Recurrent volcanic activity recorded in araucarian wood
from the Lower Cretaceous Springhill Formation,
Patagonia, Argentina: Palacoenvironmental interpretations
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This paper describes a petrified trunk collected from a conglomerate bed of the Springhill Formation (Berriasian—
Valanginian) in the Estancia El Alamo locality, Santa Cruz Province, Argentina. The fossil trunk is classified within the
ubiquitous genus Agathoxylon and the wood anatomy shows a close affinity to that of Araucariaceae. This Patagonian
wood has a distinct combination of anatomical characteristics unique among all known species from the Jurassic and
Cretaceous of Western Gondwana allowing to diagnose a new fossil taxon Agathoxylon mendezii sp. nov. Sedimento-
logical and megafloristic proxies of the Springhill Formation suggest that Agathoxylon mendezii sp. nov. grew under a
warm and wet climate, which indicates a subtropical to temperate palacoenvironment. However, the large number of frost
rings in the earlywood of this araucarian tree suggests that the palacoenvironment at Estancia El Alamo was subjected to
recurrent disturbances, most likely caused by regional continuous volcanic activity originating from volcanoes located
far away to the west. This activity would have produced periodic stratospheric veils that promoted rapid decreases in
surface air temperature; the wood response to such stressful conditions would have been the formation of numerous (at
least five) frost rings. Although recurrent eruptions in Patagonia during the Early Cretaceous are well recorded, this study
is the first to register eruptions recorded in a coniferous wood.
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Introduction

The breakup of Gondwana in the Late Triassic to Early
Cretaceous times was manifested by intensive rifting pro-
cesses and appearance of extensional arc systems. Prior to
the formation of the Andes in South America, the rifting
associated with the opening of the South Atlantic Ocean, and
the subduction along the western margin of South America
produced a complex series of fore-arc, intra-arc, and ret-
ro-arc basins associated by volcanic events that repetitively
ravaged this region (Biddle et al. 1986; Kay et al. 2005). As a
product of this extensive geological and thermal framework,
the Austral-Magallanes Basin developed in South America

Acta Palaeontol. Pol. 66 (1): 231-253, 2021

during the Mesozoic, in the triple junction of the Nazca,
South American, and Antarctic plates (Biddle et al. 1986;
Varela et al. 2012; Ghiglione et al. 2016; Aramendia et al.
2018, 2019; Cuitifio et al. 2019; Barberon et al. 2019; Gallardo
Jara et al. 2019). Subsequently, the Springhill Formation was
deposited after the development of the volcano-sedimentary
El Quemado Complex, infilling mainly grabens (Galeazzi
1998; Poiré and Franzese 2010; Richiano et al. 2016; Sachse et
al. 2016). The Springhill Formation (Thomas 1949) is located
in the NN'W sector of the Austral-Magallanes Basin, cover-
ing the Magallanes Province of Chile, southern Patagonia,
and the southern sector of the Continental Platform of
Argentina (Nullo et al. 1999; Arbe 2002; Quattrocchio et
al. 2006). With widely extending deposits, the Springhill
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Fig. 1. Map showing location od the study area (A) and the three fossiliferous localities (asterisked) of the Springhill Formation, Santa Cruz Province,
Argentina (B). C. Stratigraphic section of the Springhill Formation in the Estancia E1 Alamo locality.

Formation shows strong diachronism from the Tithonian in
the southern part of the basin towards the Barremian in the
north (Riggi 1957; Riccardi and Rolleri 1980; Kraemer and
Riccardi 1997; Ottone and Aguirre Urreta 2000; Aguirre
Urreta 2002; Schwarz et al. 2011; Richiano et al. 2013, 2016;
Cuitifio et al. 2019; Gonzalez Estebenet et al. 2019).

The deposits from this formation yield an abundant and
diverse megaflora, mostly of excellent preservation, and
more recently, additional knowledge on its composition and
richness has been acquired (Carrizo 2014; Carrizo et al.
2014; Carrizo and Del Fueyo 2015). A fraction of this mega-
flora is derived from specimens found in core samples from
Chile, Argentina, and the Argentine Continental Platform
(Archangelsky 1976; Baldoni 1979, 1980). However, the
most complete and numerous fossils are found in outcrops
located at the Estancia El Salitral and Rio Correntoso local-
ities of the Santa Cruz Province. These consist mainly of
compressions and scant impressions of complete to partially

complete fronds, leafy branches with different degrees of
branching, simple to pinnate leaves, scale leaves, and car-
bonised fragments of wood that belong to pteridophytes,
pteridosperms, Cycadales, Bennettitales, Ginkgoales, and
conifers (Baldoni 1977; Baldoni and Taylor 1983; Villar
de Seoane 1995, 2001; Carrizo et al. 2014; Carrizo and Del
Fueyo 2015). Although some fragments of wood have been
found at the Estancia El Salitral and Rio Correntoso local-
ities, no diagnostic features were observed due to the high
degree of carbonisation; hence, their affinity could not be
determined (Carrizo and Del Fueyo 2015).

In this contribution, a petrified conifer trunk found with
well-preserved secondary xylem in a new fossiliferous lo-
cality of the Springhill Formation, Estancia El Alamo, is
comprehensively described. Estancia EI Alamo is located
50 km north to the Estancia El Salitral and Rio Correntoso
localities (Fig. 1). The wood anatomy corresponds to Aga-
thoxylon Hartig, 1848, and the combination of characteris-
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tics is notably different from those of other known species
of the genus, thereby allowing the creation of the new spe-
cies, Agathoxylon mendezii sp. nov. The anatomical char-
acteristics of this Patagonian wood show a close affinity to
the family Araucariaceae. Palacoenvironmental evidence
during the deposition of the Springhill Formation at the
Estancia El Alamo locality suggests that the araucarian
trees grew under a warm, possibly subtropical, and wet cli-
mate. Nevertheless, the occurrence of numerous frost rings
in the early wood of Agathoxylon mendezii sp. nov. indicates
that the palaecoenvironment at this locality was subjected to
recurrent disturbances. These disturbances are most likely
attributable to the recurrent volcanic activity that is well
recorded for Patagonia during the Early Cretaceous, pro-
moting severe stressful conditions for plant communities
(Archangelsky et al. 1995; Archangelsky 2001a, b; Stothers
2009). Additionally, a hypothetical reconstruction of the
palaeoenvironment showing pre-eruption, eruption, and
post-eruption successions that occurred at the Estancia El
Alamo locality is proposed.

El Q‘uemadb
Complex

Springhill
Formation

Institutional abbreviations—MPM-PB, Paleobotany Col-
lection of the Regional Museum Padre Manuel Jesus Molina,
Rio Gallegos, Santa Cruz Province, Argentina.

Other abbreviations—EDS, energy dispersive X-ray spec-
troscopy; LM, light microscopy; SEM, scanning electron
microscopy; XRD, X-ray diffraction.

Geological setting

The fossil trunk from the Springhill Formation was found
in a massive, whitish, polymictic conglomerate with fine-
grained sandy matrix and rounded to sub-angular quartz
clasts, chert and minor amount of volcanic and pyroclastic
clasts inter-bedded with cross-bedding, quarzitic, pebbly
sandstone beds (Figs. 1, 2). Palaeocurrent data from the
cross-bedding structures show a primarily northern supply.
In the Estancia El Alamo locality outcrop, some volcanic
and pyroclastic clasts have been observed, which are un-

Fig. 2. Outcrops of the Springhill Formation in the Estancia El Alamo locality. A. Panoramic view of the Springhill Formation outcrop overlying the El
Quemado Complex. B. Polymictic conglomerate beds with a sandstone bed intercalation, Springhill Formation. C. Detail of the polymictic conglomerate
with siliceous (S) and volcanic (V) clasts. D. Pyroclastic (P) and siliceous (S) clasts in the conglomerate.



