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We describe a water fern spore assemblage from the Maastrichtian La Colonia Formation, Chubut Province, Pat-
agonia, Argentina. The assemblage includes three species of Azolla (A. andreisii sp. nov., A. coloniensis, and A. sp. 1),
two species of Azollopsis (A. intermedia and A. tomentosa), Crybelosporites pannuceus, Gabonisporis cristata,
Ghoshispora sp., Grapnelispora loncochensis, two species of Molaspora (M. lobata and M. reticulata), and Paleoazolla
patagonica. A. tomentosa, A. intermedia, G. cristata, and M. reticulata are recorded for the first time in the Southern
Hemisphere. Ghoshispora sp. constitutes the southernmost record of the genus and its first mention for Argentina.

ﬁiﬁ%@f&,ry In addition, the genus Azollopsis is emended to include megaspore apparatuses with more than one megaspore.
Late Cretaceous This water fern spore assemblage is one of the most diverse so far known for South America and substantiates the
Megaspore significant radiation that aquatic ferns underwent worldwide at the end-Cretaceous. Furthermore, it also implies
Microspore that the presence of widespread suitable paleoenvironments allowed the establishment and rapid evolution of
Patagonia these plant communities in Patagonia.

Salviniales © 2021 Elsevier B.V. All rights reserved.
1. Introduction 1997; Clneo et al., 2013; De Benedetti et al., 2018, 2020, Hermsen

Heterosporous water ferns are a monophyletic group that includes
two families, Marsileaceae Mirbel and Salviniaceae Martinov, within
the order Salviniales Link (Smith et al.,, 2006; PPG I, 2016). Marsileaceae
encompasses the extant genera Marsilea L., Regnellidium Lindm., and
Pilularia L. whereas Salviniaceae comprises two extant genera, Azolla
Lam. and Salvinia Ség. (Tryon and Lugardon, 1991; Nagalingum et al.,
2006; Smith et al., 2006).

The fossil record of Salviniales extends from the Late Jurassic or ear-
liest Cretaceous to the present (Collinson, 1991, 2001; Yamada and
Kato, 2002) and includes macro- and microfossils, although it is better
known from dispersed megaspores and microspores (Kovach and
Batten, 1989; Batten and Kovach, 1990; Collinson et al., 2013; De
Benedetti et al., 2020). Based mainly on the Northern Hemisphere re-
cord, it seems that this monophyletic clade evolved during the Mesozoic
and diversified in the Late Cretaceous at the same time as the flowering
plants (Hall, 1974; Collinson, 1991; Lupia et al., 2000; Collinson et al.,
2013; Estrada-Ruiz et al., 2018; Hermsen, 2019). In spite of that, the
growing fossil record of Salviniales from the Cretaceous and Paleocene
of southern Argentina (Patagonia), proves that the group was also
well-represented in the Southern Hemisphere (Baldoni and Batten,
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et al,, 2013, 2019; Puebla et al., 2014; Santamarina et al., 2018; Vallati
et al., 2017; Villar de Seoane and Archangelsky, 2008, 2013).

In this contribution, we describe an exquisitely preserved and di-
verse water fern spore assemblage from the Maastrichtian La Colonia
Formation, Chubut Province, Patagonia, Argentina (Fig. 1). The assem-
blage comprises previously described species reported in Ciineo et al.
(2013), Hermsen et al. (2013), and De Benedetti et al. (2018, 2020), as
well as a new species and new records for Argentina and the Southern
Hemisphere. The past diversity of these Southern South American
water ferns is assessed in the context of aquatic and semiaquatic
paleoenvironments developed in Patagonia during Late Cretaceous
times.

2. Materials and methods
2.1. Stratigraphy and paleontology

The La Colonia Formation outcrops at the central north of the Chubut
Province, Patagonia, Argentina (Fig. 1, 1). Stratigraphically, the La
Colonia Fm. overlies the fluvial deposits of the Campanian-
Maastrichtian Puntudo Chico Formation at the study area of the Mirasol
Chico Creek (Ardolino and Franchi, 1996; Anselmi et al., 2004). Overly-
ing units include brackish paludal siliciclastic facies of the Paleocene
Cerro Boror6 Formation, the Paleocene-Eocene El Buitre Formation ba-
salts, and Oligocene pyroclastic rocks of the Sarmiento Formation
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Fig. 1. 1. Map showing the studied area where the La Colonia Formation outcrops, Chubut Province, Patagonia, Argentina. 2. Sampled localities (red dots). 3. Schematic section of the La
Colonia Formation exposed at the Plesiosaurio locality with indication of the fertile samples of salvinialean spores (arrows indicate the levels with megaspores). Lithological references:
C: clay; S: silt; vf: very fine sandstone; f: fine sandstone; m: medium sandstone; c: coarse sandstone; vc: very coarse sandstone. 4. Outcrops of the studied area at the Plesiosaurio locality. 5.
Typical gray mudstones of the La Colonia Formation. 6. Outcrop photo showing the Puntudo Chico - La Colonia formations boundary at the Chiva Muerta locality. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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(Ardolino and Franchi, 1996; Anselmi et al., 2004; Sacomani et al.,
2007). Biostratigraphic estimates (Malumian et al., 1991; Ardolino and
Franchi, 1996; Page et al., 1999; Nafiez and Malumian, 2008; Guler
et al, 2014) and recent paleomagnetic analyses (W. Clyde pers.
comm.) support a Maastrichtian to Danian age for the La Colonia de-
posits. All the studied samples in which megaspores were found are
presumed to be of Maastrichtian age.

The La Colonia Fm. sections measured at the Mirasol Chico Creek
area reaches (Fig. 1, 2) ~130 m thick. The lower part is characterized
by a basal transgressive conglomerate followed by shoreface deposits
of 5 to 10 m thick in the proximity of the Cerro Buitre area (Clineo
et al., 2014). Most of the La Colonia deposits consists of thick, clayey
or silty beds (massive, laminated, or heterolithic) with sporadic fine-
grained sand beds deposited in freshwater coastal environments and la-
goons associated with coastal sand bars (Ctineo et al., 2013, 2014; Fig. 1,
3-5). At the Plesiosaurio locality section, the contact between the La
Colonia and Cerro Bororé formations occurs at the 108 m level and is
marked by a distinct red bed at the top of the La Colonia Fm. (Fig. 1,
4). However, the typical shoreface facies of the basal part of the La
Colonia Formation and the contact with the underlying Puntudo Chico
are not exposed. The contact between the Puntudo Chico and La Colonia
formations are well exposed at the Chiva Muerta locality (Fig. 1, 6).

The La Colonia Fm. is characterized by its highly diverse and rich
biota that comprises vertebrates (such as dinosaurs, plesiosaurs, turtles,
mammals, birds, marine and freshwater fishes), invertebrates
(e.g., bivalves, ostracods and foraminifera), and plants (including angio-
sperms, gymnosperms, and pteridophytes, and freshwater green algae).
The presence of the freshwater green algae (Botryococcus Kiitzing,
Pediastrum Meyen, and Zygnemataceae) together with water ferns
and a species of the free-floating Araceae clade and Nelumbo Adamson
indicates the occurrence of wetland (fresh water) communities at the
time of deposition (Gandolfo et al., 2014; Clneo et al., 2014; De
Benedetti et al., 2018 and cites therein).

2.2. Fossil specimen sampling, preparation and curation

The studied specimens were obtained from samples collected at five
localities: Cafiadén del Irupé (CI), Quebrada del Helecho (QH), Cerro
Bosta (CBO), Plesiosaurio (LCP), and Chiva Muerta (CHM) (Fig. 1,
1-2). At CI and QH, several palynological samples were collected from
the level that yields the aquatic megafossil plants described in Ctineo
et al. (2014). At CBO, 41 samples were collected along a 90 m section
whereas 22 palynological samples were collected along a 108 m section
at LCP. At CHM, 6 samples were collected from the lower 30 m of the for-
mation, located above the continental sediments of the Puntudo Chico
Fm. Stratigraphic sections of these localities have been previously illus-
trated in Clineo et al. (2014) and De Benedetti et al. (2020). Here we il-
lustrate the LCP locality section because it is the most comprehensive
and where a new Azolla species was found (Fig. 1, 3-5).

