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The first records of fossil plants from theÑirihuau Formation (middleMiocene)were published by Edward Berry
at the beginning of the last century. They consist of a small collection of leaf imprints obtained from the southern
margin of the Ñirihuau River valley, western Río Negro, Argentina. Based on these records, Berry described a few
ferns, gymnosperms and angiosperms. Among these impressions, stand out two specimens that Berry
interpreted as pinnate leaves of Cycadaceae (now Zamiaceae) that he assigned to the new species Zamia australis
Berry. However, after a review of Berry's original materials of Z. australis, and new specimens collected in recent
years in the same fossil locality, it is concluded that these putative zamiaceous remains are in fact angiosperm
leaves. They show great similarity with those of the current South American species Lithraea molleoides (Vell.)
Engl. (Anacardiaceae). To encompass these remains, a new combination, Lithraea australis (Berry) is proposed.
From a paleophytogeographic point of view, the recognition of a L. molleoides closely related species suggests
that the plant communities of the upper section of the Ñirihuau Formation were part of the “Transitional Prov-
ince” or at least constituted the ecotone between it and the “Nothofagidites” Province.

© 2019 Published by Elsevier B.V.
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1. Introduction

The family Anacardiaceae R. Brown. nom.cons. includes about 70
genera and 600 species of trees (mainly), shrubs and lianas mostly of
pantropical distribution, but also including temperate species (Pell
et al., 2011). They grow in a variety of environments, from climax com-
munities in tropical evergreen and deciduous forests, disturbed envi-
ronments, mangrove coastal areas, as well as under xerophilous
conditions (Martínez-Millán and Cevallos-Ferriz, 2005).

In southern South America (including Argentina, Chile, Uruguay,
Paraguay and southern Brazil) the family is represented by 9 genera
(Anacardium L., Astronium Jacq., Haplorhus Engl., Lithraea Miers ex
Hook. et Arn., Loxopterygium Hook., Mauria Kunth, Schinopsis Engl.,
aciones en Biodiversidad y
Pioneros 2350 (8400), S.C. de

(M.G. Passalia),
Schinus L., Tapirira Aubl.), and around 17 endemic species (Zuloaga
et al., 2008).

The fossil history of the Anacardiaceae includes an extensive world-
wide Paleo-Neogene record (e.g. Poole et al., 2001; Ramírez and
Cevallos-Ferriz, 2002; Burnham and Carranco, 2004; Manchester et al.,
2007; Pujana, 2009; Kvaček et al., 2015; Qiong-Yao et al., 2017; Fu
et al., 2017). Possibly the oldest occurrences correspond to woods
from the latest Cretaceous – earliest Paleocene of India, with diagnostic
features of the subfamily Anacardioideae Takhtajan (Wheeler et al.,
2017). Molecular phylogenies calibrated by fossils estimate the age of
the crown-group of Anacardiaceae ranging from54.8 to 97Ma (summa-
rized in Stevens, 2001-onwards).

The fossil evidence of the family Anacardiaceae in Argentina includes
woods, pollen and leaves beginning from the Danian and extending
throughout the Cenozoic (summarized in Mautino and Anzótegui,
2014; but also Barreda et al., 2009; Pujana, 2009; Martinez and
Pujana, 2010; Quattrocchio et al., 2012; Cornou et al., 2014; Césari
et al., 2015).

In this contribution, a fossil leaf type is described and assigned to the
Anacardiaceae, based on historical (Berry, 1928; Fiori, 1939) and new
samples from the Miocene of the Ñirihuau Basin in northwestern
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Patagonia. The phytogeographic implications derived from this fossil re-
cord are briefly discussed.

2. Material and methods

2.1. Provenance and repositories of fossil remains

The fossils studied here consist mainly of impressions and compres-
sions of isolated leaves or leaflets, without preserved cuticle or epider-
mal details. The specimens come from deposits located on the
southern margin of the Ñirihuau River valley (Estancia El Desafío),
western Río Negro Province, Argentina (Fig. 1). There are previous and
historical paleobotanical collections from this locality, while new sam-
ples have been carried out in recent years. This fossiliferous locality is
mentioned in the literature as “locality 198” (Berry, 1928), “Medio río
Ñirihuau” (Fiori, 1939) and “Ñirihuau Medio” (Romero and Dibbern,
1984) a name here followed, although is also known as “3 Alamos.”
The new specimens are housed at the Museo de Paleontología de Bari-
loche (MAPBAR), S.C. de Bariloche, Río Negro Province, and the
Colección de Paleobotánica del Repositorio de Paleontología, Facultad
de Ciencias Exactas y Naturales, Universidad de Buenos Aires (BAFC-
Pb), Buenos Aires, Argentina.