234

ACTA PALAEONTOLOGICA POLONICA 66 (1), 2021

Tectonic . . )
evolution Southwest Tecto-lithostratigraphic framework Northwest
Foreland
stage
9 17 96.2 £ 0.71 Ma (Varela et al. 2012)
17101.6 + 0.9 Ma (Poiré et al. 2017)
Thermal
subsidence
stage
p——p—— — e
La Union o
limestone reefs p ‘
. ossiliferous
Rift stage #1545+ 14 Ma locality *
(Pankhurst et al. 2000 Laguna Azul
black marl and shales
Paleozoic 7o
basement \J
Cretaceous Jurassic EI Quemado Complex Triassic

[__] Mata Amarilla Formation
[ Piedra Clavada Formation
- Rio Mayer Formation

Jurassic/Cretaceous
:l Springhill Formation

[ limestone with Dasycladaceae algae
I:l fetid limestone with Belemnites
[ black marl and shales with Belemnites

:] volcanic and volcaniclastic rocks

== Arroyo de la Mina Formation

Devonian/Carboniferous

[ | Bahia de la Lancha Formation
¥% U/Pb tuff zircon age

% U/Pb igninbrite zircon age

Fig. 3. Trunk location in the tecto-stratigraphic framework of the initial infilling of the Austral-Magallanes Basin, from the rift stage to the beginning of the

foreland stage (modified from Poiré et al. 2017). Not to scale.

usual in southern localities. Remarkably, the southernmost
outcrops of the Springhill Formation exclusively comprise
quartzite rocks without pyroclastic content (Arbe 2002;
Schwarz et al. 2011; Richiano et al. 2012, 2015, 2016).

The rift stage fill of the Austral-Magallanes Basin in-
volves the El Quemado Complex (Fig. 2A), with its essen-
tially volcanic rocks, accompanied by fine-grained and cal-
careous sedimentary facies (Fig. 3). In the final part of this
rift stage, some grabens were developed with the subsequent
deposition of the Springhill Formation (Galeazzi 1998; Poiré
and Franzese 2010; Ghiglione et al. 2015; Richiano et al. 2016;
Sachse et al. 2016). During the thermal subsidence stage, the
Rio Mayer Formation and Piedra Clavada Formation were
deposited whereas the overlaying Mata Amarilla Formation
was developed at the beginning of the foreland stage (Fig. 3).

The El Quemado Complex was dated by Pankhurst et al.
(2000) as Jurassic (Kimmeridgian; 154.5 + 1.4 Ma), while the
Piedra Clavada Formation was assigned to the latest Early
Cretaceous (upper Albian; 101 £+ 0.9 Ma; Poiré et al. 2017),
and the Mata Amarilla Formation was dated as earliest Late
Cretaceous (Cenomanian; 96.2 = 0.71 Ma; Varela et al. 2012).

The deposits of the Springhill Formation are widely distrib-
uted and exhibit transgressive characteristics. The resulting
heterochrony of this unit makes it difficult to assign it to a
single age. Based on the content of palynomorphs, Ottone and
Aguirre Urreta (2000) restricted the age of the Springhill
Formation for the Estancia El Salitral locality to the late early
Hauterivian—early Barremian. Moreover, several authors sug-
gested a Valanginian/Hauterivian and Berriasian?/Valangi-
nian—early Hauterivian age for the subsurface deposits of
Springhill Formation in Chile, Tierra del Fuego Province and
the Continental Platform (Argentina), based mainly on paly-
nomorphs (Palamarczuk et al. 2000; Archangelsky and
Archangelsky 2004; Spalleti et al. 2009). Previous studies of
the Springhill Formation in the Estancia El Salitral and Rio
Correntoso localities suggested an Early Cretaceous age
(Archangelsky 1976; Baldoni 1977, 1979; Archangelsky et al.
1981; Cortifias and Arbe 1981; Baldoni and Taylor 1983).
Furthermore, in the Lago San Martin locality, records of the
ammonites Jabronella, Neocosmoceras, and Delphinella in
the upper part of the Springhill Formation indicate a Berri-
asian age (Riccardi 1976, 1977, 1988; Riccardi et al. 1992).
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The age of the base of the succeeding Rio Mayer For-
mation, in the Estancia El Salitral and Rio Correntoso lo-
calities, is poorly constrained; on the other hand, in the
upper part, a marine molluscan assemblage containing the
ammonites Aegocrioceras sp. and Crioceratites sp. suggests
an age probably no younger than upper Berriasian for the
Springhill Formation (Carrizo et al. 2014). This faunal asso-
ciation is similar to that described by Aguirre Urreta et al.
(2007) in Chile and in the Neuquén Basin, which was dated
as latest early Hauterivian—early late Hauterivian in age.
Taking into consideration the proximity of the Springhill
Formation outcrops of the Estancia El Alamo with those of
the Estancia El Salitral and Rio Correntoso localities, the
age of the Springhill Fm. at the Estancia El Alamo locality
can be constrained to the Berriasian—Valanginian.

Material and methods

The wood samples were taken from the inner and outer parts
of the log. Then, the material was thin-sectioned in standard
transverse, tangential, and radial sections and studied under
a light microscope (LM). For scanning electron microscopy
(SEM) analysis, wood fragments were split into the three
views, immersed in a sonic bath to remove loose dust parti-
cles, dried at room temperature (20-25°C), and finally ad-
hered to stubs and coated with gold-palladium. The anatom-
ical wood characteristics are described following the IAWA
List of Microscopic Features for Softwood Identification
(IAWA Committee 2004). The key for conifer-like wood
genera recommended by Philippe and Bamford (2008) was
used for systematic assignment of the Patagonian wood.
Additionally, the nomenclature recommendations related to
Araucaria-like fossil wood made by RoBler et al. (2014)
were followed. Comparisons with extant conifer taxa were
carried out mainly following Greguss (1955, 1972). Each
anatomical wood element was measured considering a set
of numbers more than thirty (n >30). Measurements are in-
dicated with their average, minimum, and maximum values
in brackets. For the LM observations a Leica DM2500 was
used, and micrographs were taken with a Leica DFC 280.
SEM observations were made with a Philips XL30 TMP
SEM at 15.1 kV at the Argentine Natural Sciences Museum
Bernardino Rivadavia.

The mineralogical and chemical composition of the trunk
was determined via XRD and SEM/EDS. XRD analyses
were carried out on finely ground sample material (mesh
230 ASTM = bulk sample) and very-fine material (<10 pm
= clay fraction). The clay fraction sample was analysed
through three XRD runs on air-dried, ethylene glycol (EG)-
solvated, and heated specimens. Samples were measured us-
ing a PANalytical X Pert PRO diffractometer, with a Cu lamp
(ko = 1.5403 A) operated at 40 mA and 40 kV at the Centro
de Investigaciones Geoldgicas (UNLP-CONICET, La Plata).
The chemical elemental composition was determined through
SEM/EDS. Their spectra were obtained using an FEI Quanta
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200 SEM-EDAX Phoenix 40 with an accelerating voltage
of 20 kW and a spot size from 3 to 4 mm at the Facultad de
Ingenieria, Universidad Nacional de La Plata.

The fossil wood is housed in the Paleobotany Collection
of the Regional Museum Padre Manuel Jestis Molina, Rio
Gallegos, Santa Cruz Province, Argentina, under the acro-
nym MPM-PB.

Mineral and chemical composition
of the fossil trunk

The XRD analyses revealed that the trunk is composed exclu-
sively of quartz without any other silica mineral such as cris-
tobalite, tridymite, A-opal, or CT-opal (Fig. 4A, B). Moreover,
the clay fraction patterns show only quartz without clay min-
erals (Fig. 4B). The SEM/EDS spectra (Fig. 4E—I) confirmed
the mineralogical results obtained through the XRD analyses,
which detect presence of Si and O. Additionally, C has been
recognized, while Au and Pd are part of the sample coating.

Detailed SEM/EDS determinations on parenchyma
cells, tracheids, and cross-field pits taken by spot analysis
showed that the Si distribution is homogenous (Fig. 4C-I).
Moreover, inner apertures in the cross-field pits are infilled
with cement composed entirely of Si (Fig. 4C, F). Therefore,
the wood consists of a siliceous cellular petrifaction that has
retained a good histological structure.

Systematic palacobotany

Clade Spermatophyta
Clade uncertain
Genus Agathoxylon Hartig, 1848

Type species: Agathoxylon cordaianum Hartig, 1848; Triassic, Coburg,
Germany.

Agathoxylon mendezii sp. nov.

Figs. 5-9.

Etymology: Dedicated to Ignacio Méndez, owner of the Estancia El
Alamo, who kindly allowed us to visit and collect the fossil wood.
Holotype: MPM-PB-15596 (silicified wood fragment).

Type locality: Estancia El Alamo, Santa Cruz Province, Argentina, GPS
S46°49°25”; W71°50722”.

Type horizon: Fine-grained, whitish, polymictic, conglomerate bed,
Springhill Formation, Berriasian—Valanginian.