The samples were processed using standard palynological tech-
niques; residues were filtered with 150 um sieves to separate mega-
spores, and 10 pm sieves for microspores. For light microscopy (LM)
observations, the specimens were mounted on slides with glycerin
jelly. For scanning electron microscopy (SEM) observations, the speci-
mens were mounted directly on stubs using double-sided tape. Longitu-
dinal and transverse sections were made using a razor blade. LM
observations were made with a Nikon Eclipse 80i microscope coupled
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with a Nikon DS-L4 camera (Nikon Corp., Minato, Tokyo, Japan) at the
Museo Paleontolégico Egidio Feruglio (MEF), Chubut, Argentina. SEM
observations were made with a Philips XL30 TMP SEM (Philips,
Amsterdam, North Holland, Netherlands) at the Museo Argentino de
Ciencias Naturales Bernardino Rivadavia, Buenos Aires, Argentina; a
JEOL JSM-6460 SEM (Jeol Ltd., Akishima, Tokyo, Japan) at Aluar S. A.,
Puerto Madryn, Chubut Province, Argentina, and a desktop Phenom XL
SEM (Phenom-Worl B. V., Eindhoven, The Netherlands) at the L.H. Bai-
ley Hortorium, Cornell University, Ithaca, New York, U.S. All images
were edited using Adobe Photoshop CS6 (Adobe, San José, California,
USA). Slides and SEM stubs containing the spores are housed at the pal-
ynological collection of the Museo Paleontolégico Egidio Feruglio (MEF;
repository acronyms MPEF-PA), Trelew, Chubut, Argentina.

2.3. Terminology

In this study, we applied the term “perine” for the outermost
distinctlayer/s of the spore wall outside of the continuous exine as
used by Collinson et al. (2013) and Schneider and Pryer (2002) for
salviniaceous and marsileaceous spores. We used the term
“acrolamella” for the proximal extension of the perine of all the modern
and fossil genera related to the heterosporous water ferns, except for
Azolla, for which the term “columella” is widely accepted by most of
the authors (Fowler and Stennett-Willson, 1978; Van der Burgh et al.,
2013; De Benedetti et al., 2018; among others). Terminology for Azolla
megaspores follows Fowler and Stennett-Willson (1978). The term
“infrafilosum” is used for referring the perinal hairs that originate
below the collar region on the megaspore surface. The term
“suprafilosum” has been applied for the proximal “superstructure of
hairs” arising from the collar region and columella (e.g., Fowler and
Stennett-Willson, 1978), but also occasionally for the perinal hairs
that develop from the surface of the floats (e.g., Batten and Collinson,
2001; Van der Burgh et al.,, 2013; De Benedetti et al., 2018; among
others). We used the term “apical mat” to differentiate the part of the
suprafilosum that protrudes apically between the floats and covers
them to a greater or lesser extent.

3. Results

A list of all samples in which the spores were recorded (with the ac-
ronyms and GPS data) is provided as supplementary material (Appen-
dix). The identified species are described alphabetically within each
family, and the species with uncertain family placement are at the end.

Order: SALVINIALES Link, 1833

Family: MARSILEACEAE Mirbel, 1802

Genus: Crybelosporites Dettmann, 1963

Type species: Crybelosporites striatus (Cookson and Dettmann, 1958)
Dettmann, 1963

Crybelosporites pannuceus (Brenner, 1963) Srivastava, 1977

Plate [, 1-6

Description: Microspore spheroidal, with a trilete mark about three-
quarter of the spore radius and obscured by an acrolamella (sometimes
apparently absent). Microspore wall 5-8 um thick composed of an inner
exine and an outer perine. Exine 1.0-2.0 um thick, psilate. Perine two-
layered; inner perine 0.5-1.0 um thick, granular; outer perine 3-6 pm
thick, strongly rugulate-reticulate, with anastomosed folds forming ir-
regular lumina of 2.3-5.5 ym diameter.

Plate L. 1-6. Crybelosporites pannuceus. 1-4. Specimens with robust folds. 1. Specimen at SEM in lateral view. 2. Specimen at SEM in proximal view, the acrolamella has been lost revealing
the trilete mark. 3,4. Specimens at LM. 5,6. Specimens with thinner folds. 1. MPEF-PA 150. 2. MPEF-PA 151. 3. MPEF-PA 752. 4. MPEF-PA 753. 5,6. MPEF-PA 149. 7-13. Gabonisporis cristata.
7.Specimen at SEM. 8. Detail of 7. Note the microreticulate flared outer-edge of the goblet-shaped elements. 9. Transversal section showing the goblet-shaped elements. 10-13. Specimens
at LM (10 and 11: same specimen at different optical view). 7,8. MPEF-PA 149. 9. MPEF-PA 171. 10,11. MPEF-PA 581. 12. MPEF-PA 580. 13. MPEF-PA 752. 14,16,17. Molaspora lobata. 14.
Specimen at SEM. 16. Detail of the baculate surface. 17. Transversal section showing the megaspore wall. 14. MPEF-PA 210; 16. MPEF-PA 105; 17. MPEF-PA 101. 15,18,19. Molaspora
reticulata. 15. Specimen at SEM. 18. Transversal section showing the megaspore wall. 19. Detail of the reticulate surface. 15,19. MPEF-PA 208. 18. MPEF-PA 207. Scale bars: 1-7,10-13

=10um; 8 =3 um; 9 = 2 um; 14 = 100 pm; 15 = 40 um; 16-19 = 5 um.
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Dimensions: Equatorial diameter 26 (43) 71 um; length of
acrolamella 4-11 pm; width of acrolamella 9-22 um (64 specimens
measured).

Studied material: MPEF-PA 149-151, 450-454, 581, 582, 585, 587,
614, 621-625, 751-753, and 781.

Remarks and comparisons: There are some morphological variations
in the specimens recorded in the La Colonia. Most of them have a
well-developed acrolamella and a strongly rugulate surface with robust
folds (Plate I, 1-4), while others apparently lack of an acrolamella and
have thinner folds forming a more reticulate sculpture (Plate I, 5, 6).
The specimens described here have a wider size range (26-71 um diam-
eter) than that given in the species diagnosis (36-59 pm diameter) by
Brenner (1963).

Previous record: C. pannuceus has been widely recorded worldwide
exclusively in Cretaceous deposits (Brenner, 1963, 1968; Herngreen,
1973; Kotova, 1978; Salard-Cheboldaeff, 1990; Lupia et al., 2000;
Ibrahim et al., 2001; Villanueva-Amadoz et al., 2011; Ctneo et al.,
2013, 2014; Hermsen et al., 2013; Puebla et al., 2014; Li et al., 2019;
among others).

Genus: Gabonisporis Boltenhagen, 1967 emend. Srivastava, 1972

Type species: Gabonisporis vigourouxii Boltenhagen, 1967

Gabonisporis cristata (Stanley, 1965) Sweet, 1986

Plate I, 7-13

Description: Microspore spheroidal, with a trilete mark reaching the
equator. Microspore wall 4-8 um thick composed of an inner exine and
an outer perine. Exine 1.0-1.5 um thick, psilate. Perine 3-7 um thick
composed of elongated goblet-shaped elements, 1.5-3.0 um in diameter
on surface and 0.5-0.6 pm in diameter at bases. Goblet-shaped elements
with flared outer edge somewhat upturned, lobed, 1.0-1.2 um wide,
microreticulate, lumina ~0.2-1.0 wide, muri ~0.2-0.5 pm wide.

Dimensions: Equatorial diameter 26 (42) 66 um (26 specimens
measured).

Studied material: MPEF-PA 149, 171, 576, 580, 581, 585, 586,
622-624, 692, 693, 750, 751, 803, and 847.

Remarks and comparisons: The Patagonian specimens are closely
similar to those described by Srivastava (1972) as Gabonisporis
bacaricumulus from the Maastrichtian of Canada, later considered a syn-
onym of G. cristata by Sweet (1986). The La Colonia specimens are char-
acterized by having a microreticulate surface on the outer-rim of the
goblet-shaped elements, which is punctate in the Canadian specimens
(Srivastava, 1972). The specimens described here have a wider size
range (26-66 um diameter) than that given in the species diagnosis
(40-55 pm diameter) by Stanley (1965) and Srivastava (1972).