The historical collection of Berry (1928) from Locality 198 was also
considered in this study, based on high resolution images. These speci-
mens were collected and sent to Edward Berry by Chester W.
Washburne (circa 1926) and are housed at theNationalMuseumof Nat-
ural History, Smithsonian Institution (USNM). The exact location of the
site 198 is unknown. To this respect Berry (1928) states: Southeast side
Fig. 1. 1–2. Main distribution of extant Lithraea species based on Cabello and Donoso Zeg
herbarioVirtual/) and the Global Biodiversity Information Facility checklist dataset (http
L. brasiliensis is superimposed over that of L. molleoides due to the fact that both species par
Miocene, upper Ñirihuau Fm. at Ñirihuau Medio locality, Río Negro Province, Argentina) and
et al., 2007). Dash lines indicate the Neotropical, Transitional and Nothofagidites paleophytog
the 12 Ma paleogeography, and was made using the Ocean Drilling Stratigraphic Network ava
showing the Ñirihuau Medio and Mina the Petróleo localities (Río Negro Province, Argentina)
of Rio Nirihuao, 1 ½ leagues above foot of canyon, 150 yards southwest of
Casa Piedra (4 leagues south of Lago Nahuel Huapi). Few years later,
Egidio Feruglio apparently rediscovered the same Locality 198 of
Washburne on the ladera derecha del valle del Río Nirihuau,
inmediatamente aguas debajo de la confluencia con el Arroyo de la Mina
(right side of the Ñirihuau River Valley, immediately downstream
from the confluence with the Arroyo de la Mina; Feruglio, 1941, p. 44;
see also Aragón andRomero, 1984). The specimens collected by Feruglio
were studied by Anne Fiori (1939), who referred them as belonging to
the “Medio rio Ñirihuau”, and are housed in the Museo Geologico
Giovanni Capellini, Bologna, Italia. Itwas Feruglio (1941, p. 45)who sug-
gested the coincidence of both, the “198” and “Medio rio Ñirihuau” fos-
siliferous sites.

“Mina de Petróleo” is other site whose fossil flora was sampled by
Feruglio (1941), and also studied by Fiori (1939). This locality is geo-
graphically close (5 km to the south) to Ñirihuau Medio (Fig. 1) and
their outcrops are stratigraphically slightly below, but belonging all of
them to the upper section of Ñirihuau Formation (see geology and age
below).

2.2. Geology and age

Stratigraphically, the fossiliferous levels exposed at Ñirihuau Medio
belong to the upper member of Ñirihuau Formation, more precisely at
the Stage I of Paredes et al. (2009, fig. 7). This section consists of low-
sinuosity fluvial andminor shallow lacustrine facies associations devel-
oped during an inter-eruptive volcaniclastic stage (Paredes et al., 2009).
The complete profile of theÑirihuau Formation (González Bonorino and
ers (2013), Reflora-Virtual Herbarium, available at (http://reflora.jbrj.gov.br/reflora/
s://doi.org/10.15468/39omei accessed via GBIF.org). Note that the area occupied by
tially share distributions. Asterisks indicate the fossil records of Lithraea australis (mid-
Lithrea sp. (lower Pliocene, Andalhuala Fm. Catamarca Province, Argentina, Anzótegui

eographical provinces (reproduced from Barreda et al., 2007). The base map reproduces
ilable at (http://www.odsn.de/odsn/services/paleomap/paleomap.html). 3. Geologic map
and Ñirihuau Fm outcrops (gray areas, based on Giacosa et al., 2001).
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Plate I. 1–2. Lithraea australis (USNM 37857), holotype. Specimen figured by Berry (1928
in pl. 2, fig. 1). Note secondaries exmedially (black arrowhead) and admedially (white
arrowhead) forked. Scales = 0.5 cm.
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González Bonorino, 1978), deposited in the homonymous basin, com-
prises clastic and pyroclastic deposits and subordinated carbonates
(Bechis et al., 2014, and references therein). Although this unit is pre-
dominantly continental, amarine episode has been identified in itsmid-
dle member (Bechis et al., 2014, 2015). A recent study considering
geochronologic dates, structural basin evolution and stratigraphic cor-
relations (Bechis et al., 2015) concludes that the Ñirihuau Formation
was deposited mainly during the middle Miocene with its uppermost
section (including the fossiliferous level of this study) reaching the
upper Miocene (around 12–11 Ma).

2.3. Floral assemblages from the upper section of the Ñirihuau Formation

The megafloral assemblage present in the upper section of the
Ñirihuau Formation has been scarcely studied in the past. Preliminary
data on new collections (Passalia et al., 2016), as well as previous
works (Berry, 1928; Fiori, 1939) show that it is dominated by nano- to
microphyll angiosperm leaves, mostly with toothed margins.
Nothofagaceae is the main component by richness and relative abun-
dance, followed by probable Myrtaceae, Proteaceae and Berberidaceae,
among others.