Diagnosis.—Pycnoxylic homoxylic secondary wood.
Growth rings slightly marked. Tracheid pitting of araucarian
type, predominantly uniseriate; when biseriate, alternate to
sub-opposite; pits always contiguous, circular. Cross-fields
of araucarioid type, 5-16 pits in three to four contiguous
alternate rows; pits rounded with circular inner apertures.
Rays homocellular, predominantly uniseriate, medium.
Frequent resin plugs.
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Fig. 4. XRD and SEM/EDS mineralogical and chemical analysis of Agathoxylon mendezii sp. nov. (MPM-PB-15596), Estancia El Alamo, Santa Cruz
Province, Argentina, Berriasian—Valanginian. A. XRD pattern of the bulk sample showing quartz composition of the trunk. B. XRD pattern of the clay
fraction showing no presence of clay minerals in the trunk. C, D. SEM of cross-field pits and tracheids in radial section. Note that quadrangular and
rectangular areas correspond to the spot analysis shown in E-1. E-I. EDS patterns of xylem elements. E. Parenchyma ray cell wall. F. Inner aperture in
cross-field pits. G, H. Tracheids cell walls. 1. Tracheid pit cavity. All the EDS patterns are showing Si and O components.
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Fig. 5. Araucarian wood Agathoxylon mendezii sp. nov. (MPM-PB-15596), Estancia El Alamo, Santa Cruz Province, Argentina, Berriasian—Valanginian.
A, B. Trunk showing diameter and incomplete length. Note branches (arrows). C. Deep intrusion of the trunk into the deposits. D. Detail of the decorti-
cated trunk.

Description.—The studied specimen is a decorticated trunk
with preserved pycnoxylic and homoxylic secondary wood.
The trunk is at least 0.72 m in diameter and 3.60 m long with
conspicuous branching of 0.36 m in diameter and 0.27 m of
incomplete length (Fig. 5). Transverse sections of the trunk
exhibit growth rings slightly marked by 1 (mostly) to 3 lay-
ers of latewood tracheids ranging from 11 to 16 mm in width
(Fig. 6A, B). The rays have a rectilinear trajectory and ap-
pear to be filled by dark contents, probably resins, making
it difficult to recognise individual parenchyma cells. Rays
are separated by 1-7 rows of tracheids (Fig. 6C). The late-
wood tracheids are rectangular and flattened with a radial
diameter of 14.5 (11.7-18.3) um and a tangential diameter
of 30.5 (23.6—40.5) um, whereas those of the earlywood
are polygonal with rounded to oval lumen with a radial di-
ameter of 40 (20-55.5) um and a tangential diameter of 38
(23-51) um (Fig. 6B). The tracheid wall is approximately
5 (2-8.5) um thick. Many tracheids show dark contents,
presumably of the same origin as that of the rays (Fig. 6C).
Inter-cellular axial spaces are frequent. Axial parenchyma
cells are absent.

In the tangential section, the rays are uniseriate rang-
ing 3-20 cells, most commonly 3-5 cells high and less
frequently 6—12 or sporadically 13-20 cells high. Partially
biseriate rays are less common; when present, they are 6—7

cells high (Fig. 6D—G). The transverse and tangential walls
of the parenchyma cells are smooth. Each of these cells is
approximately barrel-shaped and 23 (16—30) um high and 22
(16-28) um wide (Fig. 6E). Bordered pits frequently occur
on the tangential walls of the tracheids in one single row and
are mostly contiguous; they are circular in outline with a
diameter of 15 (11-19) um, and the inner aperture is circular
with a diameter of 5 (4—6) um. Resin plugs are frequently
observed (Fig. 6E).

The radial section shows homocellular rays composed
of rectangular cells 67 (35-132) um long and 20 (15-31)
um wide and quadrangular cells 32 (26—40) um long and
24 (20-27) um wide (Fig. 8A). Most of the tangential walls
are straight (74 %), and a few are oblique (26 %). In this
section, the unpitted nature of the horizontal and tangential
walls is evident. The arrangement of the pits on the radial
walls of the tracheids is mainly in one row (69 %) and less
commonly in two rows (31 %). When uniseriate, the pits
are contiguous with neighbouring pits, whereas when bise-
riate, the pits are contiguous and alternate to sub-opposite
(Fig. 8B, C). In most of the cases, the pits are circular in
outline with a diameter of 13 (9—17) um (Fig. 9A, B). In a
few cases, uniseriate pits are slightly flattened (Fig. 9A).
The inner aperture is circular (59 %) with a diameter of 4.5
(2.5-6.5) um and elliptical (41 %) with a width of 4.3 (3—6)
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i

Fig. 7. Araucarian wood Agathoxylon mendezii sp. nov. (MPM-PB-15596), Estancia El Alamo, Santa Cruz Province, Argentina, Berriasian—Valanginian.
Transverse sections observed under LM. A. General aspect showing numerous, at least five frost rings (brackets). B, C. Detail of frost rings. B. Two
frost rings. Note normal and rectilinear trajectory of rays (arrows) alternate with more sinuous and distended rays (arrowheads). C. Detail of frost ring
cell layers, from inside to outside. Note normal tracheids that gradually grade into irregular shaped tracheids (bar) followed by a dark layer of collapsed
dead cells (arrow) followed by a layer of distorted axial tracheids difficult to recognise individually. Also note dark contents in lumen cells. Scale bars:
A, 3 mm; B, 1.5 mm; C, 150 pm.

pm and a length of 5 (4—6.5) um (Fig. 9B). Occasionally, of the tracheids is difficult to measure owing to poor preser-
the transition from sub-opposite/alternate to uniseriate pits  vation; nevertheless, some individual elements are fusiform
occurs on the same tracheid radial wall (Fig. 8B). The length  in outline. Cross-fields show numerous (5-16) contiguous
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Fig. 8. Araucarian wood Agathoxylon mendezii sp. nov. (MPM-PB-15596), Estancia E1 Alamo, Santa Cruz Province, Argentina, Berriasian—Valanginian.
Radial sections observed under SEM. A. General aspect showing ray cells (arrow), cross-fields pits (circle), axial tracheids (arrowhead). B. Detail of tra-
cheids with uniseriate, and contiguous pits, arrow shows transition from biseriate to uniseriate pit rows. C. Detail of tracheids with biseriate, contiguous,

and alternate to sub-opposite pits. Scale bars: A, B, 200 um; C, 100 pm.

bordered pits alternately placed in three to four vertical rows
(Fig. 9C—E). Individual pits are circular in outline with a di-
ameter of 6 (3.5-9.5) um, and the inner aperture is circular
with a diameter of 2 (1.5-3.5) um. In very few cases, the in-
nermost pits are polygonal in outline (Fig. 9D). Additionally,
some inner apertures appear infilled with siliceous cement,
resembling an ellipse in outline (Fig. 9E).

Remarks.—Transverse sections of this Patagonian wood ex-
hibit, in at least 5 annual rings, layers of ca. 10 compressed
and distorted cells making it difficult to recognise the limit
of each growth ring (Fig. 7A, B). This abnormal tissue ap-
pears in the earlywood and consists of inner and outer parts
(Fig. 7C). The inner part has approximately 5 layers of nor-
mal- to irregular-shaped tracheids that grade into 1-2 layers
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Fig. 9. Araucarian wood Agathoxylon mendezii sp. nov. (MPM-PB-15596), Estancia El Alamo, Santa Cruz Province, Argentina, Berriasian—Valanginian.
Details of radial sections under SEM. A. Tracheid with slightly flattened pits (arrow). B. Tracheid showing contiguous pits with circular inner aperture.
C-E. Araucarioid cross-field pits. C. General aspect. D. Contiguous alternate bordered pits placed in four vertical rows. Note circular pits in outline and
circular inner aperture. E. Detail of inner apertures infilled with Si cement in elliptical form (arrow). Scale bars: A, B, E, 25 um; C, 100 um; D, 5 pm.

of deformed tracheids, which appear tangentially flattened.
All these layers occur in almost regular rows followed by a
conspicuous amorphous dark layer of highly collapsed cells
(Fig. 7C). Towards the outer part, a few layers of remarkably
distorted axial tracheids are observed, but they are difficult
to recognise individually. These gradually grade into nor-
mal tracheids of regular shape and in regular rows (Fig. 7C).
Through the entire abnormal tissue, the normal rectilinear
trajectory of the parenchyma ray cells becomes sinuous and
distended. In addition, most of the tracheids and paren-
chyma ray cell lumens appear to be filled by dark contents
attributable to resins (Fig. 7C).