This is the first report of G. cristata for South America and the South-
ern Hemisphere.

Previous record: G. cristata has been widely recorded in Campanian to
Eocene deposits in the Northern Hemisphere (Rouse, 1962; Stanley,
1965; Srivastava, 1972; Sweet, 1986; Yi and Batten, 2002; Rai and
Sharma, 2004; Mahmoud and Schrank, 2007; Samant et al., 2008;
Aulenback, 2009; Srivastava and Braman, 2013; Braman, 2018; Peyrot
et al., 2019; among others).

Genus: Molaspora Schemel, 1950 emend. Hall, 1963

Type species: Molaspora lobata (Dijkstra, 1949) Hall, in Hall and
Peake, 1968.

Molaspora lobata (Dijkstra, 1949) Hall, in Hall and Peake, 1968.

Plate I, 14, 16, 17.
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Description: Megaspore subspherical, with a prominent acrolamella
composed of five to seven small, leaf-like lobes which are usually
twisted to form a short cone. Megaspore wall 15-21 pm thick composed
of an inner exine and an outer perine. Exine 2.0-3.0 um thick, psilate.
Perine two-layered; inner perine 1.0-1.5 um thick, granular; outer
perine 13-18 pm thick, alveolate grading into hollow baculate-
papillate to clavate elements.

Dimensions: Maximum diameter of megaspore 315 (390) 520 pum
(14 specimens measured); length of acrolamella 53 (88) 144 pm,
width of acrolamella 100 (130) 162 pm (6 specimens measured).

Studied material: MPEF-PA 87, 101, 105, 210, and 211.

Previous record: M. lobata has been widely recorded in Cretaceous
deposits worldwide (Hall, 1963; Hall and Peake, 1968; Batten, 1987;
Lupia et al., 2000; Takahashi et al., 2001; Batten et al., 2011a, 2011b;
Lupia, 2011; Caneo et al., 2013; Vallati et al., 2017; Zavialova and
Batten, 2018; among others).

Molaspora reticulata Campbell and Untergasser, 1972

Plate [, 15, 18, 19

Description: Megaspore subspherical, with a prominent acrolamella
composed of five to seven small, leaf-like lobes which are usually
twisted to form a short cone. Megaspore wall 15-21 um thick, com-
posed of an inner exine and an outer perine. Exine psilate, 2.5-3.0 um
thick. Perine two-layered; inner perine granular, 1.0-1.5 pm thick;
outer perine 8.5-14.0 pm thick, alveolate and grading into delicate
membranes that forms a perfect reticulum with lumina of 2.5-9.0 pm
diameter.

Dimensions: Maximum diameter of megaspore 163 (222) 274 um (5
specimens measured); length of acrolamella 43 (70) 91 um, width of
acrolamella 56 (94) 138 um (4 specimens measured).

Studied material: MPEF-PA 106, 206, 207, and 208.

Remarks and comparisons: M. reticulata was first described from the
Campanian-Maastrichtian of Canada (Campbell and Untergasser,
1972). The Canadian specimens differ in the larger size (244-398 um di-
ameter), the thicker perine (up to 33 um thick), and the reticulum with
slightly wider lumina (10-15 pm diameter). This constitutes the first re-
port of M. reticulata for South America and the Southern Hemisphere.

Previous record: Late Cretaceous of North America (Campbell and
Untergasser, 1972; Aulenback, 2009; Kutluk and Hills, 2015).

Family: SALVINIACEAE Martinov, 1820

Genus: Azolla Lamarck, 1783

Type species: Azolla filiculoides Lamarck, 1783

Azolla andreisii De Benedetti and Zamaloa sp. nov.

Plate II, 1-9

Etymology: The specific epithet honors the late Dr. Renato R. Andreis,
prominent Argentine geologist, who was the first to describe the strati-
graphic section at the Plesiosaurio locality.

Type locality: Plesiosaurio locality, La Colonia Formation, Chubut
Province, Argentina.

Other localities: Cerro Bosta locality, La Colonia Fm., Chubut Province,
Argentina.

Holotype: MPEF-PA 207 (Plate I, 1).

Paratypes: MPEF-PA 204, 207 (Plate II, 2-6).

Repository: Palynological Collection at the Museo Paleontolégico
Egidio Feruglio (MPEF-PA), Trelew, Chubut Province, Argentina.

Stratigraphic horizon: La Colonia Formation, Late Cretaceous
(Maastrichtian).

Plate II. 1-9. Azolla andreisii n. sp. 1. Megaspore apparatus with five poorly defined levels of floats (holotype). 2. Specimen with rhombic floats of regular size, most of them with a central
invagination. 3. Fragmented specimen. 4. Specimen sectioned at the megaspore level. 5,6. Longitudinal sections. Note the thickness of the exine relative to the perine in 6 (arrow). 7. Detail
of an invaginated float showing the outer (top) and inner (bottom) surface. Note the rugulate outer surface at the upper part, and the perinal hairs arising from the inner surface at the
lower part (detail of 3). 8. Float with rugulate surface and fused wrinkles defining a concentric wavy pattern (detail of 3). 9. Close up of megaspore wall. Note the smooth inner surface of
the exine (detail of 4). 1-4,7-9. MPEF-PA 207. 5,6. MPEF-PA 204. 10-13. Azolla sp. 1. 10,11. Specimens at SEM. Note the anchor-shaped glochidia with broad stalk. 12,13. Same specimen at
LM in different optical view. Note the four trilete microspores (white arrow) in 12, and the septate glochidia (black arrows) in 12 and 13. 10,11. MPEF-PA 165. 12,13. MPEF-PA 929. 14-17.
Azollopsis intermedia. 14-16. Megaspore apparatus with numerous circular floats enmeshed in perinal hairs and covering the entire surface. Note the two megaspore cavities in 16
(arrows). 17. Specimen longitudinally sectioned showing two megaspores (arrows). 14-16 MPEF-PA 104. 17 MPEF-PA 204. Scale bars: 1-6,14-17 = 100 um; 7-9,10-13 = 10 um.



