del

Colecciones paleontoldgicas y museografia 49



https://doi.org/10.22201/igl.05437652€.2025.14.1.390

Morales Ortega & Herndndez Cisneros

Tabla 2. Géneros de los invertebrados fésiles identificados dentro de la coleccién paleontoldgica del Museo Regional de Antro-

pologia e Historia de Baja California Sur.

Phylum Géneros

Annelida Diplochaetetes
Arthropoda Balanus
Echinodermata | Encope, Clypeaster
Acutostrea, Anadara, Barbatia, Buccinum, Bulla, Callista, Chionopsis, Conus, Crassostrea, Glycymeris, Guzzyella, Gyrodes, Hexaplex,
Mollusca Macoma, Malea, Natica, Nodipecten, Oliva, Ostrea, Panopea, Pecten, Pinna, Pitar, Pycnodonte, Saccostrea, Spondylus, Strombus,
Thais, Tivela, Tonna, Turritella, Vasum

Nota: algunos ejemplares requieren un analisis mas exhaustivo para corroborar su identificacién genérica y especifica, ya que
la mayoria de los especimenes son moldes internos. En esta lista no se incluyen las identificaciones con mayor nivel de incerti-
dumbre presentes en la coleccién (es decir, clasificadas como aff. - especies affinis; y cf. - confer, “comparacién con”).

Tabla 3. Géneros de vertebrados fésiles identificados dentro de la coleccidn paleontolégica del Museo Regional de Antropologia

e Historia de Baja California Sur.

Clase Géneros

Chondrichthyes | Alopias, Carcharias, Carcharocles, Carcharodon, Galeocerdo, Hemipristis, Isurus, Lamna, Otodus

Mammalia

Albireo, Bison, Echericetus, Equus, Mammutus, Protoglobicephala

Nota: algunos ejemplares requieren un andlisis mds exhaustivo para corroborar su identificacién especifica. En esta lista no se
incluyen las identificaciones con mayor nivel de incertidumbre presentes en la coleccidn (es decir, clasificadas como aff. - especies

affinis; y cf. —confer, “comparacién con”).

98% de las muestras no tienen fichas técnicas,
notas, bitdcoras y datos de campo por lo que se
desconoce la localidad, coordenadas geografi-
cas, colectores, datos estratigraficos y otras re-
ferencias. La mayoria de los materiales fdsiles
fueron donados, algunos estaban acompana-
dos con notas de donaciéon o comentarios, las
cuales se mezclaron a través del tiempo y se
perdieron en muchos casos (Figura 3). Cabe
hacer notar, que ha sido posible realizar tra-
bajos de investigacidon asociados a un cierto
numero de especimenes (por ejemplo, Ro-
chin-Banaga et al., 2017; Hernandez-Cisneros
et al., 2023). La ausencia de informacién se
puede cubrir a partir de la disponibilidad de
datos en publicaciones cientificas sobre fésiles
en Baja California Sur, y tomando en cuenta la
calidad de algunos fésiles dentro de la colec-
cién (Figuras 4-7). Aproximadamente, el 50%
de los materiales (mayormente invertebrados)
presenta un numero de inventario del INAH
(por ejemplo, 10-429935). No obstante, algu-
nos materiales inventariados son fragmentos
de un solo espécimen, o son parte de un con-
junto de muestras similares (lotes), también
se encontré que muestras de rocas o sedimen-
tos fueron clasificados como fésiles y fueron
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inventariados. Finalmente, los especimenes
requieren un grado de trabajo de curacién y
preparacion, por ejemplo, aproximadamente
el 98% de los vertebrados.

4. Discusion y conclusiones

Se presenta el primer ordenamiento sis-
tematico de la colecciéon paleontoldgica del
Museo Regional de Antropologia e Historia
de Baja California Sur. El cual comprendié un
total de 371 ejemplares fésiles, aunque la co-
leccién sigue aumentando continuamente su
numero de especimenes debido a las donacio-
nes o decomisos principalmente. Consideran-
do los porcentajes obtenidos y el volumen que
representan el conjunto de los fésiles catalo-
gados, se puede indicar que esta coleccion es
pequena dentro del espacio correspondien-
te al depdsito de bienes culturales del Museo
Regional de Antropologia e Historia de Baja
California Sur (Figura 1). Esta sistematizacion
permite dar a conocer una imagen general del
estado actual y las condiciones en las que se
encuentra la coleccion. Ademas, refuerza el
valor e importancia de la presente coleccion
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Figura 3. Ejemplo de las notas presentes dentro de la coleccién.

y hace el llamado urgente a las instituciones
implicadas a mostrar mayor interés en el de-
sarrollo de la misma. Al mismo tiempo, el
presente trabajo hace un importante llama-
miento para atender la precariedad de los es-
pacios con acervo paleontolégico y aboga por
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la necesidad de fortalecer las colecciones pa-
leontoldgicas en Baja California Sur con el fin
de contribuir a la salvaguarda del patrimonio
paleontolégico nacional.

Particularmente, la colecciéon paleontold-
gica del Museo Regional de Antropologia e
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Figura 4. Ejemplares de invertebrados de la coleccién paleontolégica del MRAHBCS. Especimenes: MRAHBCS Pal/I 125, Pano-
peasp. (A); MRAHBCS Pal/I 126, Oliva sp. (B); MRAHBCS Pal/I 65, Conus sp. (C); MRAHBCS Pal/I 77, ?Talochlamys sp. (D); MRAHBCS
Pal/1 129, ?Hexaplex sp. (E); MRAHBCS Pal/I 111, Lopa sp. (F).
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100 mm

Figura 5. Espécimen invertebrado de la coleccién paleontolégica del MRAHBCS. Diplochaetetes mexicanus (edad Oligoceno),
MRAHBCS Pal/I 145, fragmento de colonia de anélidos poliquetos.
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50 mm

Figura 6. Fragmento del ejemplar MRAHBCS Pal/B 139,
maderas fésiles de la coleccion paleontoldgica del MRAHBCS.

Historia de Baja California Sur (Figura 1B-C)
presenta limitaciones, ya que carece tanto de
personal profesionalizado en paleontologia
como de un plan de manejo adecuado; ademads
de estar restringida por la falta de infraestruc-
tura y equipo. Las condiciones presentes en
la coleccion paleontolégica del Museo Regio-
nal de Antropologia e Historia de Baja Califor-
nia Sur pueden asociarse, en parte, al proceso
histérico del desarrollo de la paleontologia en
México que fue paulatino e inicio su expansion
hacia otros estados a partir de la capital mexi-
cana, donde diversos naturalistasy profesiona-
les de los siglos XIX y XX fueron asentandose
y creando espacios para la practica paleon-
tolégica en cada region (Gio-Argdez y Rodri-
guez-Arévalo, 2003; Carreno y Montellano-Ba-
llesteros, 2005). Actualmente, la paleontologia
mexicana se puede considerar como una acti-
vidad centralizada si tomamos en cuenta que el
centro de México (es decir, Ciudad de México)
concentra un nimero mayor de profesionales
en paleontologia, colecciones y recursos (CO-
NABIO, 2023; Chacoén-Baca et al., 2020).