Geographic and stratigraphic range.—Type locality and
horizon only.

Discussion

Nomenclatural background and botanical affinity—
Araucaria-like fossil woods have been indistinctly included
within three commonly known genera, Araucarioxylon
Kraus, 1870, Dadoxylon Endlicher, 1847, and Agathoxylon

Hartig, 1848. However, in most cases, nomenclatural rules
were not strictly followed. In an attempt to avoid such prolifer-
ation of the genera and to adhere to the International Code of
Botanical Nomenclature, Philippe (1993, 2011) and Bamford
and Philippe (2001) pointed out that Araucarioxylon and
Dadoxylon are both illegitimate and superfluous synonyms
of Pinites Lindley and Hutton, 1831, whereas Agathoxylon is
a legitimate name because it has priority over the two other
genera and its validity has been established. More recently,
RoBler et al. (2014) reinforced these ideas and strongly
advocated the use of Agathoxylon for fossil woods with
Araucaria-like anatomy. Therefore, in accordance with these
recommendations, Agathoxylon is used in this contribution.

Agathoxylon is a globally distributed genus created on
the basis of a brief list of characteristics that include woods
with araucarian tracheid pitting, araucarioid cross-field pits,
and axial parenchyma (Hartig 1848). However, in an exten-
sive work on Jurassic woods from France, Philippe (1995)
noted that the occurrence of axial parenchyma was of little
systematic value and thus amended the original definition of
Agathoxylon to include fossil woods both with and without
axial parenchyma, with mainly uniseriate rays and smooth
walls in the parenchyma cells.
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Table 1. Comparison among selected Mesozoic Agathoxylon species from Western Gondwana; n.a., data about growth ring width, tangential
pitting and resin plugs not available; —, absent.

Tangen- Axial .
Taxon and references Age and Gr‘owth Radial pitting tial Rays Cross-fields | paren- Resin
provenance rings o plugs
pitting -chyma
.. Early s!lg'htly uniseriate to biseriate uniseriate,
Agathoxylon mendezii distinct, . Lo 5-16
Cretaceous, alternate to opposite; | present |rarely biseriate, .. - present
Sp. nov. . 1.1-1.6 mm . . .| araucarioid
Argentina . circular 3-20 cells high
width
Agathoxylon agathiodes (Krau-| | . . uniseriate, biseri- uniseriate, 2_6. .
. Middle Jurassic, | . . .. ate, less frecuently . araucarioid
sel and Jain, 1964) Kloster and . indistinct o —  |rarely biseriate, - present
. Argentina triseriate alternate; . or 4-6
Gnaedinger, 2018 1-22 cells high .
hexagonal cupressoid
Agathoxylon antarcticus (Poole
and Cantrill, 2001) Pujana, | Middle Jurassic, distinet uniseriate, less
Santillana, and Marenssi, 2014 Argentina; 0.7-6.0 n;m frecuently biseriate B uniseriate, 2-9 B resent
(Poole and Cantril 2001; Za- | Late Cretaceous, | wiath alternate; circular 1-19 cells high| cupressoid p
muner and Falaschi 2005; Vera Antarctica to hexagonal
et al. 2020)
Agathoxylon (Araucarioxylon) . uniseriate, biseriate
. Jurassic and
arayaii Torres, Valenzuela, and . alternate, and rarely .
Early slightly Lo . uniseriate, 2-5
Gonzalez, 1982 LS. biseriate opposite and | n.a. ; . - present
. Cretaceous, distinct L 2-20 cells high| cupressoid
(Torres and Lemoigne 1989; Antarctica triseriate alternate;
Torres et al. 2000) hexagonal
predominantly
Agathoxylon (Araucarioxylon) Late Cretaceous biseriate, alternate,
chapmanae Poole and Cantrill, . | distinct | sometimes uniseriate, | n.a. |1-25 cells high 2-11 - present
Antarctica . .
2001 rarely triseriate; circu-
lar to hexagonal
;ﬁiﬁ?ﬁ:ﬁ)ﬁ;&:ﬁgﬁ:ﬁzy lg:) Late Cretaceous, | slightly | uniseriate to biseriate B uniseriate, 1-4 resent | present
1989 £ne, Antarctica distinct alternate; polygonal 2-12 cells high| cupressoid p p
Agathoxylon (Araucarioxylon) Late Crgtaceous, uniseriate to triseriate .
Chile; - uniseriate,
kellerense Lucas and Lacey, distinct | alternate; flattened to | n.a. ; 14 n.a n.a
- Late Cretaceous, 1-11 cells high
1981 (Nishida et al. 1992) . hexagonal
Antarctica
slightly — R
Agathoxylon liguanensis Torres| Early Jurassic, | distinct to uniseriate o blse.rlate .
s . .. alternate, some times uniseriate, 1-3
and Philippe, 2002 Chile and distinct, opposite: usuall present 1-56 cells hich| cupressoid - -
(Gnaedinger et al. 2015) Argentina 10-13 mm PP ’ y & P
. flattened
width
Agathoxylon (Araucarioxylon)
. Late . - -
ohzuanum (Nishida, Ohsawa, Cretaceous indistinet uniseriate to biseriate resent uniseriate, 24 resent 3
Nishida, and Rancusi, 1992) Chile ’ alternate; circular P 1-11 cells high P
Gnaedinger and Herbst, 2009
Agathoxy lor? (Araugar.z oxylon) Late . uniseriate to biseriate uniseriate,
parachoshiense Nishida and Cretaceous, distinct alternate: polyeonal - 1-4 cells hieh 2-4 - n.a
Nishida, 1987 Chile - POYE £
Agathoxy lon' (Araucarioxylon) Late slightly | uniseriate, sometimes uniseriate, 5-10
pichasquensis Torres and Rallo, | Cretaceous, distinct biseriate alternate 18- 18 26 cells high| cupressoid B na
1981 (Nishida et al. 1992) Chile S
AgathO.Xy l(.m (draucarioxylon) Late distinct, uniseriate to tetraseri- uniseriate, 2-8
pluriresinosum Torres and Cretaceous, 2-5 mm ate: hexagonal Na | 55 s hich| cunressoid present | present
Biro-Bagoczky, 1986 Chile width ’ & & P
. uniseriate, very rarely uniseriate to
Agathoxylon p rotoaraucana Early Jurassic, distinet, with transition to partially biseri- 1-8
(Brea, 1997) Gnaedinger and . 35-75 mm L present . n.a n.a
Argentina . biseriate alternate ate, 2—12 cells | araucarioid
Herbst, 2009 width . . .
to opposite; circular high
Agathoxylon pseudoparenchy- | Late CreFaceous, distinct, uniseriate, rarely o
matosum (Gothan, 1908) Antarctica and L uniseriate, 2-6
. . . 1-2 mm biseriate alternate; — ; . — present
Pujana, Santillana, and Marensi,|  Cretaceous, ; 2-10 cells high| cupressoid
2014 Chile width hexagonal
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Agathoxylon (Araucarioxylon) Late distinct, L — uniseriate,
; uniseriate to triseriate .o 2-3
resinosum Torres and Cretaceous, 2-5 mm alternate: hexagonal present |rarely biseriate, cupressoid — | present
Biro-Bagoczky, 1986 Chile width ’ g 1-40 cells high P
mostly biseriate;
Agathoxylon santacruzense | Middle Jurassic, | distinct, rarely uniseriate or B uniseriate, 2-14 B 3
Kloster and Gnaedinger, 2018 Argentina n.a. triseriate; alternate, 1-16 cells high| araucarioid
hexagonal
rarely uniseriate;
Agatho?cy lon santalense (Sah Middle Jurassic, | distinct, mostly biseriate, uniseriate, 2-6
and Jain, 1964) Kloster and . . . - - - — | present
. Argentina n.a. occasionally triseriate; 1-8 cells high | araucarioid
Gnaedinger, 2018
alternate, hexagonal
Agathoxylon termieri (Attims, uniseriate to biseriate
1965) Gnaedinger and Herbst, | Middle Jurassic, | distinct, occasionall triseriate,' na uniseriate, 1-8 na na
2009 (Kloster and Gnaedinger Argentina n.a. v ’ " ]1-12 cells high| araucarioid ’
2018) alternate, circular

Accordingly, the Patagonian fossil wood described here
is classified within the genus Agathoxylon based on the
distinctive araucarian pitting on the radial walls of the tra-
cheids, araucarioid-type cross-fields, and unpitted ray-cell
walls. The combination of several anatomical character-
istics observed in the fossil wood is quite distinct from
other species of the genus, thus allowing the creation of a
new fossil species, Agathoxylon mendezii sp. nov. Notably,
the anatomy of the Patagonian wood shows similarity with
that of members of Araucariaceae. However, as reported
by several authors, Agathoxylon is a ubiquitous genus to
which many different and unrelated groups of plants were
related such as the Palaeozoic Cordaitales, Pentoxylales or
Glossopteridales; the Mesozoic Pteridospermales and ex-
tinct Araucariaceae or Cheirolepidiaceae; and, extant Arau-
cariaceae (Philippe et al. 2004; Philippe and Bamford 2008;
Taylor et al. 2009; among others).