Table 1
Main characteristics of the megaspore apparatus of Azolla multifloated species.
Azolla Total Filosum Megaspore surface Collar ~ Apical  Float number/ Float size/Morphology Float surface Age/Distribution Bibliography
species length mat distribution
Azolla 588-700  Scarce on floats, Obscured by hairs Absent Absent >20/three to 87-155 pum / rhombic, Rough or wrinkled =~ Maastrichtian / Chubut, This paper
andreisii pum dense on five irregular subrectangular, polygonal Argentina
megaspore tiers or irregular
Azolla anglica 446-599  Dense on floats, Foveolate/reticulate Absent Present 24/ three tiers  ? Obscured by hairs ~ Upper Paleocene / Kent, (Martin, 1976a); Collinson et al. (2013)
pum scarce on United Kingdom
megaspore
Azolla arctica 350-400  Dense on floats Rugulate, perforate Present Present 15-18/three ? / discoidal to spherical ~ Obscured by hairs Eocene / Canada, near Arctic ~ Collinson et al. (2009, 2013)
um and megaspore tiers Ocean; Norwegian, Greenland
Sea
Azolla 346-595  Dense on floats, Foveolate (occasionally Absent Present 18 (24) 27/ 85-212 pm / rhombic, Obscured by hairs Paleocene -?Eocene / Sweet and Hills (1976)
areolata um scarce on with exoperinal three tiers subrectangular to Northwest Territories, Canada
megaspore prolongations) polygonal
Azolla 399-608  Scarce on floats Foveolate Absent Absent Numerous /two ?/spherical to polygonal Smooth Maastrichtian / Alberta, Snead (1969); Hall and Bergad (1971)
barbata um and megaspore or more Canada; Montana-North
irregular tiers Dakota, USA
Azolla 380-400  Scarce on floats Reticulate Absent Absent 30/ three tiers 10-25 um / circular to Smooth Maastrichtian / Bolivia Vajda and McLoughlin (2005)
boliviensis  pm and megaspore or spirals subcircular
Azolla 385-555  Dense on floats, Irregularly reticulate Absent Present 21(24)27 /three 95-180 um / rhombic, Obscured by hairs Paleocene / Alberta, Canada Snead (1969); Sweet and Hills (1976)
bulbosa pum scarce on (with exoperinal tiers subrectangular to
megaspore prolongations) polygonal
Azolla 360-520 Dense on floats Reticulate Absent Absent 18,24, or more/ 50-150 pum /rhombic, Reticulate-perforate Maastrichtian / Chubut, De Benedetti et al. (2018); Hermsen
coloniensis  pm and megaspore three to four subrectangular, polygonal Argentina et al. (2019)
tiers to elliptical
Azolla 377-550  Scarce on floats, Rugulate Present Present 18-24/three ?/ Obscured by hairs Eocene / United Kingdom Collinson (1980)
colwellensis pm dense on tiers quadrangular-hexagonal
megaspore
Azolla 800-1000 Dense on floats  ? Absent  ? Numerous /? ? / Subrectangular Obscured by hairs ~ Santonian - Maastrichtian / Snead (1969); (Gunther and Hills, 1972)
conspicua  pm and megaspore Alberta, Canada
Azolla 470-630  Dense on floats Reticulate Absent Present Numerous /two ?/discoidal Obscured by hairs Campanian - Paleocene / Snead (1969); Jain (1971); Hall and
distincta um and megaspore tiers Alberta, Canada; South Bergad (1971);
Dakota, USA
Azolla filosa 500-525  Dense on floats ? Absent  ? Numerous /? ? Obscured by hairs Maastrichtian / Alberta, Snead (1969); (Gunther and Hills, 1972)
um and megaspore Canada
Azollalauta  560-640  Dense on floats Rugulo-reticulate Absent Present Numerous /? ? Obscured by hairs ~ Maastrichtian - Paleocene / Snead (1969); (Gunther and Hills, 1972)
pum and megaspore Alberta, Canada
Azolla 390-530 Dense on floats Rugulo-reticulate Absent Present 10-20/two Subcircular to polygonal ~ Obscured by hairs Maastrichtian - Eocene / (Hall and Swanson, 1968); Jain and Hall
montana um and megaspore tiers Montana and North Dakota, (1969); Hall (1974)
USA
Azolla nuda 310-440 Dense on floats Rugulate with small Present Present 9or18/twoor ? Obscured by hairs Eocene / Norwegian, Van der Burgh et al. (2013)
um and megaspore  papillae three tiers Greenland Sea
Azolla 330-460 Dense on floats, Foveolate-reticulate Present Absent 11-20/twoor  10-65pum/polygonalto  Obscured by hairs ~ Maastrichtian - Eocene / Arnold (1955); (Hills and Weiner,
primaeva pum scarce on more tiers irregular Alberta, Canada 1965); Collinson et al. (2017)
megaspore
Azolla 340-600  Scarce on floats Verrucate-clavate Absent Absent 15-22/three 35-140 um / subcircular, ~ Smooth to punctate Maastrichtian - Paleocene / Sweet and Chandrasekharam (1973);
schopfii pum and megaspore tiers subrectangular, Alberta, Canada; South Mclver and Basinger (1993); Batten and
subtriangular Dakota, USA Collinson (2001)
Azolla 350-640 Dense on floats Rugulo-reticulate Absent Present 15-24/twoor  105-185pm /spherical, ~ Obscured by hairs ~ Paleocene / Alberta and Jain and Hall (1969); (Melchior and Hall,
stanleyi pum and megaspore three tiers ovoid, conical, Saskatchewan, Canada; North  1983); (Hoffman and Stockey, 1994)
subrectangular Dakota, USA
Azolla 330-590 Dense on floats, Warty (with wart-like ~ Absent Absent 24/ three tiers 70-120 pm / rounded Obscured by hairs Paleocene -?Eocene / (Hills and Gopal, 1967); (Kempf, 1969);
teschiana pm scarce on excrescences) Netherland, Belgium, Batten and Collinson (2001)
megaspore Germany, United Kingdom
Azolla velus 350-570  Dense on floats Reticulate Absent Present Numerous? ? Obscured by hairs Paleocene / South Dakota and  (Martin, 1976b); Mclver and Basinger
um and megaspore Montana, USA; Saskatchewan, (1993); Batten and Collinson (2001)
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Diagnosis: Megaspore apparatus oval to elliptical, with a spherical to
subspherical megaspore and a proximal float apparatus. Megaspore sur-
face completely covered by a thick mat of intertwined hairs. Float appa-
ratus composed of more than 20 pseudovacuolate floats arranged in
three to five poorly defined tiers. Floats spherical, elliptical, quadrangu-
lar, rhombic, or irregular in shape and with a rough or wrinkled surface.
Vegetative remains and microspore massulae unknown.

Description: Megaspore apparatus oval to elliptical, composed of a
spherical to subspherical megaspore and a float apparatus situated
proximally (Plate II, 1-5). Megaspore wall composed of a homogeneous
exine of 8-12 um thick and a granular to spongy perine of 5-20 um thick
from which a dense mat of perinal hairs extends (infrafilosum) (Plate II,
4,6,9). The perinal hairs are c. 0.5-2.0 um thick and cover completely
the megaspore surface. The differentiation between endo- and
exoperine is obscure. The float apparatus is composed of more than 20
pseudovacuolate floats that are arranged in three to five poorly defined
tiers (Plate II, 1-5). The floats are of variable shape (commonly rhombic,
possibly as a consequence of preservational processes), and very vari-
able in size (87-155 um). The upper level comprises probably only
three floats, while the lower level is usually the most numerous and
with smaller floats which cover part of the megaspore body. Some spec-
imens possess only rhombic floats of regular size in all the tiers, most of
them with a central invagination (Plate II, 2). The floats have a rough
surface, sometimes with fused wrinkles defining a concentric wavy pat-
tern (Plate II, 7, 8). Additional puncta can also be present on the float
surface of some specimens. The inner surface of the floats develops nu-
merous extensions that narrow distally to form long perinal hairs
(suprafilosum) (Plate II, 7).

Dimensions: Length of megaspore apparatus 588 (657) 700 um,
width of megaspore apparatus 306 (400) 455 um (5 specimens mea-
sured); diameter of megaspore 328 um (one specimen measured); di-
ameter of floats 87 (121) 155 um (25 specimens measured).

Remarks and comparisons: Currently there are 20 multifloated Azolla
species recognized in the fossil record from the Santonian-
Maastrichtian to the Eocene, including A. andreisii. The main character-
istics of the megaspore apparatus of these species are summarized in
Table 1.

All Azolla multifloated species, including the new species A. andreisii,
have more than nine floats arranged in two or more tiers on the proxi-
mal pole of the megaspore apparatus. A. andreisii can be easily distin-
guished from A. anglica Martin, 19764, A. arctica Collinson et al., 2009,
A. areolata Sweet and Hills, 1976, A. bulbosa Snead, 1969,
A. colwellensis Collinson, 1980, A. distincta Snead, 1969, A. lauta Snead,
1969, A. montana Hall in Hall and Swanson 1968 emend. Jain and Hall,
1969, A. nuda Van der Burgh et al., 2013, A. stanleyi Jain and Hall, 1969,
and A. velus (Dijkstra, 1961) Jain and Hall, 1969 emend. Batten and
Collinson, 2001, due to the presence of an apical mat of hairs that pro-
trudes between the floats and covers them to a lesser or greater extent.
This apical mat is sometimes accompanied by a persistent apical cap
(“apical membrane” of Fowler and Stennett-Willson, 1978) attached
to the apical hairs, as occurs in A. anglica, A. arctica, A. colwellensis, and
A. nuda. In A. andreisii, perinal hairs arise from the inner surface of the
floats and become entangled with those of the central columella but
they do not protrude apically between the floats covering them. Fur-
thermore, in A. anglica, A. areolata, and A. bulbosa the filosum is scarce
on the megaspore surface that, is additionally ornamented by
exoperinal prolongations in the last two species (Collinson et al.,
2013; Martin, 1976a; Snead, 1969; Sweet and Hills, 1976). A. arctica,
A. colwellensis, and A. nuda can also be distinguished from A. andreisii
by the presence of a collar (Collinson, 1980; Collinson et al., 2009,
2013; Van der Burgh et al., 2013).