En contraste, Baja California Sur encara un
gran reto para impulsar el trabajo paleonto-
légico, ya que los diversos espacios con co-
lecciones fésiles como el Museo Regional de
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Antropologia e Historia de Baja California Sur
y la coleccidon paleontoldgica de la Universi-
dad Auténoma de Baja California Sur, estdn
sujetos a la falta de infraestructura, equipo y
laboratorios especializados, carecen o tienen
un limitado nimero de profesionales en pa-
leontologia, y se ven condicionados por la pa-
sividad institucional y el conflicto de intereses.
Historicamente las actividades paleontoldgi-
cas locales en el estado de Baja California Sur
iniciaron con la fundacién de las instituciones
publicas como el Museo Regional de Antropo-
logia e Historia de Baja California Sur (1981)
y la Universidad Auténoma de Baja California
Sur (1975), la cual conformaria sus coleccio-
nes a partir de 1994. No obstante, a pesar de
los ultimos 30 afios de actividades académicas
y de divulgacion relacionadas con los fésiles
(por ejemplo, Gaitan-Moran et al., 2002; Herre-
ra-Gil, 2003), no se ha logrado conformar un
espacio adecuado para el trabajo paleontolgi-
co en el estado.

Cabe destacar, que las exposiciones museo-
légicas o demostraciones educativas (Figura
8) han sido una constante que ha dominado
el primer plano con relacién a los fésiles de
Baja California Sur, mas que la propia investi-
gacion paleontoldgica. Asimismo, durante las
décadas de 1990 y 2000, los estudios paleonto-
légicos a mano de los investigadores locales
fueron escasos dando como resultado una baja
productividad de publicaciones cientificas del
estado, lo que dej6 inadvertido el trabajo pa-
leontoldgico en la regién con poca o nula refe-
rencia en trabajos generales sobre la paleonto-
logia en México (por ejemplo, Vega et al., 2005;
Arroyo-Cabrales et al., 2008). A pesar de ello,
las publicaciones han ido incrementando pau-
latinamente en la tltima década (por ejemplo,
estudios en mamiferos marinos e invertebra-
dos; Viglino et al., 2023; Morales-Ortega et al.,
2023), aun con las limitaciones de orden ins-
titucional, infraestructura y recursos (mone-
tarios y humanos). Sin embargo, el reducido
numero de colecciones paleontolégicas de re-
ferencia cientifica en el estado, su condicién
actual (restringida infraestructura y recursos)
y el registro incompleto de sus especimenes
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Figura 7. Ejemplares de vertebrados de la coleccién paleontolégica del MRAHBCS. Especimenes: MRAHBCS Pal/V 60, diente
de tiburén Otodus megalodon (A); MRAHBCS Pal/V 143, coxis de ?Bison sp. (B). Ay B misma escala. MRAHBCS Pal/V 148, esqueleto
parcial de cetdceo de 1630 mm de largo; Cetacea, familia, gen. y sp. indeterminados (edad Oligoceno; C).

ante el INAH (CONABIO, 2013; Morales-Ortega
et al., 2021); ademas del pobremente desarro-
llado esquema de organizacion dentro de los
museos locales y colecciones, que se ve sujeto
a la personalidad, intereses, objetivos y enfo-
ques del responsable o direcciéon administrati-
va en turno, son una importante barrera para
el desarrollo de la paleontologia en el estado.
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En este contexto, la coleccién paleontoldgi-
ca del Museo Regional de Antropologia e His-
toria de Baja California Sur esla segunda colec-
cion en relevancia del estado debido a que se
ha realizado y publicado investigacion paleon-
toldgica a partir del material fésil que resguar-
da (Rochin-Bafiaga et al., 2017; Hernandez-Cis-
neros et al., 2023), lo que la distingue y da pie a
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Figura 8. Ejemplo del arreglo y exposicién paleontolégica del MRAHBCS. (A) Ejemplificacién de una columna estratigrafica con
diversos materiales incrustados (dientes de tiburones, bivalvos, gasterépodos, restos de vertebrados marinos y en la base el esque-
leto parcial de un cetaceo de edad Oligoceno). (B) Ejemplificacidon de una excavacion con diversos materiales fdsiles (carapacho de
tortuga -parte superior de la foto; restos de mamut -tibia, fragmento de defensa, fragmento de craneo y molares- centro izquierda
de la foto; y restos de maderas fosilizadas -margen inferior derecho de la foto). (C) Exposicién de un craneo fragmentado de Bison
antiquusy (D) réplica de un craneo de Equus sp.
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su posible conformacién como una potencial
coleccidn cientifica de referencia. Debe men-
cionarse que las observaciones y trabajos pa-
leontoldgicos realizados en el estado de Baja
California Sur pueden trazarse hasta la década
de 1880 (Merril, 1897). No obstante, una gran
parte de la investigacién paleontoldgica del
estado de Baja California Sur se ha realizado
y liderado por investigadores de otras institu-
ciones nacionales y extranjeras a partir de la
década de 1970, por ejemplo, la Universidad
Nacional Autéonoma de México (UNAM) es
uno de los principales referentes en la regiéon
(Barnes, 1998). Este escenario es resultado de
las expediciones de reconocimiento paleonto-
légico y geoldgico llevadas a cabo por el Ins-
tituto de Geologia de la UNAM e instituciones
estadunidenses (por ejemplo, Natural History
Museum of Los Angeles County), lideradas
por Ismael Ferrusquia-Villafranca, Shelton P.
Applegate y William Morris (Barnes, 1998).
Sin embargo, desde la década de 1990 acadé-
micos e investigadores de la UABCS, como Luis
Alberto Herrera Gil, Gerardo Gonzalez Barba
y Tobias Schwennicke, han contribuido al im-
pulso de la investigacién paleontoldgica en el
estado favoreciendo la formaciéon de nuevos
jovenes investigadores que han participado
en el desarrollo de la coleccidén paleontoldgi-
ca del Museo de Historia Natural de la UABCS
(fundado en 1994), ademads de estar en estre-
cha colaboraciéon con el Departamento Aca-
démico de Ciencias de la Tierra de la misma
instituciéon. En combinacién, esto ha permi-
tido el comienzo de una transicién genera-
cional donde los nuevos jévenes investigado-
res han aportado un importante y reciente
numero de estudios sobre la paleontologia del
estado (por ejemplo, Aguirre-Fernandez et al.,
2009; Rochin-Banaga et al., 2017; Morales-Orte-
ga et al., 2023; Hernandez-Cisneros et al., 2023;
Solis-Afiorve et al., 2024). Cabe resaltar que, las
actividades de prospeccion e investigacion pa-
leontoldgicas en el estado se han llevado a cabo
con pocos recursos, las instituciones (por ejem-
plo, INAH, UABCS) han dado apoyos de finan-
ciamiento puntuales, y es comun que el investi-
gador local e interesado sea quien ha invertido
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para concretar proyectos, en ocasiones con
apoyos externos de empresas o gente local.

Se debe subrayar que, parte del material
fésil del estado que ha sido recolectado, inves-
tigado y publicado se encuentra en la Colec-
cion Nacional de Paleontologia del Instituto
de Geologia de la UNAM (Ferrusquia-Villafran-
ca y Torres-Roldan, 1980; Barnes, 1998; Mar-
tinez-Cabrera et al.,, 2006; Martinez-Melo y
Alvarado-Ortega, 2020) y un numero indeter-
minado de especimenes se encuentran en co-
lecciones paleontolédgicas de instituciones ex-
tranjeras (por ejemplo, Kilmer, 1965). Es por
ello que la coleccion paleontolégica del Museo
Regional de Antropologia e Historia cobra no-
tabilidad, ya que es uno de los pocos espacios
de interés cientifico con registro fo6sil ordena-
do y catalogado que puede ser consultado en
el estado de Baja California Sur. Sin embargo,
esta coleccion requiere atencion para consoli-
darse en términos de accesibilidad, eficiencia
y funcionamiento.