In Patagonia, reliable records of seed cones, wood, and
leaves referring to Araucariaceae indicate that the fam-
ily was well established by the Middle Jurassic (Stockey
1978; Falaschi et al. 2011; Del Fueyo et al. 2019). During
the Cretaceous, the diversity of Araucariaceae reached its
peak, as evidenced by records of seed cones, pollen cones,
dispersed araucarian pollen grains, leaves, and wood (Del
Fueyo et al. 2007). In particular, the finding of dispersed
pollen grains, Araucariacites, Cyclusphaera, and Balmei-
opsis, and bract-scale complexes assigned to section Eutacta
of Araucaria from the Springhill Formation indicate that
the plant assemblage of the Early Cretaceous also includes
Araucariaceae (Archangelsky and Archangelsky 2004;
Carrizo and Del Fueyo 2015). Towards the Cenozoic, most
taxa of Araucariaceae became extinct. At present, the only
surviving taxon in Patagonia is Araucaria araucana, section
Araucaria of Araucaria, restricted to cool temperate forests
in the SW of Patagonia (Panti et al. 2011; Wilf et al. 2014).

Recent studies based on molecular phylogeny and fossil re-
cords of six extant family-level conifer clades (Araucariaceae,
Cupressaceae, Podocarpaceae, Pinaceae, Sciadopityaceae,
and Taxaceae) estimated late Palacozoic to early Mesozoic
divergence ages with initial crown splits in families occurring
between 190 and 160 mya in the Early to Middle Jurassic

(Leslie et al. 2018). Additionally, Escapa and Catalano (2013)
confirmed the monophyly of the group through combined
phylogenetic analyses of extant and fossil Araucariaceae and
proposed that the first diversification of the family may have
occurred at least during the Early Jurassic.

Taking into consideration the wood anatomy, fossil re-
cords, time-calibrated molecular phylogeny of conifers,
and combined phylogenetic analyses on extant and fossil
Araucariaceae, it is reasonable they are all assumed to be
sufficient supports to suggest that Agathoxylon mendezii sp.
nov. is most likely related to Araucariaceae.

Comparison among selected Mesozoic Agathoxylon
species from Western Gondwana.—The tree communi-
ties inhabiting Western Gondwana during the Jurassic and
Cretaceous periods were dominated by conifers of the fam-
ilies Araucariaceae and Podocarpaceae, whereas Cheiro-
lepidiaceae and Cupressaceae were subordinate groups
(Bamford and Corbett 1994; Falcon-Lang and Cantrill 2001;
Del Fueyo et al. 2007; Quattrocchio et al. 2007; Bodnar et
al. 2013; Vera and Césari 2015; Brea et al. 2016; Greppi et al.
2020). Remains of these assemblages are mainly preserved
as petrified woods, among which fossils of Araucariaceae
logs are the most abundant and frequently occurring. Taking
into account that a substantial number of these woods are
poorly preserved or incompletely studied, in this work,
we compare Agathoxylon mendezii sp. nov. to taxa with
anatomically complete descriptions, and thus, those in-
formally published or left in open nomenclature are not
considered here. Moreover, because many fossil woods of
pre-Jurassic age that were assigned to Araucariaceae show
doubtful affinities with this family, comparisons with the
Patagonian wood are restricted to those fossils of Jurassic
and Cretaceous provenances.

Among the anatomical features observed in the wood
of Agathoxylon mendezii sp. nov., four features, namely,
uniseriate to biseriate (alternate to sub-opposite) radial pit-
ting with contiguous circular pits, uniseriate to partially
biseriate rays 3—20 cells high, abundant resin plugs, and up
to 16 circular contiguous alternate pits per cross-field, dis-
tinguish this taxon from those species recorded in Jurassic



244

and Cretaceous strata of Chile, Argentina, and Antarctica
(Table 1). The high number of pits per cross-field differen-
tiates Agathoxylon mendezii sp. nov. from most (14) of the
considered species, which show cross-fields with up to 4 or 8
pits. In addition, in 8 of these taxa: Agathoxylon antarcticus
(Poole and Cantrill, 2001) Pujana, Santillana, and Marenssi,
2014; Agathoxylon (Araucarioxylon) floresii Torres and
Lemoigne, 1989; Agathoxylon (Araucarioxylon) kellerense
Lucas and Lacey, 1981; Agathoxylon (Araucarioxylon)
ohzuanum (Nishida, Ohsawa, Nishida, and Rancusi, 1992)
Gnaedinger and Herbst, 2009; Agathoxylon (Araucarioxylon)
parachoshiense Nishida and Nishida, 1987; Agathoxylon
protoaraucana (Brea, 1997) Gnaedinger and Herbst,
2009; Agathoxylon pseudoparenchymatosum (Gothan,
1908) Pujana, Santillana, and Marensi, 2014; Agathoxylon
santalense (Sah and Jain, 1964) Kloster and Gnaedinger,
2018; the number of ray cells is much lower, never reach-
ing more than 12 cells high (Gnaedinger and Herbst 2009;
Lucas and Lacey 1981; Nishida and Nishida 1987; Pujana
et al. 2014; Torres and Lemoigne 1989), whereas in the 5
other species: Agathoxylon agathioides (Kriusel and Jain,
1964) Kloster and Gnaedinger, 2018; Agathoxylon (Arau-
carioxylon) arayaii Torres, Valenzuela, and Gonzalez,
1982; Agathoxylon (Araucarioxylon) pluriresinosum Torres
and Biro-Bagoczky, 1986; Agathoxylon (Araucarioxylon)
resinosum Torres and Biro-Bagoczky, 1986; Agathoxylon
termieri (Attims, 1965) Gnaedinger and Herbst, 2009; the
tracheid radial pitting is in 2-3 rows of alternate mostly po-
lygonal pits (Torres and Biro-Bagoczky 1986; Torres et al.
1982), emphasizing the differences from Agathoxylon men-
dezii sp. nov. Furthermore, the thirteenth species Agatho-
xylon liguanensis Torres and Philippe, 2002, also differs
from this latter taxon because the rays are up to 56 cells
high, and the pits on the tracheid radial walls are notably
flattened (Torres and Philippe 2002; Table 1).

The remaining 3 taxa, Agathoxylon (Araucarioxylon)
chapmanae Poole and Cantrill, 2001, Agathoxylon santa-
cruzense Kloster and Gnaedinger, 2018, and Agathoxylon
(Araucarioxylon) pichasquensis Torres and Rallo, 1981
(Torres and Rallo 1981), share the characteristic of numerous
pits per cross-field with Agathoxylon mendezii sp. nov., al-
though they have fewer pits, up to 11, 14, and 10 pits, respec-
tively. Moreover, the tracheid radial pitting in the 2 former
taxa is in 2-3 rows of alternate pits that are remarkably po-
lygonal in outline, whereas in Agathoxylon (Araucarioxylon)
pichasquensis, the rays are exclusively uniseriate and resin
plugs are absent features not observed in Agathoxylon men-
dezii sp nov. (Table 1). Notably, Late Cretaceous woods from
Chile assigned to Agathoxylon (Araucarioxylon) pichasquen-
sis by Nishida et al. (1992) show uniseriate to biseriate tra-
cheid radial pitting with distinct polygonal pits in outline and
lower rays at 2—14 cells high, indicating differences from
Agathoxylon mendezii sp. nov.

Comparison of Agathoxylon mendezii sp. nov. with extant
Araucariaceae.—The wood anatomy boundaries between
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the three extant genera, Agathis Salisbury, 1807, Araucaria
Jussieu, 1789, and Wollemia Jones, Hill, and Allen, 1995, are
generally difficult to establish (Greguss 1955, 1972; Heady
et al. 2002). However, when Agathoxylon mendezii sp. nov.
is quantitatively compared with these taxa, some distinc-
tions are noted.