A. barbata Snead, 1969 and A. boliviensis Vajda and McLoughlin, 2005
are different from A. andreisii by having a scarce filosum over the mega-
spore surface and by the smooth subcircular to polygonal floats (Hall
and Bergad, 1971; Vajda and McLoughlin, 2005). Additionally, the floats
are very small (up to 25 um diameter) in A. boliviensis in comparison
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with those of A. andreisii (up to 155 pm diameter). Unfortunately, the
descriptions of A. conspicua Snead, 1969 and A. filosa Snead, 1969 are
meager, but they are clearly distinctive from A. andreisii by having a
dense filosum on the floats. Moreover, A. conspicua is larger
(800-1000 um) than A. andreisii (588-700 um) while A. filosa is smaller
(500-525 um).

A. primaeva (Penhallow, 1908) Arnold, 1955 emend. Collinson et al.,
2017, is doubtfully included here among the multifloated species. Ac-
cording to Collinson et al. (2017, p. 22): “If the pale patches with darker
boundaries were considered to be floats, then A. primaeva would be a
multifloated species with very variable float number and a very poorly
organized float zone.” The floats of A. primaeva are completely covered
by hairs and have a granular structure, which differs from all previously
known modern and fossil species whose floats are pseudovacuolated
(Collinson et al., 2017).

The megaspore surface of A. schopfii Dijkstra, 1961 emend. Batten
and Collinson, 2001 is practically devoid of filosum and the floats are
subcircular, subrectangular to subtriangular but never rhombic,
and their surface is smooth to punctate (Snead, 1969; Sweet and
Chandrasekharam, 1973; Mclver and Basinger, 1993; Batten and
Collinson, 2001). A. teschiana Florschiitz, 1945 emend. Batten and
Collinson, 2001 is easily distinguished from A. andreisii by the presence
of wart-like excrescences on the megaspore surface and floats mostly
covered by hairs.

Among the Patagonian species, A. coloniensis De Benedetti and
Zamaloa 2018 emend. Hermsen et al., 2019 has reticulate-perforate
floats that are usually covered by hairs and the megaspore apparatuses
are notably smaller (up to 520 um) than those of A. andreisii (up to 700
um). A. colhuehuapensis Vallati et al., 2017 is easily distinguished from
the new species as it has nine floats in two tiers. A. keuja Jud et al. in
Hermsen et al., 2019 has apparently six floats in a single tier that are ob-
scured by an apical cap and the megaspore surface possess large
excrescences.

The float surface of most multifloated Azolla species is covered by
hairs and its surface ornamentation is therefore unknown. In the few
species for which the float surface has been described it is smooth to
punctate (A. barbata, A. boliviensis, and A. schopfii) or reticulate-
perforate (A. coloniensis). The presence of strongly invaginated floats is
only known in two of the La Colonia species: A. andreisii and
A. coloniensis. All known multifloated species have floats arranged in
two or three tiers while there are up to five irregular tiers in A. andreisii.

In sum, the floats with a rough surface arranged in up to five irregu-
lar tiers, and occasionally invaginated distinguish A. andreisii from the
other known multifloated Azolla species.

Azolla coloniensis De Benedetti and Zamaloa 2018 emend. Hermsen,
Jud and Gandolfo 2019

Description: see De Benedetti et al. (2018) for a detailed description.

Studied material: MPEF-PA 80-99, 204, 209-211, 580-582, 585,
and 623.

Remarks and comparisons: A. coloniensis was initially described by De
Benedetti et al. (2018) based on mega- and microspores, and later
emended by Hermsen et al. (2019) to include sporophytes in organic
connection with the reproductive structures.

Previous record: This species is only known from the Maastrichtian of
the La Colonia Fm., Chubut Province, Argentina (De Benedetti et al.,
2018; Hermsen et al., 2019).

Azolla sp. 1

Plate II, 10-13

Description: Microspore massulae oval to irregular in outline,
pseudovacuolate in structure, and containing 3 to 4 spheroidal trilete
microspores. Microspore exine psilate, with the laesurae extending
one third the diameter of the spore. Surface of the massula faintly gran-
ulated and with numerous anchor-shaped glochidia of up to 68 um long,
and with numerous septa delimiting glochidial cells. The glochidia have
a broad stalk that narrows distally, a distal dilation and a constriction
beneath the anchor-shaped tips. The hooks are mostly recurved.
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Dimensions: Maximum length of microspore massulae 40 (73) 147
um (7 specimens measured); diameter of microspore 17 (23) 29 pm
(11 specimens measured); length of glochidium 45-68 pum, width of
glochidium 2.5-5.5 pm; length of glochidium cell 2-5 pm.

Studied material: MPEF-PA 165, 611, 623-625, 929, 956, 989,
and 993.

Remarks and comparisons: Microspore massulae of Azolla sp. 1 were
found constantly associated with the megaspores of A. andreisii. How-
ever, both spores are described separately because no massulae were
found attached to the megaspores.

Microspore massulae of A. coloniensis also have anchor-shaped
glochidia, but they are aseptate and smaller (~ 30 pm long and 1.2-1.7
um wide; De Benedetti et al., 2018). Microspore massulae similar to
Azolla sp. 1 were recorded at the Maastrichtian Lago Colhué Huapi For-
mation approximately 200 km south of the La Colonia Fm. (fig. 4.13 in
Vallati et al., 2016; ‘Azolla sp. 2’ fig. 4J-L in Vallati et al,, 2017).

Family: INCERTAE SEDIS

Genus: Azollopsis Hall, 1968 emend. De Benedetti and Zamaloa.

Type species: Azollopsis coccoides Hall, 1968 emend. Sweet and Hills,
1974

Original generic diagnosis (in Hall, 1968, p. 81): “Megaspore appara-
tus with a conspicuous, tomentose perispore and a spherical, trilete en-
dospore. Numerous float-like structures imbedded in or attached to the
hairs of the perispore. Massulae with few microspores and conspicuous
multi-hooked or barbed glochidia. Vegetative remains unknown.”

Emended generic diagnosis (in Sweet and Hills, 1974, p. 1628):
“Megaspore complexes usually composed of floats, perine, and mega-
spore. Floats usually numerous, circular, embedded in filosum, attached
by filament entanglement, and regularly distributed over entire surface
of megaspore complex. Float position reflected in perinal layers by cor-
responding subcircular indentations. Inperine extended into proximal
trifolium-like appendage. Intertrifolium areas infilled by expansion of
exoperine and filosum. Massulae usually with a few large microspores
and multibarbed or circinate glochidia. Vegetative remains unknown.”

Emended generic diagnosis (this paper): Megaspore apparatus com-
posed of floats, perine, and one or two trilete megaspores. Floats numer-
ous, circular to elliptic, embedded in filosum, attached by filament
entanglement, and regularly distributed over the entire surface of the
megaspore apparatus. Float position reflected in perinal layers by corre-
sponding subcircular indentations. Massulae usually with a few large
microspores and multibarbed or circinate glochidia. Vegetative remains
unknown.

Comments: Azollopsis is emended here to include megaspore appara-
tuses containing more than one megaspore. Furthermore, the presence
of a “trifolium-like appendage” (acrolamella) was excluded from the di-
agnosis because it is not present when the megaspore apparatus com-
prises two megaspores.

Azollopsis differs from Paleoazolla due to the presence of floats,
which, if present in Paleoazolla, they are embedded in the vacuolated
perine.

Azollopsis intermedia Sweet and Hills, 1974.

Plate I, 14-17; Plate III, 1-12.

Description: Megaspore apparatus elliptic to ovate, containing one or
two spherical trilete megaspores (Plate II, 14-17). Megaspore exine 3-6
pm thick (Plate III, 2). A dense mat of intertwined hairs and more than
200 circular to ovoid floats develop from a common spongy perine
that surrounds the megaspores. Floats attached by filament entangle-
ment and regularly distributed over the entire surface (Plate II, 14-17;
Plate III, 1). Microsporangium ovate, containing seven or more micro-
spore massulae (Plate IIl, 3, 4) which are subcircular, ovate,
subrectangular to irregular in outline, pseudovacuolate in structure
and with conspicuous circinate aseptate glochidia (Plate III, 5-7,
10-12). Numerous glochidia are commonly present in the inner surface
and the contact area between the massulae in a microsporangium,
while the outer surface is psilate to locally granular and mostly devoid
of glochidia (Plate III, 5). Massulae contain about 8-12 trilete
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microspores (Plate III, 10-12), the laesurae occupies all the diameter
of the spore (Plate III, 8). Microspore exine microgranular, 1 pm thick
(Plate 111, 9).