A palynological assemblage, recovered from the same megafloral
level (Passalia et al., 2016), is also dominated by Nothofagus beech
(fusca pollen type). Other woody angiosperm pollen, related to
Winteraceae (Drymis type), Proteaceae, Myrtaceae and Anacardiaceae
are present but in very low frequencies. Conifers are represented by
podocarps (Podocarpidites spp.) and araucarian pollen (Araucariacites
ssp.), leaves and probable cupressaceous branches. Fern spores exhibits
a low richness and relative abundance in the assemblage. They are
mainly represented by Dicksoniaceae (cf. Lophosoria), probable
Blechnaceae and Pteridaceae (Pteris type). Pollen of herbaceous angio-
sperms belonging to Onagraceae, Malvaceae, Asteraceae and
Gunneraceae occur in trace amounts, as well as swamp families as the
Typhaceae. Brackish to fresh-water algae (Botryoccocus) are also
recorded.

2.4. Extant material

For comparative purposes, leaves of the extant Anacardiaceae
Lithraea molleoides (Vell) Engl. were sampled from a native specimen
in Cruz de Piedra locality, on the western slope of the Sierras Centrales
de San Luis, San Luis Province, Argentina. The Reflora-Virtual Herbarium
(Forzza et al., 2015), available at http://reflora.jbrj.gov.br/reflora/
herbarioVirtual/, was consulted for leaf architectural features of Lithraea
brasiliensisMarch. Additionally, the online database of cleared plant leaf
images (Das et al., 2014), the Global Biodiversity Information Facility
(https://www.gbif.org) and the Australian Tropical Rainforest Plants
Edition 6 (http://www.anbg.gov.au/cpbr/cd-keys/rfk/index.html) were
accessed for comparative data.

2.5. Description terminology

The angiosperm leaves were described following theManual of Leaf
Architecture (Ellis et al., 2009). However, some terminologies used,
such as those referring to the texture, vein course, relative thickness
(gauge) of veins or angle of divergence of secondaries were taken
from Hickey (1973). Specimens were observed using a Nikon SMZ800
stereomicroscope and photographed with a Nikon DS-Fi1 and a Sony
DSC-H7 digital camera. Systematic classification follows the Angio-
sperm Phylogeny Group system (APG IV, 2016).

3. Systematic paleontology

Order: SAPINDALES Juss. ex Berchtold et Presl 1820
Family: ANACARDIACEAE R. Brown, 1818
Genus: LithraeaMiers ex Hook. et Arn
Type species: Lithraea caustica (Molina) Hook. et Arn
Lithraea australis (Berry) Passalia, Caviglia et Vera, comb. nov.
1928. Zamia australis Berry, USNM 37857, in Berry, 1928, p. 11–12,

pl. 2, fig. 1
?1939. Filicites sp. 1, in Fiori, 1939, p. 56, tav. I, fig. 2
Holotype: USNM 37857 (Plate I)
Type locality: Ñirihuau Medio, Ñirihuau River, Río Negro Province,

Argentina
Stratigraphic horizon: Upper section of the Ñirihuau Formation
Age: Middle Miocene
Additional specimens: MAPBAR 6604–6608; 6609–6614; BAFC-Pb

17416–17419.

http://reflora.jbrj.gov.br/reflora/herbarioVirtual/
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Description: Microphyllous leaves, with marginal attachment, ap-
parently sessile. Laminar shape variable, including forms oblong
(6608, 37857, Plate II, 1), elliptic (Plate II, 2) and obovate (Plate I,
Plate II. Lithraea australis. 1–3. General View of Leaves. 1. Oblong leaf, note a secondary vein ad
(MAPBAR 6608). 2. Elliptic leaf (BAFC Pb 17417). 3. Obovate leaf (MAPBAR 6607). 4. Black arrow
Obovate leaf (MAPBAR 6604). 5. General view. 6. Detail showing secondary veins exmedia
arrowhead). 7. Detail of the foliar base showing numerous secondaries admedially forked (one
5). Blade medially mostly symmetrical to slightly asymmetrical. Leaf
margin untoothed. Lamina dimensions 3–4 cm long and 0.5–1 cm
wide (ratio L:W typically 4–7:1). Apex angle acute (mostly between
medially (white arrowhead), and exmedially forked over the midvein (black arrowhead)
head indicates secondary veins exmedially forked over themidvein. (MAPBAR 6605). 5–7.
lly forked near the leaf margin (black arrowhead) and an intersecondary vein (white
of them indicated by a black arrowhead). Scales 1–5 = 0.5 cm, 6–7 = 0.1 cm.
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25 and 50°), straight or slightly convex in shape. Base acute (mostly
between 25 and 40° up to 60°), typically cuneate. Primary venation
pinnate. Midvein with stout to typically massive size. Major second-
aries craspedodromous. Secondary veins thick and mostly with a
straight course, although slightly curved and recurved are also ob-
served. Secondaries excurrently attached to midvein in uniform mod-
erate to wide angles (typically between 50 and 70° up to near 90°).
Secondaries numerous (8 per centimeter in average) regularly
spaced, reaching the margin where they join with a marginal second-
ary vein (Plate III, 5). Secondaries mostly unbranched, although a sin-
gle exmedial dichotomy may occur near the margin but without
decrease gauge by attenuation as occur in cladodromous venation
type (e.g. Plates II, 6 and III, 2, 5–6). In other cases, a single exmedial
dichotomy is observed in the arising of the secondaries over the
midvein (e.g. Plates I and II, 1, 4, 7) as well as secondaries with a
Plate III. Lithraea australis. 1–3. Irregular (atypical) leaf specimen (MAPBAR 6612). 1. General v
veins exmedially forked near themargin (white arrowheads). 3. Detail showing themarginal se
(white arrowheads) (MAPBAR 6609). 5. Detail of the leaf figured in Plate II–4 showing the ma
figured in Plate II-5 (MAPBAR 6604). Scales 1 = 0.5 cm, 2–6 = 0.1 cm.
single admedial dichotomy (e.g. Plates I and II, 1). Intersecondary
veins may be present, although in a very low frequency (less than
one per intercostal area, e.g. Plates II, 6 and III, 4). Intersecondaries
disposed parallel to the major secondaries and as thick as them.
Venation of tertiary and higher order not preserved. No epidermal
details are identified in the fine carbonaceous film that covers the
fossil leaves.