Agathoxylon mendezii sp. nov. shares the characteris-
tic of numerous pits per cross field with the mono-spe-
cific Wollemia nobilis; however, the Australian taxon has
fewer pits (3—11); the radial pitting is uniseriate to triseriate
with contiguous flattened to polygonal pits, and the rays are
lower at 1-11 cells high (Heady et al. 2002).

Most species of Agathis show 3-5, sometimes up to 6,
conspicuous polygonal pits on the radial walls of the trache-
ids, e.g., Agathis australis Salisbury, 1807, Agathis borneen-
ensis Warburg, 1900, Agathis endertii Meijer Drees, 1940,
Agathis labillardieri Warburg, 1900, Agathis lanceolata
Lindley ex Warburg, 1900, Agathis philippinensis Warburg,
1900, Agathis robusta F.M. Bailey, 1883 (Greguss 1955,
1972), which is notably distinct from the radial pitting ob-
served in Agathoxylon mendezii sp. nov. Furthermore, several
Agathis species share uni- to biseriate radial pitting with the
Patagonian fossil taxon. However, in the Australasian taxa,
the uniseriate pits are always flattened, whereas the biseriate
pits are markedly polygonal (e.g., Agathis microstachya J.F.
Bailey and C.T. White, 1918). In addition, some taxa show
fewer pits per cross-field (3, 5, orup to 8), e.g., Agathis celebica
Warburg, 1900, Agathis macrophylla Masters, 1892, Agathis
ovata Warburg, 1900; following Greguss (1955, 1972).

The secondary xylem of the majority of the Araucaria
species exhibit mainly uniseriate, and less frequently bise-
riate, radial pitting similar to that observed in Agathoxylon
mendezii sp. nov. However, this Patagonian fossil wood dif-
fers from the two South American taxa of Araucaria section
Araucaria because in both Araucaria araucana K. Kocher,
1873, and Araucaria angustifolia Kuntze, 1898, the rays
are exclusively uniseriate and the cross-fields have up to
10 or 12 pits, respectively (Tortorelli 1956). Additionally,
in Araucaria angustifolia, radial pitting is also triseriate,
emphasizing the differences from the fossil wood.

Agathoxylon mendezii sp. nov. resembles the taxa of Arau-
caria sections Bunya (Araucaria bidwillii Hooker, 1843) and
Intermedia (Araucaria klinkii Lauterbach, 1913, Araucaria
hunsteinii K. Schumann, 1889) in that they have ray heights
of up to 20, 16, or 23 cells, respectively; however, in these
extant species, the pits per cross-field are fewer than those
of the fossil taxa, 1-6, 2—4, and 2-6, respectively (Greguss
1955, 1972).

On the other hand, the Patagonian wood shows seve-
ral differences from species within the Araucaria section
Eutacta, which are described as having secondary xylem.
Agathoxylon mendezii sp. nov. notably differs from four of
them: Araucaria heterophylla Franco, 1952, Araucaria hum-
boldtensis Buchholz, 1949, Araucaria muelleri Brongniart
and Grisebach, 1871, Araucaria rulei F. Mueller, 1860; in
that they have lower rays up to 10 cells high and the cross-
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field pits are much less abundant (up to 4 or 8). On the other
hand, rays in Araucaria montana Brongniart and Grisebach,
1871, are up to 22 cells high, similar to Agathoxylon mende-
zii sp. nov.; however, in the New Caledonia taxon, the pits
per cross-field are up to 9 and radial pitting is bi- to triseri-
ate (Greguss 1955, 1972). Furthermore, in 3 extant species:
Araucaria columnaris Hooker, 1852, Araucaria cunning-
hami D. Don, 1837, and Araucaria subulata Vieillard, 1862;
the pits per cross-field are numerous (up to 12 or 14), similar
to the fossil wood studied here, although the ray heights in
the 3 former taxa are much lower (up to 4 or 12 cells high)
(Greguss 1955, 1972).

Palaeoenvironment of the Estancia El Alamo locality
and wood response to volcanic events.—Depositional en-
vironment: During deposition of the Springhill Formation
in the Estancia El Alamo locality (palaeolatitude of approx-
imately 46°S), Agathoxylon mendezii sp. nov. exhibited a
significant diameter of 0.72 m and likely a notable height,
clearly suggesting that it was a well-grown tree. Although
the log lacks preserved roots and bark, it shows a conspic-
uous branch, well-preserved xylematic elements, and no
signals of compression due to sediment weight. The regional
depositional environment of the lower Springhill Formation
has been interpreted as continental (Sanchez and Le Roux
2003; Spalletti et al. 2009; Poiré and Franzese 2010; Schwarz
et al. 2011; Richiano et al. 2013, 2016), which infilled lon-
gitudinally oriented half-grabens with the hanging-wall to
the west (Richiano et al. 2016; Horton 2018). Many authors
agree upon the existence of a transgressive sequence from
distal fluvial facies close to the sea to shoreface deposits
(Sanchez and Le Roux 2003; Schwarz et al. 2011; Richiano
etal. 2016). However, the sedimentary record in the Estancia
El Alamo locality suggests an alluvial fan/fluvial braided
palacoenvironment related to the continental rift deposi-
tion. This palacogeography configuration indicates that the
trunk occurs in an alluvial/fluvial channel deposit with a
preferred orientation parallel to the palacocurrents and was
probably transported some short distance from its growth
site before burial. Hence, the Agathoxylon mendezii sp. nov.
tree is considered para-autochthonous, and it most likely
grew in the uplands that dominated the Estancia El Alamo
locality. In this area of Patagonia, the Springhill Formation
strata are poorly exposed, showing no records of other bur-
ied logs or fossil flora that could indicate the type of plant
assemblage to which Agathoxylon mendezii sp. nov. belongs.
Nevertheless, the strata in which this fossil wood is embed-
ded appear to be coeval with southern adjacent deposits
(Rio Correntoso and Estancia El Salitral localities ca. 50 km
south; see Fig. 1) containing the compressed remains of arich
plant community composed of Ginkgophyta, Pteridophyta,
Pteridospermophyta, Cycadophyta, and Pinophyta. Within
the latter group, the Araucariaceae are represented by bract-
scale complexes of Araucaria, referring to the Eutacta sec-
tion of the genus Araucaria (Carrizo and Del Fueyo 2015).
Accordingly, these plant assemblages are assumed to have

inhabited the flood plains that graded into the coastal plains
followed by an open-marine depositional system (Cortinas
and Arbe 1981; Arbe 2002; Schwarz et al. 2011; Richiano et
al. 2013, 2015). This assumption is consistent with the rift-
ing model suggested by Poiré¢ and Franzese (2010), in which
the Springhill Formation infilled the grabens as part of a
synrift deposition. The specimen of Agathoxylon mendezii
sp. nov. may represent a well-developed tree belonging to a
fossil forest, which grew in the northern uplands neighbour-
ing the southern Rio Correntoso and Estancia El Salitral
Cretaceous plant communities inhabiting a fluvial system.

Palaeoclimate during the deposition of the Springhill For-
mation: The sedimentary evidence at the Estancia El Alamo
locality indicates a temperate to warm, humid climate.

The quarzitic composition of the clasts and the abundant
kaolinite shown in the clay mineral analysis of the lower
Springhill Formation indicates a strong weathering and a
high leaching in a temperate-warm, humid climate (Riccardi
1971; Iniguez Rodriguez and Decastelli 1984; Spalletti et al.
2006; Richiano et al. 2012, 2015). Moreover, the low con-
tent of volcanic and pyroclastic clasts of the polymictic con-
glomerates suggest that the sedimentation rate in the alluvial
fan was high preventing the weathering of the labile clasts
(Zanchetta et al. 2004; Ventra and Clarke 2018).

Similarly, sedimentological studies by Riccardi (1971)
on Springhill Formation deposits located further south in
the Bahia de la Lancha locality near Lago San Martin indi-
cate a warm and humid depositional environment, inferred
from to the existence of large quantities of quartz, a moder-
ate percentage of kaolinite, and limited feldspar. Moreover,
considering the presence of massive greyish mudstones
beds showing initial paedogenetic characteristics, thin lay-
ers of coal, and large amounts of plant remains, Schwarz et
al. (2011) proposed that the lower section of the Springhill
Formation in southeastern Argentina most likely developed
in humid climate conditions.

