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Abstract

Five fossil woods are described from the Miocene El Cien Formation located in Baja California Sur, Mexico. Their anatomical
characters suggest affinity to the Burseraceae, Euphorbiaceae, Leguminosae and Moraceae. The fossil species described here,
together with previous records, demonstrate a high familial and generic floristic similarity with the extant vegetation of western
Mexico (e.g. Jalisco). This floristic link suggests a landscape dominated by a tropical deciduous or semi-deciduous forest.
However, the presence of additional taxa whose living relatives thrive in relatively moist conditions today suggests a relatively
humid environment. The floristic similarity between the floras growing in this region today and those existing during the Miocene
can be explained by the palaeogeographic link between these two landmasses (Baja California Sur and Western Mexico) that
existed until approximately 5 mybp.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wegener (1922) hypothesized that the Peninsula of
Baja California and the main American continent had a
common origin. Now, after much research in the area,
the tectonic events that gave rise to the present
geographical configuration of Baja California are
relatively well known (e.g. McKenzie and Morgan,
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1969; Atwater, 1970; Mammerickx and Klitgord, 1982;
Hausback, 1984). A complex series of geological events
(detailed in, for example, Hausback, 1984) resulted in
the severance of the Peninsula from North America, its
eventual integration with the Pacific Plate, and the
subsequent opening of the Gulf of California. During
the deposition of sediments forming the El Cien
Formation, Baja California was a structurally stable
continental margin of western Mexico (McKenzie and
Morgan, 1969; Atwater, 1970; Hausback, 1984). For
this reason the fossil plants preserved in the El Cien
Formation provide a unique opportunity to evaluate
the floristic and environmental changes along the
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northwestern coast of Mexico associated with tectonic
and geographic processes that have guided the evolution
of this area.

Although studies of fossil floras in Mexico are
somewhat limited, information determined from the
macrofossil angiosperm remains have provided inter-
esting data pertaining the biodiversity during the
Cretaceous (e.g. Cevallos-Ferriz and Weber, 1992;
Cevallos-Ferriz and Ricalde-Moreno, 1995; Rodrí-
guez-de la Rosa and Cevallos-Ferriz, 1994; Hernán-
dez-Castillo and Cevallos-Ferriz, 1998; Estrada-Ruiz,
2004) and Tertiary (e.g. Magallón-Puebla and Cevallos-
Ferriz, 1993, 1994a,b,c; Velasco de León and Cevallos-
Ferriz, 1997; Velasco de León et al., 1998; Ramírez-
Garduño, 1999; Calvillo-Canadell and Cevallos-Ferriz,
2002; Ramírez and Cevallos-Ferriz, 2002) as well as the
floristic evolution (Cevallos-Ferriz and Ramírez-Gar-
duño, 1998), continental palaeoclimates (Velasco de
León, 1999) and biogeography (e.g. Ramírez et al.,
2000; Martínez-Millán, 2000, 2003). This study focuses
on the Baja California wood flora complementing the
palaeoecological data already available and provides
important new information regarding the Miocene
vegetation of Mexico.

2. Materials

In the southern part of the Baja California Peninsula,
approximately 100 km to the northwest of La Paz, Baja
California Sur (Fig. 1), the clastic sedimentary rocks of
the El Cien Formation are exposed (Applegate, 1986).
The El Cien Formation is a sedimentary sequence
Fig. 1. Maps showing the location of the El Cien
deposited during the late Oligocene–early Miocene
(Applegate, 1986; Fischer et al., 1995). It rests
unconformably on the sandstone of the Tepetate
Formation and is overlain by the volcanic rocks of the
Comondú Formation (Applegate, 1986; Fischer et al.,
1995). Although Applegate (1986), who originally
proposed the El Cien Formation as a stratigraphic unit,
divided it into three members, the Cerro Tierra Blanca,
San Hilario and Cerro Colorado, the general consensus
is that the two basal members form a single geological
unit. The El Cien Formation corresponds to the (1)
Monterrey Formation (Darton, 1921; Heim, 1922; Beal,
1948; Mina, 1957; Ojeda, 1959; Alatorre, 1988), (2) San
Gregorio Formation (Hausback, 1984; Kim and Barron,
1986), and (3) the basal member of the El Cien
Formation (San Juan Member) sensu Schwennicke
(1994) and Fischer et al. (1995).