Aqui, se proponen algunas acciones para co-
adyuvar en el fortalecimiento de la creciente
coleccion paleontoldgica del Museo Regional
de Antropologia e Historia de Baja California
Sury favorecer el futuro de la paleontologia del
estado de Baja California Sur. En este punto, es
relevante citar a Cristin y Perrillat (2011), “las
colecciones cientificas son una condicion ne-
cesaria para la existencia de la paleontologia
en México”. Entre las acciones que se podrian
realizar son:

«  Promover la investigacion cientifica. Es
una parte sustancial para el desarrollo
de las colecciones biolégicas, al cumplir
con este aspecto realzan su valor y con-
tribucion social estimulando el interés
sobre las mismas (Allmon, 1994). Este
factor es importante para el sustento de
la coleccidn ya que al generar nueva in-
formacion garantiza ser un referente de
interés social y gubernamental, a partir
del cual se tomaran decisiones o se bus-
cardn soluciones con bases cientificas
(Llorente-Bousquets et al., 1999; Allmon,
2005; Johnson y Owens, 2023). Por ello,
el Museo Regional de Antropologia e

Colecciones paleontoldgicas y museografia 57



Paleontologia Mexicana Vol. 14 No. 1

https://doi.org/10.22201/igl.05437652€.2025.14.1.390

Morales Ortega & Herndndez Cisneros

Historia de Baja California Sur debe con-
tinuar estimulando y promoviendo la
actividad de investigacion cientifica en-
torno a sus colecciones, como es en el
caso del registro fosil bajo su resguardo,
lo que le dard herramientas para difun-
dir sus logros en favor del desarrollo so-
ciocultural y econémico de la region, y
lograr resaltar como institucién.
Atencion institucional. Un aspecto rele-
vante para el fortalecimiento de las co-
lecciones es el respaldo institucional, el
cual determina la calidad de estas y da
el impulso necesario para cumplir con
los objetivos de la investigacién para el
beneficio social. Sin embargo, esta parte
esta sujeta a los objetivos y metas de la
institucion, y a la compresién que tiene
la misma, acerca de las colecciones que
resguarda (Allmon, 1994, 2005; Lloren-
te-Bousquets et al., 1999; Suarez y Tsut-
sui, 2004; NASEM, 2020). Por tanto, el
nivel de valoraciéon e importancia que
se le dé a las colecciones se refleja en
los logros, propdsitos y razén social de
la institucién. En el caso del Museo Re-
gional de Antropologia e Historia de Baja
California Sur, instamos a replantear las
metas y objetivos relacionados con el de-
posito de bienes culturales para mejorar
la percepcion y valorizacidn de sus colec-
ciones, entre ellas la de paleontologia. La
intencién es optimizar sus condiciones
acordes a sus necesidades. Esto traera
beneficios en términos de accesibilidad,
control, y desarrollo institucional.
Planeacidn. El manejo de colecciones no
es una tarea facil ya que se requiere un
esfuerzo considerable y recursos (per-
sonal, insumos, infraestructura, equipo,
etc.) que, aplicados correctamente, justi-
fican plenamente los recursos invertidos
en términos de investigacion y beneficio
social (Llorente-Bousquets et al., 1999;
Suarez y Tsutsui, 2004; NASEM, 2020). En
este caso, el Museo Regional de Antropo-
logia e Historia de Baja California Suryel
Centro INAH - BCS requieren establecer

una coordinacidén sélida y continua para
crear un plan de trabajo regional a corto,
mediano y largo plazo en favor de sus co-
lecciones, como la de paleontologia. Este
debate de planeacion debe darsele segui-
miento sin importar los cambios admi-
nistrativos. Ademads, su planteamiento
debe fundarse en los estdndares actua-
les de accesibilidad y funcionamiento
de las colecciones bioldgicas (Thomson
et al., 2008; Schindel y Cook, 2018), evi-
tando inhibir su funcionamiento con la
burocratizacion de sus procedimientos,
y apoyarse con la opinién de profesiona-
les en el 4rea, tanto de locales, naciona-
les y de entidades internacionales.

Profesionales en paleontologia. Actual-
mente, el Museo Regional de Antropolo-
gia e Historia de Baja California Sur y el
Centro INAH - BCS no cuentan con pro-
fesionales en paleontologia dentro de su
personal contratado. Usualmente, la ase-
soria externa (principalmente de pro-
fesores-investigadores de la UABCS) ha
sido el elemento auxiliar para el manejo
de los restos fosiles. Ademas, ciertas ac-
tividades y acciones han sido llevadas
a cabo por arquedlogos y antropdlogos
adscritos a la institucién. Debido a ello,
ambos organismos se han visto rebasa-
dos por las necesidades y responsabili-
dad que implica el rescate y resguardo
de material paleontoldgico, dejandolo
susceptible a su deterioro, pérdida y des-
truccion (Boletin-INAH, 2018). Por ello,
es necesario que se promueva la con-
tratacion de personal profesionalizado
en paleontologia para cubrir el manejo,
curacién, procesamiento e investiga-
cion de restos fosiles. Juicio que debe
hacerse bajo un esquema planeado con
objetivos claros con relaciéon al patri-
monio paleontoldgico y las colecciones
(Schindel y Cook, 2018; Morales-Ortega
et al., 2021). Garantizando la conforma-
cion de una coleccién paleontoldgica
dindmica y sana, es decir, un manejo y
ejecucidon adecuados de actividades de
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campo, curacidn, registro continuo de
nuevo ejemplares, digitalizacidén y bases
de datos, y al mismo tiempo permitir la
accesibilidad para consultas e investi-
gacidn (Llorente-Bousquets et al., 1999;
NASEM, 2020).

« Infraestructura y equipo. Las colecciones
bioldgicas necesitan espacios y labo-
ratorios adecuados para su manejo, en
especial para los trabajos curatoriales y
el almacenamiento de los especimenes
(Llorente-Bousquets et al., 1999; Schin-
del y Cook, 2018). Ademas, la infraestruc-
turay el equipamiento de las colecciones
debe visualizarse como un esquema a
largo plazo para dar paso a nuevos mé-
todos y tecnologias, como es en el caso
de los laboratorios de paleontologia
(Brown, 2013). Se reconoce que el INAH
estd limitado en recursos econémicos, lo
que se traduce en una escasa inversion
en laboratorios de paleontologia en los
diversos estados de la Republica Mexi-
cana (Boletin-INAH, 2018; Morales-Or-
tega, 2020). Sin embargo, las actividades
de investigacidn y restauracion del ma-
terial fésil, se puede sobrellevar con la
celebracion de convenios y/o acuerdos
de colaboracion interinstitucional que
le permita procesar sus muestras, esto le
permitird optimizar espacios, mejorar su
logistica interna y tener los medios para
generar nuevos datos en investigacién y
elementos para incidir en las cuestiones
culturales y educativas de la regién. Sin
embargo, esto solo sera posible a través
del establecimiento del plan de trabajo
coordinado e impulsado por la direccién
estatal y el museo regional, y por supues-
to con el apoyo y la injerencia del INAH.