Remarks: In the absence of conclusive evidence, the specimens are
here treated as leaves, but it is not ruled out that they could have
consisted of sessile leaflets of a compound leaf. The specimen
MAPBAR6612 (Plate III, 1–3) consists of an anomalous (atypical) form
with more and less rounded apex, but conserves the venation features
that characterize Lithraea australis. Additionally, this specimen
(MAPBAR6612) exhibits a strongmedial asymmetry, a feature common
in lateral leaflets of pinnately compound leaves. An outstanding feature
iew showing a strong medial asymmetry and rounded apex. 2. Detail showing secondary
condary vein (between black arrowheads). 4. Detail of a leaf showing intersecondary veins
rginal secondary vein (between black arrowheads) (MAPBAR 6605). 6. Detail of the leaf
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of this species is the great relative thickness (gauge) of its secondary
veins.

4. Discussion

4.1. Previous leaf fossil records here included in Lithraea australis

Berry (1928) published a number of fossil ferns, gymnosperms and
angiosperms coming from mid-Cretaceous and Cenozoic deposits of
Patagonia, including a species described as Zamia australis Berry
(1928, pl. 2 fig. 1). The author interpreted this specimen as a pinnate
frond and concluded that is a leaf of Cycadaceae (currently Zamiaceae).
However, a review of Berry's original material (Plate I), supported by
new specimens (Plates II and III) clearly shows that what the author
interpreted as pinnules (=leaflets) are in fact intercostal areas of an an-
giosperm leaf. Furthermore, the areas considered by Berry as spaces be-
tween leaflets corresponds really to secondary veins of a leaf. The
interpretation of Berry of this specimen is curious given that even in
his material there are both exmedially and admedially branched sec-
ondary veins (see arrowheads in Plate I), features not reflected by the
author in their line draw. There is no doubt that the specimens of
Berry and the new ones recorded here belong to the same species and
are included in Lithraea australis.

A few years after Berry's work, Anna Fiori briefly described a leaf
fragment as Filicites sp. 1 (Fiori, 1939 p. 56, tav. 1, fig. 2). This specimen
comes from the locality Mina de Petróleo (see Materials and Methods).
In his description, Fiori mentions: Very long pinnule fragment in relation
to the width and progressively narrowing towards the apex...,…untoothed
margin. Strong medial nerve, right. Visible lateral nerves, straight at 55-63°
respect to the midvein, length/width of the fragment 27/8 mm. Fiori also
states that “The fragment is very reminiscent of the Blechnum
antediluvianum Engelhardt (1891, Eocene of central Chile) of which it
would represent the apical portion of the pinnula, but here the median
nerve appears much more robust”. The original specimen of Fiori, housed
at Museo di Bologna, Italia, has not yet been located. However, by the
description and illustration Filicites sp. 1 of Fiori (1939) is here tenta-
tively referred to Lithraea australis.

4.2. Botanical affinity

Pinnately veined leaves/leafletswith secondaries fused in amarginal
secondary vein are features recognized in extant species of different
families (e.g. Alstonia congenis, Apocynaceae, Machaerium biovulatum,
Fabaceae; Ouratea reflexum, Ochnaceae). A combination of characters
identified in L. australis is also present in extant representatives of
Anacardiaceae, allowing to postulate affinities with this family. These
features include: elongate blade shape, base typically cuneate, margin
unthooted to “subcrenulate,” midvein with stout to massive size, sec-
ondaries numerous, parallel, regularly and closely spaced in uniform
and wide angles, mostly unbranched but occasionally exmedially and/
or admedially forked (e.g. Lithraea molleoides, L. brasiliensis, Abrahamia
sericea, A. grandidieri) or typically cladodromous (e.g. A. itremoensis,
Heeria insignis, H. pulcherrima, L. caustica, Ozoroa mucronata, O. obovata,
O. reticulata, O. paniculosa; Protorhus buxifolia), joined to amarginal sec-
ondary vein and intersecondaries commonly presents and robust.
Among extant Anacardiaceae, L. australis exhibits a marked similarity
with leaves/leaflets of Lithraea as discussed in detail below.