Global warm temperature during the Cretaceous was
already estimated with the use of 97 data points for both
sea surface and continental temperatures and the construc-
tion of crossplots (Frakes 1999). Different related palaco-
temperature isotopic data have also been reported for the
Austral-Magallanes Basin. Gomez Dacal et al. (2019) esti-
mated a seawater palaeotemperature of 25°C on average for
the Austral-Magallanes Basin area during the Berriasian—
early Valanginian from calcite belemnite-rostra §'%0 iso-
tope results. Previously, Price and Grocke (2002) obtained
temperatures of 10°C on average for the Barremian—Albian
seawater column interval from belemnite samples in the
Malvinas-Falkland Plateau at a similar palaeolatitude. In the
Neuquén Basin area approximately 2000 km to the north,
isotopic analysis based on oyster shells indicate a warm pe-
riod during the Tithonian—Valanginian, with seawater tem-
peratures of ~25°C on average (Gémez Dacal et al. 2018).
Therefore, the 100-250 m depth seawater column tem-
perature during the deposition of the Springhill Formation
ranges from ~10-25°C, which suggests ~20-35°C for the sea
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surface temperature (Mutterlose et al. 2010; Gémez Dacal
et al. 2019). These data indicate temperate to warm tem-
perature for the Estancia El Alamo area, which is consistent
with the Early Cretaceous global warm climate already sug-
gested by several authors (Frakes 1999; Zeebe 2001; Follmi
2012; Hay and Floegel 2012; among others).

On the other hand, palacofloristic studies along with
cuticular analysis of the megaflora recovered in the above-
mentioned Rio Correntoso and Estancia El Salitral locali-
ties have revealed a humid environmental condition, under
which this plant community grew during the deposition of
the Springhill Formation (Carrizo et al. 2014; Carrizo and
Del Fueyo 2015). These palacoenvironmental deductions
are also supported by extensive palynological studies per-
formed on the Springhill Formation from core samples in
Argentina and Chile; these studies proposed the develop-
ment of a plant assemblage during the sedimentation of this
unit under a warm and humid environment. Particularly,
this plant community was mainly composed of conifers such
as Araucariaceae, Cheirolepidiaceae, and Podocarpaceae
and abundant ferns (Baldoni and Archangelsky 1983;
Archangelsky and Archangelsky 2004; Guler et al. 2015).
Additionally, Martinez et al. (2016) found pollen grains of
Calamoideae (Palmae) in the Springhill Formation strata,
considering which they suggested the existence of a sub-
tropical to tropical palacoenvironment for this subfamily.

Growth rings in Agathoxylon mendezii sp. nov. are
slightly marked, suggesting that its growth environment in
the Estancia El Alamo locality was characterised by a warm
climate with weakly defined seasons. However, according
to several opinions, this palacoclimatological inference is
of little value because the majority of living and fossil ar-
aucarian woods display poorly developed rings independent
of the local environment or regional climate (Creber and
Chaloner 1984; Falcon-Lang 2000; Philippe et al. 2015).
Hence, Brison et al. (2001) pointed out that Araucariaceae
do not have the ability to develop well-marked growth
rings even when the inhabiting sites have strong seasonal-
ity. In addition, Agathoxylon never shows thick latewood.
Therefore, its growth rings have been interpreted as being
controlled genetically rather than by environmental factors
(Brison et al. 2001).

Nevertheless, taking into consideration the above discus-
sion and the additional sedimentological evidence, the clay
mineral composition, and palaeoflora-based proxies of the
Springhill Formation, it could be suggested that Agathoxylon
mendezii sp. nov. grew during the Berriasian—Valanginian
under a temperate to warm and wet climate, thus strongly
suggesting a subtropical environment with abundant water
supply. These inferences are correlated with the existence of
a well-recorded global warm greenhouse climate during the
Early Cretaceous (Kauffman and Johnson 2009), particu-
larly in the Patagonian Province within the Austral domain,
as recognised by Vakhrameev (1991), where the Estancia El
Alamo locality is situated.
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Wood anomaly records: The occurrence of abnormal tissue
in numerous tree rings of Agathoxylon mendezii sp. nov.
indicates that cambial cells were somehow injured during
the period of wood growth and may, therefore, imply that
the palacoenvironment of the Estancia El Alamo locality
was subjected to recurrent disturbances. The injured cells
within the tree rings in this Patagonian wood include, from
inside to outside, deformed axial tracheids that are tangen-
tially flattened, a dark layer of strongly collapsed cells, and
abnormal tracheids, whereas parenchyma ray cells are sinu-
ous and distended and lumen cells appear full of resin con-
tents. According to several authors, coniferous annual rings
showing this type of injury in their xylem cells are referred
to as frost rings (Bailey 1925; Glerum and Farrar 1966;
Hantemirov et al. 2000; Gurskaya and Shiyatov 2002).

Deformed or collapsed tracheids and sinuous rays are
typical of other wood anomalies. They are often observed
when the wood was compressed by the weight of a heavy
layer of sediments, promoting mainly the collapse and fold-
ing of the thin-walled earlywood cells (Schweingruber et al.
2006). As it was mentioned above, Agathoxylon mendezii
sp. nov., shows no evidence of compression by sediments.
Fletcher et al. (2015) found that crush zones with character-
istic zigzags in a Cretaceous podocarp wood form Australia
were due to flooding that increased water availability, lead-
ing to a burst of fast growth of the thin-walled earlywood
cells. In Agathoxylon mendezii sp. nov., evidence of neither
zigzags due to crash zones nor abrupt increases in early-
wood cells by flooding were recorded (see Fig. 6A). This
fact is also supported by the sedimentological studies. There
is no evidence of any flooding during the sedimentation
of the Springhill Formation in Estancia El Alamo locality.
This is due to the absence of the characteristic fine-grained
(pelitic) deposits (see Fig. 1).

As all the cell layers characteristic of typical frost inju-
ries are anatomically well recognised in the wood anomalies
of Agathoxylon mendezii sp. nov. (Glerum and Farrar 1966;
Gurskaya and Shiyatov 2002; Schweingruber 2007), they
can certainly be attributed to frost rings caused most likely
by extreme weather conditions. In particular, the most re-
markable feature in this araucarian wood is the presence of
at least five frost rings.

Following Schweingruber (2007), frost rings are ana-
tomically abnormal and ecophysiologically pathological
structures produced when the air temperature drops be-
low sub-zero values during the period of cambium activity
and xylem cell growth, promoting incomplete maturation of
these tissues and interrupting the normal continuity of the
radial walls of the tracheids. The presence of ice crystals
produced by frost in the meristematic area is believed to
have altered the cell wall thickness, modifying the matrix
of the cellulose, hemicellulose, and lignin contents (Arco
Molina et al. 2016).

The sedimentological evidence indicates that the warm
and humid palaeoenvironment of Estancia El Alamo inhab-
ited by Agathoxylon mendezii sp. nov. was also affected by
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A B

Fig. 10. Hypothetical scenario in the Estancia El Alamo locality (Santa Cruz Province, Argentina, Berriasian—Valanginian) following volcanic distur-
bances. A. Pre-eruption stage. Seedlings, juvenile, and mature trees of Agathoxylon mendezii sp. nov. growing in a warm almost subtropical palacoenvi-
ronment. Note volcanoes in the distance. Photo shows wood with slightly growth ring. B. Initial eruption stage. Volcanoes begin to eject silicate dust and
sulfur compounds into the stratosphere. C. Climax eruption stage. Aerosol layer thickness is markedly increased producing the decrease of the surface
air temperature below subzero values. Photo shows wood damaged by frost. D. Post-eruption stage. Volcanoes activity begins to cease and temperature

begins to rise to original values.

recurrent volcanic activity produced by the volcanic arc lo-
cated far away to the west, which originated at the end of the
rift stage (Biddle et al. 1986; Poiré and Franzese 2010; Varela
et al. 2012, 2013; Horton 2018). Periodic volcanic eruptions
producing large amounts of cool ash fall are well recorded
to have generated continuous stress on plant communities
inhabiting Patagonia during most of the Early Cretaceous
(Archangelsky et al. 1995; Passalia 2009; Carrizo et al. 2011).

Several studies (e.g., Rampino and Self 1982; Stothers
2009) have revealed that large explosive eruptions eject
large quantities of silicate dust and sulfur compounds into
the stratosphere, increasing the optical thickness of the
aerosol layer. In addition, after the ejection, the aerosol
is rapidly dispersed longitudinally and latitudinally in the
stratosphere, causing pronounced regional or global effects

on the weather and climate depending on the magnitude
of eruption (Self et al. 1981). One remarkable effect is the
blocking of sunlight, promoting a rapid decrease in surface
air temperature, leading to significant cooling in the vicin-
ity of the volcano (Stothers 2009).