Dimensions: Length of megaspore apparatus 498 (615) 694 um,
width of megaspore apparatus 268 (312) 393 um (7 specimens mea-
sured); diameter of megaspore 190 (238) 282 um (4 specimens mea-
sured); diameter of floats 19 (39) 58 pm (44 floats measured); thick
of perinal hairs 0.5-2.0 um; length of microsporangia groups 346
(416) 507 um (3 specimens measured); maximum length of microspo-
rangium 164 (234) 356 um (14 specimens measured); maximum
length of microspore massulae 67 (140) 192 um (21 specimens mea-
sured); diameter of microspore 22 (29) 38 pm (39 specimens mea-
sured); length of glochidium 6-116 um, width of glochidium
0.5-3.5 um.

Studied material: MPEF-PA 104, 204, 206, 306, 311, 312, 317,
and 612.

Remarks and comparisons: Megaspores of A. intermedia were found
always in association with their microspore massulae but not attached.
According to Sweet and Hills (1974) there are more than 256 floats and
1 to 7 microspores per massulae in A. intermedia. In the La Colonia spec-
imens, the number of floats could not be exactly determined but they
are definitely more than 200, and there are about 8-12 microspores
per massulae. The megaspore apparatuses of A. intermedia in the Pata-
gonian populations are closely similar to those described for the Late
Cretaceous of North America; the major difference is the presence of
two megaspores in some Patagonian megasporangia. The development
of two megaspores per megasporangium is characteristic of Paleoazolla
patagonica. In this way, there is a notable similarity between the mega-
spore apparatus of Azollopsis intermedia and P. patagonica, which mainly
differ on the presence of well-developed floats in the former while in
Paleoazolla, when floats are present, they are embedded in the outer
perine.

This constitutes the first record of A. intermedia megaspores for
South America and the Southern Hemisphere.

Previous record: A. intermedia was first described from the Late Creta-
ceous of North America (Sweet and Hills, 1974; Speelman and Hills,
1980). Isolated megaspores were also reported from the Coniacian-
Campanian of Hungary (Rakosi and Barbacka, 2000), while dispersed
microspore massulae were reported from the Paleocene of Argentina
(Volkheimer et al., 2007; Scafati et al., 2009).

Azollopsis tomentosa Hall, 1968

Plate III, 13-17

Description: Megaspore apparatus subspheroidal to ovate containing
one spherical megaspore covered by a dense mat of intertwined hairs
and numerous circular to ovoid floats (Plate III, 13, 14). Floats attached
by filament entanglement and regularly distributed over the entire sur-
face (Plate III, 15). Microspore massulae subcircular to ovate in outline
with conspicuous septate multibarbed glochidia and containing few
large microspores (Plate III, 16, 17). Glochidia with opposite or alternate
barbs and double to single-barbed tips (Plate IIl, 16, 17).

Dimensions: Length of megaspore apparatus 440 pm, width of mega-
spore apparatus 318 um (one specimen measured); diameter of floats
31 (39) 44 pm (13 floats measured); thick of perinal hairs 0.5-2.0 pm.
Maximum length of microspore massulae ~200 pm (one specimen mea-
sured); diameter of microspore ~40 um (2 specimens measured); thick
of exine 1 um; length of glochidium 40-42 pum, width of glochidium
3.0-3.5 pm (thinned toward the base).

Studied material: MPEF-PA 104, 201, 651, and 693.

Remarks and comparisons: Despite the large number of megaspores
recovered from the different levels of the La Colonia Fm., only a few
specimens can be undoubtedly assigned to this species. A. tomentosa
possess 130 to 225 floats in the megaspore apparatus and 1 to 8 micro-
spores per massulae (Sweet and Hills, 1974). Although the number of
floats in the La Colonia specimens could not be determined they are
clearly numerous. The microspore massulae are rare and poorly
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preserved and the number of microspores per massulae is hard to
determine.

According to Hall, 1968 and Sweet and Hills (1974), A. tomentosa
represents an evolved species of A. coccoides, and the assignment of
megaspores to one or the other species is difficult because their charac-
ters sometimes overlap. The megaspore apparatus of A. tomentosa illus-
trated here (Plate III, 13) is very similar to that described as A. coccoides
by Sweet and Hills (pl. III, 13 in Sweet and Hills, 1974). However, the
massulae of A. coccoides are smaller, have fewer microspores, and the
glochidia are more frequently distinctly septate, oppositely barbed,
and have tips which tend to be double-barbed (Sweet and Hills, 1974,
p. 1630). In the Patagonian material (Plate III, 16, 17) the glochidia are
like those of A. tomentosa (— figs 9 and 14 in Hall, 1968) with mostly al-
ternate barbs and single-barbed tips. Sweet and Hills (1974, p. 1634)
also suggested that differences between both species could be the result
of geographical factors rather than evolutionary change.

This constitutes the first record of A. tomentosa megaspores from
South America and the Southern Hemisphere.

Previous record: A. tomentosa was originally described from the Late
Cretaceous of North America (Hall, 1968; Jain, 1971; Srivastava, 1968;
Sweet and Hills, 1974). Isolated microspore massulae of this species
were later reported from the Late Cretaceous of India (Venkatachala
and Sharma, 1974; Nandi and Chattopadhyay, 2003) and the Late Creta-
ceous and Paleocene of Argentina (Volkheimer et al., 2007; Scafati et al.,
2009; Barreda et al., 2012). Megaspores of A. tomentosa were also re-
ported from the Late Cretaceous of Hungary (Rakosi and Barbacka,
2000).

Genus: Ghoshispora Srivastava, 1967 emend. Dettmann, 1995

Type species: Ghoshispora scollardiana Srivastava, 1967 emend.
Srivastava, 1978

Ghoshispora sp.

Plate I1I, 18, 19.

Description: Megaspore with a small membranous triradiate proxi-
mal acrolamella. Spore body sculptured with ribbed processes con-
nected by muri 1 pm wide and 1-2 pm high forming a reticulum with
triangular lumina. Additional ribs within the triangular lumina are
slightly lower and connected by tinny muri forming a poorly defined
secondary microreticulate pattern. All ribs converge toward and extend
onto the basal part of the processes.

Dimensions: Total length 140 (164) 200 um (3 specimens mea-
sured); megaspore diameter 140 pm (1 specimen measured); length
of acrolamella 38 pm, width of acrolamella 100 um (1 specimen mea-
sured); length of processes 14-22 um; distance between processes
14-29 pm.

Studied material: MPEF-PA 217.

Remarks and comparisons: Ghoshispora sp. was only recorded in one
sample taken at approximately 1 km from the CBN section of the
Plesiosaurio locality. Although only a few specimens were recovered,
they have all the diagnostic features of the genus. Similar size and sculp-
ture were found in Ghoshispora bella (Kondinskaya, 1966) Srivastava,
1978 subsp. deltoidea Kutluk et al., 2011 and Ghoshispora major (Norton,
in Norton and Hall, 1967) Srivastava, 1978, which are characterized for
the ribs interconnecting the processes and forming a triangular pattern
with distinct lumina. However, in G. bella subs. deltoidea the processes
have a blunt, slightly bent tip whereas in G. major, that also has a
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secondary reticulation within the triangular lumina, the processes are
more robust. Both species (G. bella subsp. deltoidea and G. major) have
been recorded at the Late Cretaceous of North America (Kutluk et al.,
2011).

This constitutes the first record of the genus for Argentina.

Previous record: Ghoshispora has been recorded from Albian to
Danian deposits worldwide, although most of the records are from the
Northern Hemisphere (Srivastava, 1967; Brenner, 1968; De Lima,
1979; Dettmann, 1995; Kutluk et al., 2011; Batten et al., 2016; among
others).

Genus: Grapnelispora Stover and Partridge, 1984.

Type species: Grapnelispora evansii Stover and Partridge, 1984.

Grapnelispora loncochensis Papu, 1997.

Plate III, 20, 21

Description: Massula with a star-shape, enclosing a trilete micro-
spore. Laesurae extended almost to the equator. Exine psilate, 2-3 pm
thick. Perine composed of two layers. Inner layer 10-20 pm thick, with
a spongy appearance; outer layer 2 um thick, psilate. Eight to 12 ap-
pendages with hook or anchor-shaped tips extend from the central
body. In most cases the appendages have additional hooks along the
upper third.