The genus LithraeaMiers ex Hook. et Arn. (Anacardiaceae) consists
of perennial shrubs and trees included in three accepted South
American species with disjunct distribution (absent along the arid diag-
onal, see Fig. 1): L. molleoides (Vell.) Engl. (Central-northern Argentina,
Southern Brazil, Bolivia, Paraguay and Uruguay); L. brasiliensis March.
(North-easter Argentina, Uruguay and South-eastern Brazil) and
L. caustica (Molina) Hook et Arn. (Central Chile) (Muñoz, 1999;
Zuloaga et al., 2008). Main physiognomical leaf features of extant
Lithraea species are summarized in the Table 1. Lithraea molleoides and
L. brasiliensis have leaves that show resemblance in shape and venation
to those of Lithraea australis. This fact is especially notably with
L. molleoides, which is compared in detail with the fossil species.

Lithraea molleoides (syn. Schinus molleoides Vell., S. ternifolius Hook.,
S. brasiliensisMarchand ex Cabrera, Lithraea molleoides (Vell.) Engl. var.
lorentziana Hieron. ex Lillo, L. ternifolia (Hook.) F.A. Barkley, L. gilliesii
Griseb. In Zuloaga et al., 2008) is a tree of medium height, with simple
but typically pinnately compound leaves, 3 or 5 (up to 7) leaflets
(Plate IV, 1–3). Based on previous work (Martínez-Millán and
Cevallos-Ferriz, 2005; Mercado et al., 2014) and own observations,
some architectural foliar features of L.molleoides are the following: Leaf-
lets cartaceous to coriaceous of microphyll size, the terminal leaflet typ-
ically somewhat larger than the laterals, 3–7 cm long and L:W ratio
around 4:1; apical leaflet sessile or with a short petiolule; lateral leaflet
opposites, sessile. Additionally, the laminar shape includes forms elliptic
as well as ovate or oblong, with apex acute, typically straight or slightly
convex, base acute cuneate to decurrent in apical leaflets and untoothed
margin (Plate IV, 4–5, 8, 9–10). These features are essentially similar to
those of L. australis. Some leaflets, as well as simple leaves, develop an
anomalous (atypical) laminar shape with more and less rounded to
emarginate apex (Plate IV, 6–7). This last feature is comparable to that
observed in some specimens of L. australis (see Plate III, 1–3). The vena-
tion of L. molleoides, as in the fossil species, is pinnate with numerous
secondaries excurrently attached to the stout midvein at uniform an-
gles. Secondaries are mostly unbranched, although single admedial
and exmedial forks may occur, features also shared with L. australis.

The secondaries in L. molleoides (and also in L. brasiliensis) are joined
in amarginal secondary vein (Plate IV, 12). At the junction point of each
secondary vein with themarginal vein, there is a shallow incision in the
leaf margin, giving it a “sub-crenulate” appearance (Plate IV, 11). This
feature seems to be present also in L. australis, although it is not as evi-
dent as in L.molleoides. FollowingEllis et al. (2009), themajor secondary
vein framework of L. molleoides corresponds to the craspedodromous
type. Mercado et al. (2014) considered the perimarginal vein as
intramarginal and then describes the secondaries as brochidodromous
type. Previously, Martínez-Millán and Cevallos-Ferriz (2005) following
the former terminology proposed by the Leaf Architecture Working
Group (1999) described the secondary vein type as intramarginal. In
spite of differences in the consideration of the type of the perimarginal
vein (marginal or intramarginal) and then the type of secondary vein
framework interpretation (craspedoromous or brochidodromous) the
venation network of L. molleoides and L. australis display the same pat-
tern. The gauge, disposition and frequency of intersecondaries (Plate
IV, 11) are other features shared by both extant and fossil species.

An outstanding feature of L. australis is the relative thickness (gauge)
of the secondary veins, even greater than the observed in the extant
Lithraea species. The presence of thick secondaries in L. australis, could
be the result of the development of some type of mechanical tissue
(e.g. sclerenchyma, collenchyma) surrounding the vascular strand, as
well as the presence of secretory ducts or both. In this sense, Metcalfe
and Chalk (1950) pointed out the presence of secretory channels and
ducts as an anatomical feature of Anacardiaceae leaves. In particular,
L. molleoides leaves show secondary veins formed by vascular bundles
surrounded by a parenchymatous sheath, phloem frequently
interrupted by schizogenous channels and midrib with abundant fibers
and a ring or cap of schlerenchymatous cells at phloem level (Martínez-
Millán and Cevallos-Ferriz, 2005; Mercado et al., 2014). Although the
secondary veins of L. australis have a relative thickness greater than
the veins in L.molleoides, in both cases, the gauge of secondaries remains
constant throughout their course from themidvein to the leaf margin, a
feature also shared with L. brasiliensis.