Hantemirov et al. (2004) and Salzer and Hughes (2007)
identified the occurrence of light rings (rings with thin-
walled latewood cells) and extremely narrow tree rings in
coniferous wood (Juniperus sibirica Burgsdorff, 1787, Pinus
longaeva D.K. Bailey, 1971, and Pinus aristata Engelmann,
1862, respectively) corresponding to colder weather induced
by volcanic eruptions. When air temperature falls below
the freezing point due to the eruptions, the so-called frost
rings consequently form (LaMarche and Hirschboeck 1984;
Schweingruber 1989).
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LaMarche and Hirschboeck (1984) studied subalpine
pines (Pinus longaeva D.K. Bailey, 1970 and Pinus aristata
Engelmann, 1862) in western USA and reported the occur-
rence of an unusually high number of latewood frost rings,
in some cases more than six times, directly related to major
volcanogenic atmospheric veils produced by volcanoes such
as Krakatoa (Java), St. Helens (USA), Etna (Italy), Santorini
(Greece), and White River (Canada). In addition to this co-
incidence, these authors demonstrated that the multiple oc-
currences of frost damage were found in the wood of old and
well-established trees rather than in the expected tree rings
of seedlings, branches, or very young trees, which usually
show higher incidences of frost injury (Glerum and Farrar
1966; Gurskaya and Shiyatov 2002).

A similar correlation to LaMarche and Hirschboeck's
(1984) investigations was also found by Filion et al. (1986) in
specimens of Picea mariana Britton, Sterns, and Poggenburg,
1888, growing at the treeline in northern Québec. In this
particular case, the high frequency of light rings in the late-
wood of black spruces was closely associated with major
volcanic eruptions like those of Laki, Iceland, and Tambora,
Indonesia, which induced a temperature drop during the
growing season in that region of Canada (Filion et al. 1986).

Although with some uncertainties, Stahle (1990) also
linked frost injury tree rings in deciduous oaks (Quercus
stellate Wangenheim, 1787, Quercus alba Linné, 1753) of
the Southern Plains (USA) to large-scale explosive volca-
nic activity that occurred from 1814 to 1819. This activity
may have forced the amplification of the El Nifio-Southern
Oscillation (ENSO) phenomenon, which appears to have
been responsible for the unusual climate conditions (abnor-
mally warm winter followed by severe freeze in spring) over
that area during that period of time.

Taking into account this evidence and considering that
Agathoxylon mendezii sp. nov. grew in a warm, almost sub-
tropical palacoenvironment (Fig. 10A) influenced by region-
ally continuous volcanic activity (Fig. 10B), the wood re-
sponse to such stressful conditions would most likely be the
occurrence of earlywood frost rings (Fig. 10C). The record
of five frost rings in this Patagonian wood suggests the possi-
bility of the temperature rising to its original values after the
ceasing of volcanic injection (Fig. 10D). In addition, the cam-
bium may have started to produce normal cells until the next
volcanic activity. These probable scenarios (pre-eruption,
eruption, and post-eruption) may have repeatedly occurred
at the Estancia El Alamo locality at least four more times,
promoting the formation of abnormal tissue alternated with
normal tissue in the Agathoxylon mendezii sp. nov. wood
(Fig. 7A). The eruption may have also ejected a large amount
of cool ash because the Agathoxylon mendezii sp. nov. wood
shows no sign of charring prior to permineralisation.

Traumatic frost rings have previously been reported
from araucarian wood in the Triassic of Patagonia from
Agathoxylon (Araucarioxylon) protoaraucana (Brea, 1997)
Gnaedinger and Herbst, 2009, and the development of the
frost rings was attributed to un-predictable frosts events
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during the growing season (Brea 1997). This study reports
the first finding of numerous frost rings in Agathoxylon
mendezii sp. nov. caused by regional recurrent volcanic
eruptions in a Lower Cretaceous coniferous wood from
Patagonia, as well as in other Mesozoic coniferous woods
from Western Gondwana.

In the extant Araucaria araucana K. Kocher, 1873,
wood, endemic to temperate sub-Antarctic Patagonian
forests, the record of frost rings for the last 600 years al-
lowed Hadad et al. (2012, 2019) to build reliable frost ring
chronologies, indicating the capability of this araucarian
taxon to document past extreme climatic events in that
area. Accordingly, frost damage in Agathoxylon mendezii
sp. nov. will most likely help with research of extreme
palaeoclimates, particularly during the Early Cretaceous
in Patagonia. However, more specimens of this taxon are
required to accurately re-construct such extreme climatic
events during that period of time.

Conclusions

Agathoxylon mendezii sp. nov. has araucarian affinities be-
cause of its alternate contiguous tracheid pitting and ar-
aucarioid cross-field pits that distinguish Araucariaceae
woods from all other conifers. The combination of anatom-
ical characteristics in this Patagonian wood (i.e., uniseriate
to biseriate and alternate to sub-opposite radial pitting with
contiguous circular pits, uniseriate to partially biseriate rays
up to 20 cells high, abundant resin plugs, and up to 16 cir-
cular contiguous alternate pits per cross-field) is unique
among others species of Agathoxylon recorded in Jurassic
and Cretaceous strata from Western Gondwana, allowing
the creation of a new fossil species, Agathoxylon mendezii
sp. nov. In addition, the Patagonian taxon appears to differ
from the wood of extant Agathis and Wollemia, showing a
close affinity with Araucaria. However, the combination
of features in Agathoxylon mendezii sp. nov. cannot be ac-
commodated within any of the four sections of Araucaria,
namely Araucaria, Bunya, Eutacta, or Intermedia. Among
these sections, only Eutacta is represented in the Springhill
Formation strata by bract-scale complexes. With the excep-
tion of Intermedia, the other three sections of Araucaria
were well established in the Jurassic and Cretaceous depos-
its of Patagonia and documented by vegetative and repro-
ductive remains. Agathoxylon mendezii sp. nov. is the first
araucarian wood to be recorded in the Springhill Formation,
increasing the number of taxa within the Araucariaceae
family and revealing that this family was more diverse in
Patagonia during the Mesozoic than it is today. In Patagonia,
Araucariaceae currently consists of solely Araucaria arau-
cana of the Araucaria section.

At the time of the deposition of the Springhill Formation,
the trunk of Agathoxylon mendezii sp. nov. reached 0.72 m
in diameter indicating that it was a well-developed tree. The
Patagonian wood exhibits slightly marked growth rings,
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suggesting that it inhabited a seasonless palacoenviron-
ment. Although growth rings in araucarian woods are be-
lieved to be independent of environmental influence, this
is not the case for Agathoxylon mendezii sp. nov. The ring
patterns in this taxon are correlated with sedimentological
as well as palaeofloristic evidence that reveal the existence
of a warm and wet climate during the deposition of the
Springhill Formation in the Estancia El Alamo locality. This
reflects a subtropical environment with abundant available
water in an alluvial-fan palaeoenvironment.

The presence of numerous frost rings in the wood of
Agathoxylon mendezii sp. nov. suggests that the grow-
ing conditions were most stressed during the Berriasian—
Valanginian at the Estancia El Alamo locality. In agreement
with sedimentological evidence, the palacoenvironment at
this locality is interpreted to have been subjected to recur-
rent volcanic activity produced by a volcanic arc located far
away to the west. The repeated volcanic eruptions may have
promoted abrupt decreases in the air temperature below the
freezing point, consequently producing frost injuries to the
cambium that lead to the formation of multiple (at least five)
frost rings in Agathoxylon mendezii sp. nov.

Usually, frequent frost rings related to the cooling effect
of volcanic eruptions are reported in extant conifers of the
genus Pinus. However, this is the first time that numerous
frost rings caused by regional recurrent volcanic eruptions
are recorded in a Lower Cretaceous coniferous wood from
Patagonia and not in other Mesozoic coniferous woods from
Western Gondwana.

Frost rings in extant araucarian wood are used to build
reliable frost ring chronologies to document past extreme
climatic events in areas from where the taxon originates.
Thus, the occurrences of frost damage in the Agathoxylon
wood described herein would probably be a useful tool for
researching extreme palacoclimates, particularly during the
Early Cretaceous in Patagonia.
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