Dimensions: Total length 166 (187) 220 um (8 specimens mea-
sured); microspore diameter 65-77 um (2 specimens measured);
length of appendages 44-82 pum; width of appendages at base 14-32
um; width of hook or anchor-shaped tips 12-30 pm.

Studied material: MPEF-PA 206 and 654.

Previous record: G. loncochensis is restricted to the Campanian-
Maastrichtian of Argentina (Palamarczuk and Gamerro, 1988;
Septlveda et al., 1989; Papd, 1990, 1993, 1997, 2002; Papu and
Sepulveda, 1995; Marenssi et al., 2004; Vallati, 2010; Puebla et al.,
2014).

Genus: Paleoazolla Archangelsky, Phipps, Taylor et Taylor 1999
emend. De Benedetti et Zamaloa 2020

Type species: Paleoazolla patagonica Archangelsky, Phipps, Taylor et
Taylor 1999 emend. De Benedetti et Zamaloa 2020

Paleoazolla patagonica Archangelsky, Phipps, Taylor et Taylor 1999
emend. De Benedetti et Zamaloa 2020

Description: see De Benedetti et al. (2020) for a detailed description.

Studied material: MPEF-PA 86, 100-106, 201-205, 207, 301-319,
580, 586, 587, and 609.

Previous record: Paleoazolla is a monotypic genus known only from
the La Colonia Fm., Chubut Province, Argentina. Isolated microspore
massulae of P. patagonica were reported from the Campanian-
Maastrichtian Loncoche Formation, Mendoza Province, Argentina
(Puebla et al., 2014). Other possible records of this species based only
on microspore massulae were described as Azollopsis polyancyra
(Stough, 1968) Hall, 1969 from the Late Cretaceous of southern
Argentina (see discussion in De Benedetti et al., 2020).

4. Discussion

The macro- and microfossil record of Salviniales in the five studied
localities of the La Colonia Fm. is summarized in Table 2 and includes
data derived from this study and previous reports. Salvinialean mega-
spores were recovered only in a few levels of the five studied localities

Plate IIL. 1-12. Azollopsis intermedia. 1. Detail of circular floats enmeshed in perinal hairs and strongly adpressed to the surface of the megaspore apparatus. 2. Cross section of a megaspore
apparatus showing exine (e) and perine (p). 3,4. Cluster of microsporangia. 5. Detail of a microspore massula in a microsporangium. Note the high concentration of circinate glochidia in the
contact surfaces of the massulae, while the outer surface is psilate to locally granular and mostly devoid of glochidia. 6. Detail of the non-septate circinate glochidia at LM. 7. Detail of
circinate glochidia at SEM. 8. Trilete microspore (detail of 11). 9. Broken massula showing the vacuolated tissue and one microspore with microgranular exine. 10. Microspore massula
with about 12 microspores. 11,12. Microspore massula with about eight microspores. 1,2. MPEF-PA 104. 3,4,7,5,9. MPEF-PA 204. 6. MPEF-PA 312. 10. MPEF-PA 306. 8,11. MPEF-PA 311.
12. MPEF-PA 317. 13-17. Azollopsis tomentosa. 13. Megaspore apparatus with numerous circular to ovoid floats enmeshed in perinal hairs covering the entire surface. 14. Deteriorate
specimen. Note the broken and partially exposed megaspore at bottom and the floats above. 15. Detail of a float (detail of 13). 16. Part of a massula showing one microspore (bottom)
and septate multibarbed glochidia (top). 17. Detail of septate multibarbed glochidia. 13,15. MPEF-PA 104. 14. MPEF-PA 201. 16. MPEF-PA 693. 17. MPEF-PA 651. 18,19. Ghoshispora sp.
Same specimen as LM (18) and SEM (19). MPEF-PA 217. 20,21. Grapnelispora loncochensis. Same specimen as LM (20) and SEM (21). MPEF-PA 206. Scale bars: 1,5,10-12 = 20 pm;

2,6-8,15-17 = 10 um; 3 = 50 pum; 4,13,14 = 100 um; 9 = 5 pm; 18-21 = 40 um.
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Distribution of the Maastrichtian La Colonia Formation Salviniales. Data compiled from this paper and previous records (Archangelsky et al., 1999; Gandolfo et al., 2014; Ctineo et al,, 2013,

2014; Hermsen et al., 2013, 2019; De Benedetti et al., 2018, 2020).

Fossil taxa Cerro Bosta (CBO) Cafadén del Irupé Quebrada del Helecho Plesiosaurio (LCP) Chiva Muerta
(cn (QH) (CHM)

mi me M mi me M mi me M mi me M mi me M
Azolla andreisii + +
Azolla coloniensis + + + + + + + + + + +
Azolla sp. 1 + + +
Azollopsis intermedia + + + +
Azollopsis tomentosa + +
Crybelosporites pannuceus + + + +
Gabonisporis cristata + +
Ghoshispora sp. +
Grapnelispora loncochensis +
Lugiomarsiglia aquatica +
Mirasolita irupensis + +
Molaspora lobata + + + +
Molaspora reticulata + +
Paleoazolla patagonica + + + + + + + +
Regnellidium thomas-taylorii + +

mi = microspore/microspore massulae; me = megaspore; M = macrofossil.

while microspores and microspore massulae were consistently re-
corded in all five sections. The La Colonia Fm. water fern record com-
prises members of Marsileaceae and Salviniaceae as well as others of
uncertain taxonomic placement.

4.1. Family Marsileaceae

Marsileaceae is represented at the La Colonia by two species of mi-
crospores, Crybelosporites pannuceus and Gabonisporis cristata and two
species of megaspores, Molaspora lobata and M. reticulata. These spores
were found in the same sediments as leaves of Regnellidium thomas-
taylorii Cneo et al.,, 2013 and Mirasolita irupensis Hermsen et al., 2013
and sporocarps of Lugiomarsiglia aquatica Gandolfo et al. in Hermsen
et al.,, 2013 but not in organic connection.

M. lobata is practically identical to the megaspores of the extant
Regnellidium diphyllum Lindman, whereas C. pannuceus is morphologi-
cally similar to the microspores of modern Regnellidium and Pilularia
(Lupia et al., 2000; Batten et al., 2011a). Interestingly, microspores as-
signable to C. pannuceus have been found attached to M. lobata mega-
spores in Maastrichtian sediments of Spain (Batten et al.,, 2011a,
2011b), and both spores were also found in-situ in Regnellidium
upatoiensis Lupia et al., 2000 sporocarps from the Santonian of USA.
On the other hand, Aulenback (2009) reported a sporocarp containing
megaspores of Molaspora reticulata and microspores of Gabonisporis
cristata (described as Gabonisporis bacaricumulus Srivastava) from the
Campanian-Maastrichtian of Canada, thus demonstrating the relation-
ship between both micro- and megaspores dispersed taxa. Notably, al-
though not in organic connection, these four species are strongly
associated in the sediments of the La Colonia Fm., suggesting that
C. pannuceus and M. lobata were probably produced by the same
taxon while G. cristata and M. reticulata corresponded to another
taxon. However, only when found in organic connection this hypothesis
can be confirmed.

4.2. Family Salviniaceae

The first Azolla species reported from South America corresponds to
A. boliviensis from the Maastrichtian of Bolivia (Vajda and McLoughlin,
2005). Later, A. colhuehuapensis and A. coloniensis were described from
the Maastrichtian of Patagonia, Argentina (Vallati et al., 2017; De
Benedetti et al., 2018; Hermsen et al., 2019). In Argentina, the Late Cre-
taceous record of Azolla is abundant although it is based principally on
microspore massulae that, unfortunately, have little or no taxonomic
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value (Palamarczuk and Gamerro, 1988; Papu, 1988, 1990, 2002; Papt
et al, 1988; Quattrocchio et al., 2005; Vallati, 2010; Puebla et al,, 2014).

In the La Colonia Fm., Salviniaceae is represented by three Azolla spe-
cies; in addition to Azolla coloniensis, A. andreisii, a new species based on
megaspores and Azolla sp. 1, represented by microspore massulae that
probably belong to A. andreisii are recorded.