Tertiary veins of L. molleoides display a reticulate irregular or
admedially ramified pattern (Mercado et al., 2014). Tertiaries and
higher order veins are thin, embedded in a relatively thick mesophyll
and consequently are only visible in cleared leaves. This would explain
the fact that they do not appear preserved in the fossil species.



Table 1
Leaf architecture comparison between the fossil species Lithraea australis and the extant Lithraea species.

Leaf
organization

Leaf/leaflet Venation main
features

Midvein Secondary veins Intersecondary
veins

Tertiary
veins

Long and
(L:W
ratio)

Blade shape and
margin

Apex angle and shape Base
angle and
shape

Attachment to
the midvein

Relative gauge and
course

Number

Lithraea
australis

Unknown 3–4 cm
(4–7:1)

Variable
(elliptic, oblong,
obovate),
untoothed,
possibly
“sub-crenulate”

Acute, straight or slightly
convex

Acute,
cuneate

Pinnate,
craspedodromous
with secondaries
joined in a
marginal
secondary vein

Stout to
massive

Excurrently,
uniform angle,
moderate to
wide (50–70°
up to near 90°)

Very thick, mostly
straight and
unbranched, but
also admedially and
exmedially forked

8 veins per cm
in average,
regularly
spaced

Present, less than
one per intercostal
area, parallel to the
major secondaries
and thick

Unpreserved

Lithraea
molleoides

Simple, but
typically
pinnately
compound
with 3, 5 up to
7 leaflets

3–7 cm
(4:1)

Variable
(elliptic, ovate,
oblong),
untoothed,
“sub-crenulate”

Acute, straight or slightly
convex and commonly
mucronate

Acute,
cuneate to
decurrent
in apical
leaflets

Pinnate,
craspedodromous
with secondaries
joined in a
marginal
secondary vein

Stout Excurrently,
uniform angle,
moderate to
wide (mostly
about 50–60°)

Moderate, mostly
straight and
unbranched, but
also admedially and
exmedially forked

5 ̶ 6 veins per
cm in average,
regularly
spaced

Present, less than
one per intercostal
area, parallel to the
major secondaries
and thick

Typically
ramifieda

Lithraea
brasiliensis

Simple 4–8 cm
(2,5-4,5:1)

Variable
(elliptic, oblong,
obovate),
untoothed,
“sub-crenulate”

Variable, acute and
straight to convex or
obtuse and rounded or
reflex and emarginate;
mucronate in all cases

Acute,
cuneate to
decurrent

Pinnate,
craspedodromous
with secondaries
joined in a
marginal
secondary vein

Stout Excurrently,
uniform angle,
moderate to
wide (mostly
about 50–60°)

Moderate, mostly
straight and
unbranched, but
also admedially and
exmedially forked

4 ̶ 5 veins per
cm in average,
regularly
spaced

Present, less than
one per intercostal
area, parallel to the
major secondaries
and thick

Typically
ramified

Lithraea
caustica

Simple 4–6 cm
(2:1)

Typically
elliptic,
untoothed,
erose

Acute, Typically convex,
but also rounded,
frecuently mucronate or
retuse, uncommonly
emarginate

Acute,
cuneate

Pinnate,
cladodromous
type Ia

Stout Excurrently,
angle
increasing
proximallya

Moderate, mostly
straight, exmedially
ramify

2–2,5 veins per
cm in average,
regular to
frequently
irregularly
spaced

If present, less than
one per intercostal
area, thina

Typically
ramified, but
also
percurrenta

a From Martínez-Millán and Cevallos-Ferriz (2005)
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Plate IV. Leaves of Lithraeamolleoides. 1–3. General view of pinnately compound leaveswith 3–5 leaflets. Note some variability in the blade shape. 4. Apical leafletwith decurrent base and
straight apex. 5. Lateral leaflet with cuneate base and slightly convex apex. 6–7. Simple leaveswith anomalous (atypical) laminar shapewithmore and less rounded to emarginate apex. 8.
Detail of leaflet bases in a trifoliate leaf. White arrowheads indicate secondaries exmedially forked over the midvein. 9–10. Details of straight and slightly convex apex. White arrowhead
indicates themucronate apex. 11. Detail showing an intersecondary vein (black arrowhead). Note the shallow incision in the leaf margin at the junction point of each secondary veinwith
the marginal vein (white arrowheads). 12. Detail showing a secondary vein forked near the margin (white arrowhead) and the path of the marginal secondary vein (between black
arrowheads). Scales 1–10 = 1 cm, 11 = 0.5 cm, 12 = 0.1 cm.
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Some leaves of L. molleoides show aberrant or anomalous blade de-
velopment (Plate IV, 6–7), that result in laminar shape comparable to
those found in some specimens of L. australis (Plate III, 1–3).
The leaves of L. australis also have some resemblance to those of the
extant Lithraea brasiliensis. They are simple, petiolate, with variable
blade shape (elliptic, oblong or obovate) and untoothed margin. The
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base is acute cuneate to decurrent. The apex angle and shape is variable:
acute and straight to convex; obtuse and rounded, or alternatively reflex
and emarginate, but in all cases shortly mucronate. In their variability
there are elongate forms similar to the fossil ones. Secondary veins are
numerous and also displayed follow a framework comparable to those
of L. australis.