«  Accesibilidad. La accesibilidad es un ele-
mento sustancial para el buen funcio-
namiento de las colecciones bioldgicas,
esta puede ser fisica o digital (Lloren-
te-Bousquets et al., 1999; Schindel y
Cook, 2018; NASEM, 2020). Actualmen-
te, el esquema digital es de interés global
debido al beneficio que representa el
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acceso a grandes volumenes de datos
derivados de la informacién contenida
en las colecciones naturales (Johnson y
Owens, 2023). Sin embargo, si las institu-
ciones con colecciones se ven limitadas
en recursos y apoyos, ademads de tener
un esquema de manejo pobremente de-
sarrollado, entonces la digitalizacion y
la investigacion de vanguardia son casi
imposibles (Allmon, 2005; Mclean et al.,
2016; Johnson y Owens, 2023). Por ello, es
necesario que dentro del plan de trabajo
para el desarrollo de las colecciones del
Museo Regional de Antropologia e Histo-
ria de Baja California Sur, el esquema de
accesibilidad sea adecuado y que se de-
sarrolle con miras hacia la digitalizacion
sin descuidar el mantenimiento fisico de
las colecciones. Ademas, debe garanti-
zar que las colecciones podran ser ase-
quibles por cualquiera que los solicite
formalmente (investigacion, consultas,
etc.) bajo criterios adecuados (reglamen-
tos y protocolos), evitando el conflicto
de intereses. Las colecciones bioldgicas
o naturales requieren un esquema de
normas de uso y manejo (depdsitos, re-
quisiciones, curacidn, etc.), enfocados
en el acceso abiertoy no de intereses par-
ticulares (Mclean et al., 2016), finalmen-
te son bibliotecas bioldgicas prioritarias
para el desarrollo cientifico y fuentes de
informacién que favorecen el bienestar
social de un pais (Suarez y Tsutsui, 2004,
Schindel y Cook, 2018).

Por ultimo, el estado de Baja California Sur
posee un importante patrimonio paleontoldgi-
co (mayormente de la Era Cenozoica) con ca-
racteristicas singulares, es decir, algunos fosi-
les son dnicos a nivel nacional (por ejemplo,
los restos fosiles de mamiferos marinos; Vi-
glino et al., 2023). En consecuencia, los regis-
tros fosiles del estado requieren atencién para
impulsar su conservacion, proteccion, preser-
vacion, investigacidn, difusion y divulgacidn.
Los conjuntos fosiliferos del territorio sudca-
liforniano prometen desvelar varias incégni-
tas relacionadas con la evolucién de la biota
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moderna en el Océano Pacifico (transiciones
bioldgicas y eventos biogeograficos), ademds
de abonar a las explicaciones sobre los eventos
importantes de cambio climético y geolégico
de la regidn y a escala global durante el Ceno-
zoico. Por ello, el establecimiento y desarrollo
adecuado de las colecciones paleontoldgicas
en la region abonara sustancialmente a la in-
vestigacion cientifica en México. Asimismo,
dara pauta a la necesidad de visualizar la im-
portancia y utilidad de las colecciones bioldgi-
cas dentro de los museos de historia natural,
universidades e institutos de investigacion, y
su inobjetable beneficio socioeconémico, edu-
cativo y cultural (Allmon, 1994; Llorente-Bous-
quets et al., 1999; Suarez y Tsutsui, 2004; John-
son y Owens, 2023).
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Resumen

La vertiente de la industria petrolera actual se inclina a encontrar métodos eficaces y rentables a la hora de realizar determi-
naciones de parametros clave como son las litologias y edades de formacion de las rocas durante el proceso de explotacion de
un pozo. El andlisis micropaleontoldgico proporciona no solamente informacién cientifica bioestratigrafica muy valiosa, sino
también informacién practica (y logistica) para estimar rendimientos y métodos de extraccién de muestras de canales durante
la exploracion petrolera. Este trabajo describe brevemente el alto contenido de microfésiles de foraminiferos encontrados en
muestras de lodos petroleros, asi como las ventajas y limitaciones derivadas de analizar este tipo de muestras. La metodologia aqui
descrita destaca la abundancia de foraminiferos en un muestreo colateral a lo largo de un perfil vertical de 600 m de profundidad,
sino también sus limitaciones tafondmicas en los foraminiferos observados. Aunque el grado de preservacion de microfésiles
analizados es pobre debido a la metodologia de disgregacion de rocas utilizada en la industria, asi como en las metodologias en
exploracidn geofisica, es importante su descripcidon y andlisis por el potencial que tienen a nivel paleogeografico, a nivel de do-
cencia, y hasta para el desarrollo de nuevas metodologias en la exploracién petrolera como en el desarrollo de nuevas tecnologias
ambientalmente amigables.

Palabras clave: barrenacion de pozos, exploracion petrolera, extraccion de foraminiferos, microfésiles plancténicos, muestras
de lodos petroleros.
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Abstract

The current oil industry is demanding the finding of effective and cost-effective methods when making determinations of key parameters,
such as lithologies and formation ages during the exploitation process of oil wells. Micropaleontological analyses provide not only biostra-
tigraphic relevant information, but also practical (and logistic) information to estimate yields and extraction methods of cutting samples
during the exploration of oil wells. This work briefly describes the high microfossil content of foraminifera found in oil cuttings as well as the
advantages and limitations derived from this type of samples. The methods here described emphasize the abundance of recovered foramin-
ifera from collateral oil-drillings cutting samples along a 600 m depth vertical profile, and the observed taphonomic limitations. Even when
the preservation grade oscillates from regular toward poor in the analyzed foraminifera because of the rock disaggregation and the applied
geophysical methods of exploration, their description and analysis is important because of their potential use in paleogeography, paleoecol-

o0gy, teaching and even for the development of new environmentally friendly technologies in the oil industry.

Keywords: foraminifera extraction, oil cutting samples, oil drilling wells, oil wells exploration, planktonic microfossils.

1. Introduccion

Los foraminiferos son eucariontes unicelu-
lares marinos pertenecientes al grupo de pro-
tistas, con un registro fésil que se remonta al
Céambrico (Paleozoico inferior) y persisten en la
actualidad en gran variedad de ambientes mari-
nos (Pawlowski et al., 2003). Tanto los foramini-
feros actuales como los fésiles exhiben en una
gran variedad de formas y tamarios. Se pueden
encontrar desde las zonas litorales (hipo o hi-
persalinas) hasta los fondos ocednicos, y desde
climas tropicales a frios (Boudagher, 2015).
Entre sus caracteristicas mas distintivas desta-
ca el exoesqueleto, concha o testa, a través de
la cual se extienden proyecciones de la misma
célula en forma de pseudopodos. La concha o
esqueleto segregado puede estar formado por
carbonato de calcio o quitina (foraminiferos
calcareos), por pequenas particulas de arena
aglutinadas mediante un cemento orgdnico o
mineralizado (foraminiferos aglutinados o are-
naceos) o por silice segregado (Hart et al., 2005).
Esta concha (testa), la cual puede tener formas
muy variadas, se divide en numerosas camaras
o foramenes, y es de ahi de donde obtiene su
nombre (Jones, 1994).

Adicionalmente, la concha constituye el ele-
mento basico para diferenciar los foraminife-
ros, y es la Unica estructura del organismo que
fosiliza. Estos fésiles son muy abundantes en
el sedimento marino, participando también
en la formacién de rocas sedimentarias. La
composiciéon quimica de las conchas consiste
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en calcita, aragonita y silice. La forma y di-
mension de la camara embrionaria depende
de su origen, ya sea el producto de la repro-
duccién sexual o asexual (Lipps, 1993). Duran-
te su ontogenia los foraminiferos, realizan un
control del crecimiento y tamafio de las cama-
ras. Ese control lo hacen a través de la longitud
y disposicién de las corrientes pseudopodia-
les, ya que los seud6podos son los responsa-
bles de la formaciéon de la membrana orga-
nica que precede a la concha mineral (Lipps,
1993). La morfologia de las conchas o capara-
zones de los foraminiferos varia enormemen-
te: éstas pueden estar formadas por una sola
camara (concha unilocular) o por varias cama-
ras (concha multilocular); las conchas multilo-
culares estan divididas por tabiques internos
o septos y presentan suturas, definidas por las
lineas de contacto entre cdmaras (Boudagher,
2015). Ademds de su importancia paleontolo-
gica durante la evolucién bioldgica, los fora-
miniferos son la herramienta bioestratigrafi-
ca por excelencia en la exploracién petrolera,
pues poseen una alta resolucién temporal y
geografica, ademas de ser abundantes y diver-
sos (Haq y Boersma, 1978; McGowran, 2005).
Considerando el alto porcentaje de organis-
mos preservados por fracciéon de muestra son
los microorganismos mas numerosos de todos
los protistas conocidos. Por todos sus atributos
paleontoldgicos, los microfésiles de foramini-
feros planctdnicos constituyen una herramien-
ta muy valiosa y ampliamente utilizada en el
andlisis de estratos rocosos en busca de agua