4.3. Family incertae sedis

The La Colonia aquatic fern spore assemblage also has representa-
tives of genera that may belong to the Azolla and Salvinia stem groups
or to other lineages in the phylogeny of the Salviniales. Within this
group there are: Azollopsis intermedia, A. tomentosa, Paleoazolla
patagonica, Ghoshispora sp., and Grapnelispora loncochensis.

The genus Azollopsis is emended here to include megaspore appara-
tuses containing more than one megaspore, a character observed in nu-
merous specimens of A. intermedia derived from samples collected at
the Cerro Bosta locality of the La Colonia Formation. As mentioned
above, Azollopsis was initially reported from the Late Cretaceous and Pa-
leocene of North America, Late Cretaceous of Hungary, Cretaceous and
Paleocene sediments of India, and South America. The reports of
Azollopsis intermedia and A. tomentosa megaspores from the La Colonia
Fm. represent the first records for both species in the Southern Hemi-
sphere and confirm their wider distribution in the Late Cretaceous.
Paleoazolla is a monotypic genus known to occur only at the La Colonia
Fm., its most remarkable feature is the presence of one to three mega-
spores per megaspore apparatus (De Benedetti et al., 2020). However,
new findings of polymegaspory in Azollopsis spores indicate that this
feature was not unique to Paleoazolla. This is significant as the presence
of a single megaspore per megasporangium is considered a characteris-
tic of the order Salviniales, although there are a few cases in which
polymegaspory is observed to occur in modern populations of Azolla
(Strasburger, 1873; Pfeiffer, 1907). Interestingly, Paleoazolla, Azollopsis,
and Azolla not only share polymegaspory but also other morphological
characters, such as the presence of filosum, a vacuolated perine, and mi-
crospores arranged in massulae with anchor-shaped or circinate
glochidia, that strongly support their intimate relationships.

The genus Ghoshispora is almost worldwide distributed and practi-
cally restricted to the Cretaceous of the Northern Hemisphere (Kutluk
et al.,, 2011; Batten et al., 2016). There is only one species from South
America, Ghoshispora minuta (Brenner, 1968) Kutluk et al., 2011, from
the Albian of Pert (Brenner, 1968; Kutluk et al., 2011) and the Aptian-
Albian of northeastern Brazil (De Lima, 1979; Batten, 2007). The
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Plate V. 1. Cluster with different types of massulae, including Azolla coloniensis, Azollopsis intermedia, and Paleoazolla patagonica. Note different types of glochidia (arrows). MPEF-PA 207. 2.
Azolla coloniensis megaspore with attached microspore massulae of Paleoazolla patagonica (detail in 3) and Azollopsis intermedia (detail in 4). MPEF-PA 204. Scale bars: 1 = 20 um; 2 = 100

um; 3,4 = 10 pm.

specimens described here as Ghoshispora sp. represent the southern-
most record for the genus and the first mention for Argentina. As men-
tioned before, Aulenback (2009) reported fossil fern sporophytes
containing Ghoshispora mega- and microspores, and he suggested that
this fossil probably corresponds to an extinct lineage related to Salvinia.

The genus Grapnelispora was originally described as a megaspore by
Stover and Partridge (1984). However, due to the presence of append-
ages with anchor-like tips, it was also interpreted as a salviniaceous
massula containing only one microspore (Palamarczuk and Gamerro,
1988; Papt, 1993, 1997). This is the first record of the genus at the La
Colonia Fm.

4.4. Comparison of the Salviniales record among the La Colonia Fm.
localities

Distinctly, the species of Salviniales studied here have different dis-
tributions among the five localities (Table 2). Such differences may be
linked to multiple contributing factors such as the relative abundance
of each species in the past communities, differences in the environmen-
tal preferences and ecological tolerance of the species, preservational
biases, etc. Overall, LCO and CBO are the localities with higher species
diversity.

Azolla coloniensis and Paleoazolla patagonica are the most widely dis-
tributed species being present at the five studied localities. The new spe-
cies Azolla andreisii (and their probably associated microspores of A.
sp. 1) was recorded only in the CBO and LCP localities. Among the
Azollopsis species, A. intermedia was recorded in three (CBO, LCP, and
CHM) of the five localities whereas A. tomentosa was only recorded at
the CBO locality. Spores of Paleoazolla, Azolla, and Azollopsis are ex-
tremely abundant in some levels of the La Colonia sediments where
clusters made up of different types of microspore massulae are frequent
(Plate IV, 1), as well as megaspores with massulae of different species of
microspores attached to the same megaspore body (Plate IV, 2-4).

Among the marsileaceous spores, Molaspora lobata and the associ-
ated microspores Crybelosporites pannuceus were recorded in four
(CBO, CI, LCP, and CHM) localities, while Molaspora reticulata and the as-
sociated microspores Gabonisporis cristata were recorded only in two
(LCP and CHM) localities. Ghoshispora sp. and Grapnelispora loncochensis
are rare species and are scarcely represented in one locality each, LCP
and CHM respectively.

During the Late Cretaceous, extensive areas of Southern South
America were covered by shallow epicontinental seas giving place to
the formation of a series of coastal plain sedimentary deposits
representing estuaries, deltas, and lagoon/barrier complexes (Scasso
et al., 2012; Gandolfo et al., 2014; Clneo et al., 2014). It was in this sce-
nario that the La Colonia and other coeval formations were deposited
(Spalletti, 1996; Page et al., 1999; Malumian and Néfiez, 2011; Scasso
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et al.,, 2012; Figari et al.,, 2015). The high diversity and abundance of
Salvinialean spores reported here for several localities of the La Colonia
Fm. suggest that this group played an important role in the plant com-
munities that grew at the Late Cretaceous Patagonian wetlands.

5. Conclusions

We present a highly diverse water fern spore assemblage recovered
from the Maastrichtian of the La Colonia Formation, Patagonia,
Argentina. The assemblage comprises members of both families of the
Salviniales and others of uncertain placement within the group. Within
Marsileaceae, in addition to the Molaspora lobata megaspores and asso-
ciated microspores of Crybelosporites pannuceus previously known to
occur at the formation, we recognize Molaspora reticulata megaspores
and associated microspores of Gabonisporis cristata, that constitute the
first record for both species in the Southern Hemisphere, extending no-
tably the geographic range of these species and increasing the diversity
of both genera in Patagonia. For Salviniaceae, besides Azolla coloniensis,
we document the new species Azolla andreisii, that constitutes the
fourth species identified for the genus from the Late Cretaceous of
South America and expanding its diversity for the Maastrichtian of Pat-
agonia. Salvinialean spores of uncertain family placement include
Azollopsis intermedia, A. tomentosa, Ghoshispora sp., Grapnelispora
loncochensis, and Paleoazolla patagonica. We introduce the southern-
most record of genus Ghoshispora, which constitutes the first mention
for Argentina. We register megaspores of Azollopsis intermedia and
A. tomentosa for first time in Late Cretaceous of the Southern Hemi-
sphere. Furthermore, we emended Azollopsis to include megaspore ap-
paratuses with more than one megaspore. This remarkable feature,
polymegaspory, was originally recognized in Paleoazolla. Surprisingly,
except for a few mentions in modern Azolla, polymegaspory has only
been registered in the Southern Hemisphere fossil record, which leaves
us with more questions than answers, among them: Is polymegaspory a
character unique to Southern Hemisphere taxa?, is it a rare phenome-
non that simply occurs(ed) in a reduced number of individuals in a pop-
ulation as in modern Azolla?, is it related to particular environmental
conditions?, and is it due to misinterpretation of the complete megaspo-
rangium content?, is it only detected by different techniques (clearing of
the whole megaspore complex, longitudinal sections, etc.)?

Clearly, the La Colonia deposits have extraordinary potential to pre-
serve both macro- and microfossils denoting the necessity of expanding
fieldwork that will definitely contribute to better assessment of evolu-
tionary aspects of the water ferns (e.g., polymegaspory), but also bioge-
ography, diversification, distribution patterns, etc. In summary, the
emergent Southern Hemisphere record of the water ferns provides sig-
nificant contributions to the high diversity of the group and on crucial
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morphological data to be considered in phylogenetic studies, not only of
heterosporous ferns but of all vascular plants as well.
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