The woods described here are preserved as silica
permineralizations and were collected from the upper
Cerro Colorado Member of the El Cien Formation near
Rancho Matanzas and Cañada El Canelo, located 5 km
northeast and 3.5 km southwest from El Cien town,
respectively (Fig. 1). The sediments of this Member are
composed mainly of fine to coarse-grained sandstones,
tuffaceous sandstones and conglomerates (Applegate,
1986; Fischer et al., 1995) and represent a prograda-
tional sequence from offshore to non-marine environ-
ments (Gidde, 1992). The change in depositional
environment is evidenced by the presence of primary
sedimentary structures and ichnofossils at the base–
indicative of near shore environments–and by root casts
of fossil plants and fossil caliche deposits towards the
Formation and the fossil wood localities.
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top, indicating the change from lagoonal to terrestrial
environments.

There has been no radiometric dating of the Cerro
Colorado Member itself. However, K–Ar radiometric
dates for the underlying member give an age of 25.5
±0.4 my, whilst the overlying volcanic rocks have been
dated at 21±0.4 my (Hausback, 1984). Therefore, we
assume the Cerro Colarado Member is approximately
25–20 my old.

3. Methods

The fossil woods were thin-sectioned in transverse,
tangential and radial sections using standard techniques
for petrified woods (e.g. Haas and Rowe, 1999). The
descriptions of the five morphospecies are based on the
observations of 19 different trees. The group of slides
representing each tree is given its own IGM-LPB series
number. With the exception of vessel frequency, which
was calculated based on counts of 15 fields of view, the
quantitative characteristics are the result of at least 25
measurements with the mean (x) and standard deviation
(s) provided. Measurement techniques and terminology
follow, in general, that described by an IAWA
Committee (1989).

Familial affinities were determined by consulting
reference descriptions such as Metcalfe and Chalk
(1950), Détienne and Jacquet (1983), Ilic (1987, 1991),
Terrazas (1994) and searches of the computerised
OPCN (Wheeler et al., 1986; LaPasha and Wheeler,
1987) and CSIRO Family Key (Ilic, 1987) wood
databases. Comparisons were then made with extant
wood samples housed in the National Xilothec of the
Institute of Biology, UNAM, and the National Herbar-
ium of The Netherlands, Utrecht University Branch
(sample numbers prefixed by Uw). All fossil specimens
are deposited in the National Paleontological Collection,
Institute of Geology, Universidad Nacional Autónoma
de Mexico (UNAM), Mexico.