Micropaleontologia 64



https://doi.org/10.22201/igl.05437652€.2025.14.1.392

Extraccidn de foraminiferos: Aporte metodologico de muestras de canal derivadas de pozos petroleros

y petrdleo (Arellano-Gil et al., 2017). Como en
todo el mundo, histéricamente la industria pe-
trolera habria impulsado la micropaleontolo-
gia de foraminiferos, y tanto en México como
en EUA se concentraron los esfuerzos en el
Golfo de México (Alafita, 1988; Angeles-Aquin-
to y Cantd-Chapa, 1992; Martin, 2013). En la
industria petrolera los fluidos de composicién
quimica variable utilizados en operaciones de
perforacién de pozos de sondeo se conocen
como lodos de perforacién. Pese a su abun-
dancia en muestras petroleras, el analisis del
contenido de estos microfdsiles en muestras
colaterales resultantes de pozos explorato-
rios es muy escaso. Considerando el namero
de ejemplares, su recuperacion a partir de
nucleos y muestras de canal reviste una gran
importancia especialmente en paises como
México, donde la perforacidén petrolera sigue
siendo una metodologia comun. En este traba-
jo se describe brevemente la metodologia para
la extraccion de foraminiferos en muestras de
lodos de perforaciéon y su uso potencial en pa-
leontologia y docencia.

2. Conceptos basicos durante la perforacion
de un pozo petrolero

La perforacion de un pozo incluye diversas
etapas, entre las que se incluye el disefio, cons-
truccion del pozo, terminacion, seguimiento
de integridad y abandono, por lo cual la apli-
cacién correcta de dicha metodologia influye
de manera importante en la verificacién de los
modelos propuestos previamente por las com-
pafiias petrolera mediante métodos indirectos
como el registro de Rayos Gamma y la conduc-
tividad eléctrica. De este modo se evalian y
detectan variaciones, o bien se realizan ajus-
tes para dichos datos preliminares. Durante
la perforacidn del pozo y durante su actividad
rotatoria, la barrena avanza a través de la roca
en el subsuelo, por consiguiente, una porcion
equivalente de la roca triturada debe ser des-
plazada hacia la superficie para continuar un
avance adecuado de la herramienta.
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Es mediante el lodo de perforacion que los
recortes o muestras de canal o esquirlas son
arrastrados hasta la superficie. Al iniciar una
perforacidn vertical y durante su desarrollo,
se encuentran primeramente los estratos de
roca ubicadas en posiciones superiores equi-
valentes a las rocas mds jovenes; es decir, las
cimas de las formaciones es lo primero que se
observa y, por ende, lo primero que debiera
ser caracterizado (Fig. 1). Para el Cenozoico es
el material rocoso y sedimento de menor con-
solidacidn es lo que primero que generalmen-
te se observa; para este rango temporal que
el estudio e identificaciéon de foraminiferos

Figura 1. Componentes bésicos del equipo de perforaciéon
terrestre. (a) Tanque de lodo. (b) Temblorinas o Zarandas. (c)
Linea de succién. (d) Bomba de lodo. () Motor. (f) Mangue-
ra de la bomba. (g) Carrete del aparejo. (h) Linea vertical. (i)
Manguera de lodo. (j) Gancho. (k) Aparejo viajero. (1) Cable
del aparejo. (m) Bloque corona. (n) Estructura. (fi) Piso de en-
ganche. (0) Lingadas. (p) Rack. (q) Unidn giratoria 6 Swivel (en
equipos modernos “top drive”. (r) Barra o Kelly. (s) Mesa rota-
ria. (t) Piso de perforacién. (u) Bell nipple. (v) Valvula (BOP)
anular. Valvula (BOPs) ciega y de cafieria. (w) Sarta de perfora-
cién. (x) Mecha o barrena (Trépano). (y) Cabeza del “casing”.
(z) Linea de retorno de lodo. (Tomado de Méndez-Berlanga,
2022).
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provenientes de muestras de canal es por
norma el mas utilizado debido a la naturale-
za “suelta” de las muestras obtenidas, evitando
asi pérdida de tiempo en un proceso de disgre-
gacion de material sumamente consolidado.

Generalmente al momento de detectar lito-
logias durante la perforacidon, supuestamente
correspondientes al Mesozoico, que son rocas
mucho mas duras y consolidadas, se tiende a
optar por realizar el estudio del contenido mi-
crofdsil mediante la elaboracion de ldminas
delgadas de las mismas muestras de canal o
a partir de la extraccion de nucleos para un
intervalo determinado. Existe el consenso
de que la informacidén bioestratigrafica de
mayor calidad proviene justamente del andli-
sis de nucleos. En contraste, las muestras de
canal son utilizadas en mucho menor medida
debido a la naturaleza suelta en la que se pre-
sentan, puesto que hace es frecuente la pre-
sencia de organismos “caidos” procedentes
de metros perforados previamente, por ende,
son muestras susceptibles de contaminacion
(Barret, 2011).

Esto supone una gran desventaja que debe
ponderarse con la gran ventaja de que al ser
los recortes o muestras de canal derivados de
la perforacidn, su extraccidn es un paso nece-
sario y por tanto no genera costo extra alguno.
Ademas, la disponibilidad de estas muestras,
conocidas como recortes, seran en cantidades
cuantiosas de la misma roca removida. Como
los recortes no son considerados como pri-
mera opcion, se dejan sin analizar una gran
cantidad de muestras con gran informacién
paleontolédgica y geoldgica potencial (Mén-
dez-Berlanga, 2022). De ahi que se haga evi-
dente y necesaria su caracterizacién por lo
menos y la evaluacién del tipo de informacion
paleontolédgica pueda ser extraida por méto-
dos relativamente simples. Dichos métodos
son susceptibles de mejora y hasta podrian
ser comparables en rendimiento y calidad de
informacion a los datos obtenidos mediante
analisis de nucleos en algunos casos.

Al mismo tiempo, son muestras represen-
tativas que han brindado informacién y bases
metodoldgicas para abordar desde el punto
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de vista cientifico, econdmico y profesional.
En la industria petrolera la evaluacidn, tanto
el diagnostico micropaleontolégico como la
descripcidn litoldgica, son parte esencial para
llevar a cabo un control geoldgico integral de
Pozo, ya sea uno exploratorio o en monitoreo
de operacion (Sierra y Salazar, 1999). A pesar
de que el proceso de estudio de foraminife-
ros en roca disgregada no es la mejor fuente
para obtener informacion de las formacio-
nes perforadas del Mesozoico, ni es la fuente
mas util en pozos productivos o de prospec-
cion en el caso de pozos exploratorios, no se
puede negar la abundancia de foraminiferos
planctonicos contenidos en las muestras de
canal después de la perforacion y acorde a la
composicién quimica de los fluidos de perfo-
racion (Fig. 2).

Por lo que el objetivo de este trabajo es
presentar una breve evaluacidén sobre la via-
bilidad de la disgregacién de roca, separa-
cion, extraccidon de foraminiferos y posterior
identificaciéon como archivos paleontoldgi-
cos y bioestratigraficos que generalmente no
son totalmente aprovechados mediante este
método especifico. La informacién contenida
en dichos recortes puede ser comparada, cote-
jaday correlacionada con la obtenida de otros
pozos en el mismo intervalo bioestratigrafico.