In contrast to the similarities observed among L. australis and the ex-
tant L. molleoides and L. brasiliensis, the leaves of Lithraea caustica are
clearly distinguished both in blade shape and the major secondary
vein framework (cladodromous) (Martínez-Millán and Cevallos-
Ferriz, 2005; Forzza et al., 2015).

According to Weeks et al. (2014), Lithraea is a relatively derived
genus within Anacardiaceae phylogeny, with a Lithraea/Mauria crown
group as older as early Miocene (~18 Ma, Weeks et al., 2014). This sup-
ports the probably presence of a Lithraea species in the mid-Miocene
paleocommunity of Ñirihuau.

The neotropical genus Mauria, sister clade of Lithraea molleoides, in-
cludes species with cladodromous type I venation as in Lithraea caustica
(Martínez-Millán and Cevallos-Ferriz, 2005) and then clearly distin-
guished from those of L. molleoides, L. brasiliensis and the fossil
L. australis. In fact, Silva-Luz et al. (2019) recover Lithraea caustica
as the basalmost member of the genus, suggesting that the
craspedodromous condition may be a synapomorphy of the
L. molleoides–L. brasiliensis clade.

Summarizing, the fossil leaves described here exhibit features that
suggest a close relationship with the extant genus Lithraea, being prob-
ably more related with the L. molleoides–L. brasiliensis clade, than to
L. caustica, and thus probably nested within the genus Lithraea. The di-
vergence time estimates for this genus (Weeks et al., 2014), and their
South American current distribution also fit with this botanical affinity.
Although no fertile organs (flowers, fruits) attached, or at least recog-
nized in the same assemblage have been found, it is here preferred to
refer these remains to the extant genus Lithraea, instead of erecting a
new fossil genus for encompassing them.

4.3. Extant distribution of L. molleoides, paleonvironmental and
paleophytogeographical considerations

Lithraeamolleoides is an arboreal species, distributed along a longitu-
dinal north–south strip from central to northern Argentina (Fig. 1), in
the Chaco-Serrano eco-region of Burkart et al. (1999). In this region it
acquires a typical orophilous habit (=that grow in mountain slopes)
reaching up to 2100 m of altitude (Demaio et al., 2015) and constitutes
the climax community being, with Schinopsis marginata Engl.
(Anacardiaceae), the dominant species. Its geographic distribution ex-
tends to northeast Argentina in the Chaco Húmedo and it is a secondary
species in the marginal jungles of the Selva Paranaense eco-region
(Demaio et al., 2015). Its geographic distribution also includes themon-
tane areas of Bolivia, occupying the East Paraguay, Uruguay and the
Cerrado vegetation, a tropical savanna eco-region of Brazil (Muñoz,
2000). The leaves of L. molleoides display meso- and xeromorphic ana-
tomical features with structural variations that show their high capacity
of tolerance to different environmental conditions and soil types
(Arambarri et al., 2011).

As mentioned above, the leaves of L. molleoides have a high number
of features shared with L. australis and consequently may be considered
a modern analogue. In this sense, the presence of L. molleoides may be
suggesting some xerophytic environmental conditions, at least season-
ally, prevailing during the deposition of the upper section of the
Ñirihuau Formation. This is in accordance with the reduced foliar
areas that characterize the angiosperm leaf records of this stratigraphic
level (Romero and Dibbern, 1984; Passalia et al., 2016).