3. Metodologia

Las muestras provienen de la provincia del
Sureste se define como la provincia de petro-
leo y gas mas prolifera del pais, y comprende
a las cuencas: Salina del Istmo, Comalcalco,
Macuspana y Pilar Reforma Akal. Conforma
junto a la Plataforma Burro-Picachos, Cuenca
de Burgos, Sabinas, Tampico-Misantla, Vera-
cruz, Cinturén Plegado de Chiapas y la Plata-
forma de Yucatan, las Provincias Petroleras de
México (Figura 3).

La fuente de las muestras donadas por parte
de una compania petrolera deriva de un canal
provenientes del pozo A, Cuencas del Sures-
te, correspondientes a un intervalo de 600
m desde la zona 6500 md* a la zona 6990 md

Micropaleontologia 66



https://doi.org/10.22201/igl.05437652€.2025.14.1.392

Extraccidn de foraminiferos: Aporte metodologico de muestras de canal derivadas de pozos petroleros

Fluidos de perforacion

Y A
Liquidos Neumaticos (1 fase) Neumaticos (2 fases)
) Y
Niebla Espuma Aire seco |
v :
Base agua [ No acuosos ]
L 4 Y Y Y Y A
Agua - De alto Aceite Sistemas Fluidos
dulce rendimiento 100% || base aceite || sintéticos

Figura 2. Tipos de fluidos de perforaciéon (modificado de Caenn et al., 2017).

que abarca edades del Jurasico al Cretacico
Superior.

3.1. Metodologia para muestras de canal

La preparaciéon experimental de las mues-
tras de canal que incluye un tratamiento o
preparacidon experimental que consta de tres
etapas descritas a continuacion (Figura 4).

3.1.1. Etapa 1: Eliminacion de lodos

La etapa I consiste en la eliminacién del
lodo de perforacidn: el lavado de muestras ob-
tenidas por perforacién con lodo benténico o
polimérico (base agua), inicia al llenar un reci-
piente con agua donde la muestra se agita con
las manos, eliminando asi los posibles excesos
de sedimentos y lodo presente, repitiendo el
proceso las veces que sea necesario. Para el
lavado de muestras obtenidas por perforacién
con lodo de emulsion inversa (base aceite),
que es el caso utilizado en este trabajo para las
muestras analizadas, se realizé con detergente
biodegradable, y posteriormente se introdu-
cen a un horno de secado a 100°C para empa-
quetar (Figura 5).

3.1.2. Etapa II: Levigado

La segunda etapa consiste en aplicar el
método de Levigado a todas las muestras, para
lo cual se emplean los tamices No. 325 (45 pm),
230 (63um), 80 (180 um), 40 (330 um), ademas
de los guantes de neopreno y recipientes plas-
ticos de 1litro. Se afiade H,0, al 30% a cada una
de las muestras, se dejan reposar (20-40 mi-
nutos), y posteriormente se tamizan en orden
creciente de diametro. Finalizado el tamizado
se decantaron mediante un proceso de frota-
do enérgico contra la malla y se procura que
vayan pasando de un tamiz a otro los restos de
muestra (Figura 6).

A partir de esta etapa la extraccion y el
pegado de cada foraminifero individual se rea-
liza bajo el microscopio (Figura 7).

3.1.3. Etapa III: Separacion de Microfauna
Durante latltima etapa se requiere precision
y cuidado debido a que consiste en la extrac-
cion individual de los microfésiles de forami-
niferos plancténicos. Utilizando un pincel 000
se coloca en la charola graduada una muestra
tamizada de fraccion determinada, se separan
mediante una aguja de diseccién y se procede
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Figura 3. (A) Provincias petroleras de México (tomado de la Comisién Nacional de hidrocarburos). (B) Localizacién del area de
estudio: en rojo se presenta una aproximacién al Campo Quesqui localizado entre los municipios de Huimanguillo y Cardenas en

Tabasco, México.

a la extraccion de cada microfésil individual-
mente. Posteriormente se adhieren con el pe-
gamento en la placa micropaleontolégica.

4. Rendimiento de microfosiles extraidos

Las muestras de canal obtenidas por perfo-
racidn del pozo A se concentraron en un total
de 64 sobres individuales. Una vez procesadas
todas las muestras se procede a la fase de ana-
lisis para describir las caracteristicas litologi-
cas de la columna recuperada dividida en su-
bintervalos, basandose primordialmente en
las tonalidades presentes en cada una de las
muestras de canal, desde una profundidad
que abarca de los 6500 a 6955 metros. Muchas
muestras presentaron tonalidades cafés roji-
zas avanzando a café pardo con intercalacio-
nes de tonalidades grisaceas donde claramen-
te se observé una dominancia de coloraciones
grises y café oscuras al extremo final del inter-
valo. Estas tonalidades corresponden a margas
con mayor contenido calcdreo intercaladas
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con calizas (de los 6500 a 6700 m) y a calizas
intercaladas, incluyendo las variaciones de
composicion margosa hacia mayoritariamen-
te calizas puras (de 6700 a 6950 m). La descrip-
cion a detalle de cada subintervalo recuperado
se dividi6 en secciones que abracaron los in-
tervalos muestreados: 6500-6600, 6600-6700,
6700-6800, 6800-6850, 6900-6952, los cuales se
presentan en las figuras 8 y 9.

El examen microscopico preliminar de al-
gunos ejemplares de foraminiferos reveld
que la preservacidén era muy variable de uno
a otro espécimen, por lo que posteriormente
se realizaron observaciones de la morfologia
mediante el microscopio electrénico de barri-
do (SEM). Con esta ultima etapa se determind
el grado de preservacidn de las testas a nivel
superficial, asi como la posibilidad de detectar
alguna estructura diagnostica en los diferentes
ejemplares (Figura 10). En esta figura se mues-
tran tres foraminiferos alterados en su textura
superficial (figuras 10A-C) y un acercamiento
para ilustrar los huecos o “roturas” de la testa,
tal como se observd mediante micrografia
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e ELIMINACION DEL LODO DE PERFORACION

* Material: Tamices de micrones 330 um, guantes de neopreno, recipientes
* de plastico, equipo de proteccion personal.

PLANCTONICOS)

e METODO DE LEVIGADO

* Material: tamices No. 325 (45 pum), 230 (63um), 80 (180 um), 40 (330 um),
guantes de neopreno, recipientes plasticos de 1 litro.

* SEPARACION DE MICROFAUNA (FORAMINIFEROS

+ Material: Microscopio estereoscépico, pegamento (goma de tragacanto o
carboximetilcelulosa — CMC); pinceles del nimero 0000, placas
paleontoldgicas de cuatro casillas, charola graduada y agua .

Figura 4. Diagrama de flujo simplificado para el procesamiento de las muestras de canal incluyendo el material de cada etapa.

electronica. Los numerales 1y 2 en la figura 10
indica una superficie integra o sin alterar (1),
en contraste con una superficie alterada (2) o
mal preservada.

La Figura 9 describe ejemplares correspon-
dientes al caso uno, en los cuales su estado de
preservacion es bastante pobre y no permite
realizar determinaciones taxondmicas ni des-
cripciones complejas. Los ejemplares alli ob-
servados presentan tamafios entre 80 y 100
um. Las observaciones de la morfologia ex-
terna de los foraminiferos seleccionados pre-
sentan diferentes grados de preservacion, y
generalmente los atributos morfolégicos diag-
nosticos para su identificacion estan pobre
o medianamente preservados. En los cuatro
ejemplares se observaron dos regiones clara-
mente diferentes: la superficie no alterada ori-
ginal del microfésil, asi como la presencia de
una textura rasgada o maltratada con huecos,
junto con microfracturas (Fig. 9) que permiten
inferir que es posible mejorar la calidad y que
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es durante el montaje donde se ha maltratado
mas el ejemplar. También esta técnica, como
cualquier otra, es sujeta de mejoramiento.

La forma y el tamafio, sin embargo, si per-
miten en algunos casos distinguir algunos gé-
neros muy familiares. También se observé que
las texturas presentan una preservacion dife-
rencial, por lo que es dificil decir si se trata de
efectos tafondmicos durante la fosilizacién o
directamente durante la extraccién, o incluso,
durante el montaje en placas, pues son mues-
tras extremadamente fragiles.

El estado en el que se encuentran estos ejem-
plares deriva de los métodos perforatorios en
si, por la naturaleza corrosiva para las conchas
de foraminiferos de las que son caracteristicos
los componentes contenidos en los fluidos de
perforacidn, sumado a la preparacion fisico-
quimica que conlleva el disgregar la roca que
los contiene. Pese al pobre estado de preser-
vacion de algunos ejemplares, las numerosas
testas de foraminiferos recuperadas en cada

Micropaleontologia 69



https://doi.org/10.22201/igl.05437652€.2025.14.1.392

Méndez-Berlanga et al.

Figura 5. (A-B). Lavado de recortes con jabdn biodegradable, (C-D) Secado en horno a 100°C. (E-F) Empaquetado de las
muestras.

Figura 6. (A-B) Reaccién de H,0, componentes siliciclasticos en muestra. (C-D) Tamizado, separacién y secado de recortes.

intervalo (Figs. 8 y 9) permite una valoracién
cualitativa de la abundancia relativa y la diver-
sidad en formas y tamafios.

5. Discusion

En el intervalo seleccionado de la columna
del pozo A, cuyo espesor aproximado es de
seiscientos metros, y correspondiente a una
profundidad de 6500 hasta 7000 metros, se ob-
servo la presencia de muchos géneros de fora-
miniferos, juzgando inicamente con base a su
morfologia y tamafio. Asi mismo, se pudieron
observar niveles de abundancia variable en
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cada intervalo de recuperacion. Este trabajo
metodolégico muestra el uso potencial de las
muestras de lodo producidas colateralmen-
te durante la exploracién de un pozo petrole-
ro. Las observaciones realizadas en todas las
muestras sugieren que en general, el grado
de preservacién de los microfésiles es regu-
lar. Ademas del proceso de extraccion, exis-
ten otros factores primarios que influyen en
la pobre preservacidn, como lo es el efecto
del calor a profundidades muy grandes. El
calor que se produce es transmitido al lodo, el
cual por circulacién es llevado a la superficie,
donde finalmente se disipa. Por consiguiente,
el arrastre mecdnico de las muestras, el calor
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Figura 7. (A) Sobres conteniendo fracciones de muestra 45
pum, 63pum, 180 pm y 330 pm. (B) Placa micropaleontolégica
artesanal de 4 ventanas para colocaciéon de microfésiles. (C)
Fraccidn de foraminiferos planctdnicos recuperados de tama-
fios aproximados a 100 pm.

y la composiciéon quimica de los fluidos de per-
foracién empleados durante la exploracion del
pozo (Fig. 2), evidentemente son factores que
no favorecen una buena preservacion de las
testas de foraminiferos.

Aunque la preservacion realmente varia de
regular a pobre (Figs. 7c y 9), es evidente el
potencial que estas muestras consideradas en
ocasiones desperdicio pueden tener en dife-
rentes dambitos. Sin embargo, en algunos casos
hay microfésiles cuyo tamafio o preservacion
sugiere una observacion mas detallada en el
SEM. En el caso de algunos ejemplares ana-
lizados no se pudieron obtener micrografias

Muestra Muestra
Intervalo . 0 . p Intervalo . 0 . ;
tamizada 0% Litologias tamizada % Litologias
(MD) (MD)
(330 um) (330 um)
w3 -
e
Marga: Café rojizo, café oscuro,
100
gris, moderadamente dura.
Marga: Café rojizo, moderada-
6500 - 6505 100 6605 - 6610 Caliza: Blanco crema, gris claro,
mente dura.
con microfracturas rellenas de
TRZ
materia orgdnica.
Marga: Café rojizo, café oscuro,
90
gris, moderadamente dura.
Marga: Café rojizo, moderada-
6505 - 6510 100 6615 - 6620 Caliza: Blanco crema, gris claro,
mente dura.
con microfracturas rellenas de
10
materia orgdnica.
Marga: Café rojizo, café obscu-
Muestra muy contaminada por 80
ro, gris, moderadamente dura.
fragmentos de cemento.
6519 - 6520 6625 - 6630 Caliza: Blanco crema, gris claro,
Marga: Café rojizo con micro-
con microfracturas rellenas de
fracturas rellenas de calcita. 20
materia orgdnica.
Marga: Café rojizo, café obscu-
Marga: Café rojizo, moderada-
60 ro, gris, moderadamente dura.
80 mente dura.
6525 - 6530 6640 — 6645 Caliza: Blanco crema, gris claro,
20 Caliza: Blanco crema con
40 con microfracturas rellenas de
microfracturas.
materia orgdnica.
Marga: Café rojizo, café obscu-
Marga: Café rojizo, café obscu-
100 90 ro, gris, moderadamente dura.
ro, moderadamente dura.
6538 — 6540 6665 - 6670 Caliza: Blanco crema, gris claro,
Caliza: Blanco crema, con
TRZ* 10 con microfracturas rellenas de
microfracturas.
materia organica.

Figura 8. De la zona 6500 m a la zona 6990 m de profundidad, estando divididas en subintervalos tomados cada 5-10 m.
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Intervalo IS
(MD)

tamizada %
6705 - 6710 2

Litologias

Marga: Café rojizo, café obscu-
100 | ro, gris, moderadamente dura.
Caliza: Blanco crema, gris

ESP | claro, con microfracturas relle-

nas de materia orgénica.

Muestra

Intervalo tamizada %

(MD) Litologias

Caliza: Gris obscuro, café claro,
90
gris claro y blanco cremoso.
6800 - 6805
Bentonita: Blanca y gris
10
cremoso.

Marga: Café rojizo, café obscu-

ro, gris, moderadamente dura.

70 Caliza: Café claro, café obscuro,
gris obscuro de aspecto arcilloso.
6825 - 6830 20 Caliza: Gris claro, con microfrac-
turas rellenas de calcita.

10 Bentonita: Blanca y gris cremoso.

Marga: Café rojizo, café obscu-

80 ro, gris, moderadamente dura.

Caliza: Blanco crema, gris
20 claro, con microfracturas relle-

nas de materia orgdnica.

-~
6765 - 6770 .

Caliza: Gris claro, gris obscuro,
café obscuro blanco crema, algu-

nos fragmentos café obscuro de

6835- 6840 100

aspecto arcilloso, algunos frag-
mentos gris claro se encuentran

parcialmente dolomitizados.

Marga: Café rojizo, café obscu-

ro, gris, moderadamente dura.
60

Caliza: Blanco crema, gris
40
claro, con microfracturas relle-

nas de materia orgdnica.

Caliza: Gris claro, gris obscuro,
80
café obscuro y blanco crema.
6845 - 6850
Dolomia: Gris claro,
20
microcristalina..

)
6775-6780 1
A %
Lo

6795 - 6800

Caliza: Gris obscuro, café claro,
90

gris claro y blanco cremoso.

Bentonita: Blanca y gris
10
verdoso.