During the mid-Miocene, the humid forested communities from
eastern Patagonia were replaced by open habitat ecosystems (Barreda
and Palazzesi, 2014). In contrast, those from the westernmost areas
retained their arboreal structure and main families represented,
occupying a progressively narrow north–south area from 35 to 55°
south latitude. These communities are currently part of the eco-region
known as Patagonian Forests (=Subantartic or Andean-Patagonian
Forest). The palynological composition of these Miocene western
forests allowed them to be characterized as the paleophytogeographic
“Nothofagidites Province” (e.g. Romero, 1993; Barreda et al.,
2007), being mainly composed of subantarctic elements such as
Nothofagaceae, Araucariaceae, Podocarpaceae, Proteaceae, along with
some lineages of Myrtaceae, and without presence of other taxa typical
of the extant “Dominio Chaqueño” (in the sense of Cabrera, 1976), such
as Anacardiaceae and Fabaceae. During the early–mid Miocene, the
“Nothofagidites Province” limited to the Eastwith the “Transitional Prov-
ince,” which was also characterized by subantarctic elements but with
participation of taxa from the extant “Dominio Chaqueño” (Barreda
et al., 2007). The floral communities preserved in the upper section
of Ñirihuau Formation, include all the typical families of the
“Nothofagidites Province.” However, the recognition of a L. molleoides
closely related species, suggests that these communities probably
were part of the “Transitional Province” or at least occupied the ecotone
between both, Nothofagidites and Transitional Provinces. This is in ac-
cordance with a preliminary palynological report from the same level
from where L. australis was recovered, that includes (although in a
low relative abundance) elements typical of the “Transitional Province,”
as Tricolpites trilobatus Mildenhall et Pocknall (Convolvulaceae) and
Striatricolporites sp. (Anacardiaceae) (Passalia et al., 2016). In spite of
these preliminary suppositions, more and detailed studies on the
Ñirihuau flora are necessary to shed light in this direction.

4.4. Cenozoic Anacardiaceae leaf records from South America

Extant (Astronium, Lithraea, Schinus, Schinopsis) and fossil
(Anacardites Saporta, Roophyllum Dusén) genera have been employed
to describe fossil leaves presumably attributable to the Anacardiaceae
from Cenozoic (mainly middle Eocene–Miocene) deposits of
Argentina and Chile (Dusén, 1899; Berry, 1925, 1928, 1937, 1938;
Hünicken, 1967; Troncoso, 1992; Anzótegui, 1998, 2004; Anzótegui
and Herbst, 2004; Anzótegui et al., 2007; Anzótegui and Aceñolaza,
2008; Césari et al., 2015; Vento and Prámparo, 2018; Panti, 2018).
Other extant genera as Duvaua (=Schinus), Spondias and Tapiria have
been also employed to includes Paleo-Neogene leaf record of Bolivia,
Brazil and Venezuela (Berry, 1924, 1939a, 1939b). However, there is lit-
tle justification for including some of these South American fossils in the
Anacardiaceae, and a critical review is needed to corroborate their
affinities.

There are no diagnoses for the fossil genera Anacardites and
Roophyllum. Concerning Anacardites, Berry (1938) states that it is useful
for “fossil members of this family (Anacardiaceae) whose generic affinity
was undeterminable.” In fact, the genus has been employed for a variety
of leaves/leaflets with toothed (e.g. A. pichileufuensis Berry) as well as
untoothed margins (e.g. A. brittoni Berry). Similarly, the genus
Roophyllum, previously proposed to describe leaves from the upper Eo-
ceneof southernChile, includes two specieswith very different features.
While one of them (R. nordenskjöldi Dusén) consists of simple, lanceo-
late leaves with untoothed margins and brochidodromous major sec-
ondary veins; the other species (R. serratum Dusén) includes once-
pinnately compound leaves (odd) with serrate margin (teeth with
deep sinuses) and craspedodromous major secondary veins that
Dusén (1899) found to be similar to those of the extant genus Rhus.

Berry (1928) described Anacardites (?) patagonicus from the same
locality as Lithraea australis. There are clear differences between these
species, mainly in the development of major secondary veins.

Among these previous fossil records of Anacardiaceae, those de-
scribed as Lithrea sp. (=Lithraea) from lower Pliocenedeposits of north-
western Argentina (Anzótegui et al., 2007, see Fig. 1) stands out for their
resemblancewith L. australis. Features in common include: size, laminar
length: maximum width ratio and shape; the presence of numerous
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secondary veins simple or forked near the margin and scarce
intersecondaries disposes parallel to the secondaries. Both species
would seem closely related although Lithrea sp. can be separatedmainly
by lacking a marginal secondary vein (Anzótegui et al., 2007).

5. Conclusions

A review of fossil leaves originally referred by Berry (1928) to the
cycad Zamia australis Berry, and the collection of more specimens
from the same fossiliferous levels, allowed a reinterpretation of this
taxon. Features observed in these remains allow its placement in the
family Anacardiaceae, and the combination, Lithraea australis (Berry),
is here proposed to encompass these remains. Other remains, identified
by Fiori (1939) as Filicites sp. are tentatively included in this taxon.
Lithraea australis shows great similarities with the leaves of the extant
species Lithraea molleoides (Vell.) Engl. (Anacardiaceae). The time of
phylogenetic divergence estimated to the genus Lithraea and their
South American current distribution also fit with this botanical affinity.

From a paleophytogeographic point of view, the recognizing of a
L. molleoides closely related species suggest that the plant communities
of the upper section of the Ñirihuau Formationwere part of the “Transi-
tional Province,” or at least constituted the ecotone between it and the
“Nothofagidites” Province.
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