FALA
S i
o ‘
6715 - 6720 -
A
’

Caliza dolomitizada: Café claro
50 y gris claro.

Caliza arcillosa: Café obscuro y
6895 - 6900 40 gris obscuro, con inclusiones de
materia orgdnica.

10 Dolomia: Gris claro,
microcristalina.

Figura 9. Subintervalos puntuales y cambios litoldgicos representativos para la columna estudiada en orden creciente de pro-

fundidad de los 6500 a los 6670 metros.

con mayor resolucién debido a causas ajenas a
la metodologia de extraccién, como fueron al-
teraciones durante el transporte al laboratorio
y al montaje de los ejemplares individuales de
foraminiferos en el portaobjetos para observa-
cioén en el SEM.

Aun cuando el estudio de foraminiferos en
roca disgregada no es la fuente principal para
obtener informacion de las formaciones per-
foradas del periodo Mesozoico, ni son mayo-
ritariamente utiles en pozos productivos, o en
la prospecciéon geoldgica en el caso de pozos
exploratorios, los resultados de este trabajo
hacen evidente que la informacién de estos
lodos es escasa o inexistente, y que hay una
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gran cantidad de informacién paleontoldgica
potencial que se puede aprovechar técnica y
cientificamente. Aunque pueda parecer obvio,
el andlisis de recortes o muestras de canal es
una actividad colateral a la perforacién de
pozo que brinda muestras frescas, numerosas
y sin costo alguno, a diferencia de hace varias
décadas, cuando el proceso de eliminacién de
lodo se realizaba cada 5 pies extrayendo el con-
tenido de la cubeta (tubo con una valvula en la
parte inferior), y vaciando los detritos agrega-
dos por el mismo proceso de perforacion (Ala-
fita-Méndez et al., 1988). Aunque no sea viable
la paleontologia sistematica de cada ejemplar,
aun asi es posible obtener informacién util
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100 pm* EHT = 15.00 KV Detector = NTS BSD Mag= 164X

20 pm* EHT =15.00 kV
WD = 55mm Vacuum Mode = Variable Pressure Spot Size = 500

Detector = NTS BSD Mag= 223X
WD = 45mm  Vacuum Mode = Variable Pressure Spot Size =500

10 pm* EHT = 15.00 kV Detector = NTS BSD

Mag = 350 X 10 pm* EHT = 15.00 kV/
WD = 4.0 mm Vacuum Mode = Variable Pressure Spot Size = 500

Detector = NTS BSD Mag= 700X
WD= 45mm  Vacuum Mode = Variable Pressure Spot Size = 500

Figura 10. Micrografias SEM para la visualizacién de foraminiferos plancténicos derivados de las muestras de canal procesa-
das. (A) Foraminifero individual donde se observa el perimetro sin alterar de la testa (linea punteada) en contraste con la regién
central visiblemente alterada (2). (B) Foraminifero subesférico que muestra pequefias diferencias en la textura superficial de la
testa. (C) Foraminifero que muestra un area expuesta o “descarapelada” en el centro (region 2). (D) Aproximacion visual al forami-
nifero que ilustra los huecos irregulares de la superficie de la testa del foraminifero en C.

con aplicacion estratigrafica, especialmente
porque la informacién existente publicada en
materia de foraminiferos para la region sures-
te de México es muy limitada (Salvador, 1991;
Padilla y Sanchez, 2007). Una gran ventaja
hasta ahora viene dada por la gran abundan-
cia de microfésiles que se obtienen en cada
uno de los intervalos de extracciéon o metros
desarrollados (MD). La otra gran ventaja es
que son muestras que se utilicen o no, siem-
pre van a estar disponibles sin costo alguno.
Por esta razon esta metodologia tiene un gran
potencial ya que la utilizaciéon de diferentes
compuestos quimicos para extracciéon podria
mejorarse para evitar el dafio superficial de las
testas de foraminiferos.

Por otra parte, a nivel de docencia y debido
a la gratuidad y abundancia de estas mues-
tras representan una gran oportunidad para
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desarrollar las habilidades de manipulacién
de los estudiantes, asi como sus habilidades
de innovacién y observacién. Es decir, son
muestras de entrenamiento que se pueden
desperdiciar mientras los estudiantes apren-
den las técnicas de extraccién y trabajan con
muestras frescas y reales, sin perjudicar en
nada el costo o cualquier informacién paleon-
toldgica relevante. De hecho, se han realizado
varios trabajos de investigacion paleobioldgi-
ca utilizando esta técnica como identificacion
preliminar de foraminiferos (Coronado Diaz,
2018; Coérdoba Merino, 2018; Morales-Juarez,
2019; Guadiana Padilla, 2021; Coronado Diaz,
2022), la cual se ha logrado corroborar como
una buena aproximacién bioestratigrafica
(Méndez-Berlanga, 2022). Adicionalmente, la
metodologia empleada durante la secuencia
de exploraciéon de pozos puede ser contrastada
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y/o complementaria con otras metodologias
comunmente empleadas (Fertl et al., 1983;
Cordes et al., 2016). Finalmente, el uso de estas
muestras también abre una oportunidad para
el ensayo y error de nuevos compuestos quimi-
cos de extraccidn y variantes en cada paso me-
todolégico, por ejemplo, durante el lavado de
lodo. También esta la posibilidad de que even-
tualmente pudieran innovar y hasta proponer
nuevas metodologias menos contaminantes
que pudieran, con el tiempo, exportarse al pro-
ceso de barrenacion de pozos petroleros. Pre-
cisamente, por la transicidn a energias verdes,
tendrd que innovarse en nuevas tecnologias,
especialmente en la industria petrolera, que
sean compatibles con una aproximacion inte-
gral que disminuya o ralentice el cambio cli-
matico (de Garidel et al., 2022).

6. Conclusiones

Consideramos que la informaciéon mas va-
liosa radica en el registro de los cambios de
litologia observados en las muestras mas re-
cientes, la cuales se podrian correlacionar
a diferentes tipos de testas de foraminiferos
con mayor o menor resistencia. Debido a que
las muestras tienen una gran trazabilidad en
cuanto a su profundidad es posible establecer
estimaciones cualitativas en cuanto a la diver-
sidad aparente de los microfosiles extraidos y
en cuanto al numero de ejemplares extraibles
en cada intervalo de extraccién.

Es un método relativamente rapido, sin
costo real porque el desperdicio de la explo-
racién ingenieril viene a ser un tesoro por
explorar a nivel paleobioldgico. La mayor
ventaja es que son muestras practicamente
gratuitas cuya caracterizacidén ha sido subes-
timada como fuente de informacion bioestra-
tigréfica, pero cuyo uso en docencia y labo-
ratorio puede aportar nuevos conocimientos
y habilidades para complementar los cursos
de micropaleontologia. Incluso estas mues-
tras tan numerosas podrian servir como mate-
rial de entrenamiento para ensayar diferentes
tipos de compuestos organicos para extraccion
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de microfosiles, pues las metodologias siem-
pre son objetivo de optimizacidén y siempre
hay un hueco de informaciéon metodolédgica
que no ha sido abordado en estas muestras
tan abundantes. La informacion contenida en
dichos recortes puede ser comparada, coteja-
da y correlacionada con la obtenida de otros
pozos del mismo intervalo bioestratigrafico.
Aunque los foraminiferos derivados de estas
muestras no son utilizados como archivos pa-
leontoldgicos y bioestratigraficos, aun queda
por explorar su relevancia paleoceanografica
y paleoecoldgica en proyectos multidisciplina-
rios. Los resultados pueden ser especialmente
confiables al analizarse de manera conjunta
con los registros geofisicos de pozos.
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