4. Systematic palaeobotany

Family: Burseraceae
Genus: Tetragastroxylon gen. nov.
Generic diagnosis: Fossil angiosperm wood. Vessels
predominantly solitary; perforation plates simple, inter-
vascular pits alternate, oval to polygonal, with lenticular
apertures; vessel-ray pits elongated with reduced to
simple borders; fibers septate; axial parenchyma absent;
rays heterocellular, predominantly uniseriate, occasion-
ally multiseriate; radial canals present in multiseriate
rays.
Type species: Tetragastroxylon magniporus gen. et sp.
nov. Plate I, 1–8.
Etymology: The generic name highlights the anatomical
resemblance of the fossil with the wood of Tetragastris.
The specific epithet reflects the large lumen of the
vessels.
Holotype: LPB 259–267(ca. 4 cm).
Additional material: LPB 1183–1192 (14 cm).
Repository: Paleontological Collection of the Instituto
de Geología, UNAM, Mexico.
Stratigraphic horizon: Cerro Colorado Member of the
El Cien Formation, early Miocene.
Locality: Rancho Matanzas, Mexico (Fig. 1).
Species diagnosis: Wood diffuse porous, growth rings
indistinct; vessels solitary or in radial multiples of 2–4
with average vessel diameter N200 μm; perforation
plates simple, intervascular pits alternate, oval to poly-
gonal, with lenticular apertures; vessel-ray pits with
reduced to simple borders, slightly or prominently elon-
gated; fibers septate with 1–4 septa per fiber; axial
parenchyma absent; rays heterocellular, mostly uniseri-
ate, some multiseriate (2–4 cells) with one or two radial
canals per ray; druses and spherical contents in radial
tissue.
Description: This description is based on two pieces of
wood with estimated diameters of 4 and 14 cm.
Diffuse porous wood and indistinct growth rings
(Plate I, 1). Vessels circular in outline, solitary and in
radial multiples of 2–4, with vessel grouping index of
1.37. Vessel element tangential diameter ranges from
140 to 327 μm (x=226, s=45), length varies from 250
to 640 μm (x=366, s=70 μm), wall thickness ranges
from 5 to 13 μm (x=8.6, s=1.9 μm), and frequency
varies from (5) 7 to 16 mm−2 (x=9.5, s=2.6 mm−2).
Abundant thin-walled tyloses (Plate I, 1, 3). Perfora-
tion plates exclusively simple with slightly oblique
end walls. Intervascular pits alternate and oval to
polygonal in outline, with lenticular apertures, 4–8 μm
(x=5.8, s=1.1 μm) in diameter. Vessel-ray pits
slightly to definitely horizontally elongated with
reduced or simple borders (Plate I, 7, 8). Fibers with
1–4 septate per fiber (Plate I, 3, 6), tangential
diameter from 5–18 μm (x=12.3, s=3.6 μm) and
wall-thickness between 1 and 4 μm (x=2, s=1.1), pits
not observed in fiber walls. Axial parenchyma absent
(Plate I, 1). Predominantly uniseriate rays (99%) (Plate
I, 3, 6), 5–11 rays per mm. Multiseriate rays
heterocellular (Plate I, 3–6) with ray body composed
of procumbent cells and 2–4 marginal rows of
upright/square cells, one or two canals per ray, 50–
95 μm (x=61, s=17) in diameter (Plate I, 2).
Uniseriate rays are 6–14 (x=8.3, s=2.1) cells high
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and composed of procumbent and square cells. Some
druses and spherical contents resembling oil drops in
procumbent parenchyma cells (Plate I, 4).
Affinities:The presence of septate fibers, heterocellular
rays and radial canals, plus the absence of (or very
poorly developed) parenchyma suggest similarity of this
fossil to the woods of Anacardiaceae and Burseraceae.
The high degree of similarity in wood characters
between extant members of these two families supports
the suggestion of a common ancestry for these two
families based on molecular characters (rbc L) and
morphological/anatomical analyses (Terrazas, 1994;
Martínez-Millán, 2000, 2003). The high percentage of
uniseriate rays in combination with the presence of



Table 1
Wood characteristics used in the identification of the fossil material
from selected genera of Anacardiaceae and Burseraceae

Family Genera Radial
canals

Uniseriate
rays

Septate
fibers

Anacardiaceae Astronium (2 spp) + + − +
Anacardium (2 spp) − +(−) −
Buchanania latifolia − − −
Choerospondias
axillaris

− − + −

Cotinus coggygria − − −
Cyrtocarpa
velutinifolia

+ − +

Dracontomeloum dao − − − +
Gluta rhengas + + (−) −
Lannea welwitschii + − −
Loxopterigyum
sagotti

+ − + +

Mangifera indica − − −
Pistacia chinensis + − −
Pseudospondias
microcarpa

− − −

Rhus typhina − − −
Sclerocarya birrea − − −
Spondias (2 spp) + − −
Thyrsodium
guianenese

+ − + −

Burseraceae Aucoumea klaineana − − +
Canarium
Shweinfurtii

− − +

Commiphora (2 spp) + − +
Dacryodes (3 spp) − − +
Hemicrepidospermum
rhoifolium

− + (−) +

Protium (12 spp) + − + (−) +
Tetragastris (3 spp) + + (−) +
Trattinickia (2 spp) − − +
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radial canals, septate fibers and absence of axial
parenchyma are the most important characteristics
linking the fossil wood with extant members of these
families (Table 1).

In some Anacardiaceae, such as Anacardium,
Swintonia (Terrazas, 1994), Gluta, Astronium and
Loxopterygium, uniseriate rays dominate. However, in
contrast with the fossil, Anacardium and Gluta have
abundant axial parenchyma and Swintonia has non-
septate fibers (Terrazas, 1994). Some specimens of
Loxopterygium (e.g. L. sagotii Uw 4239) and Astronium
have high proportions of uniseriate rays (similar to those
seen in the fossil wood), but differ since they are
predominantly heterogeneous IIB rays (Terrazas, 1994).
The presence of predominantly or exclusively uniseriate
rays is relatively common in many species of Burser-
aceae including the majority of Dacryodes, Protium and
Tetragastris species reviewed during the course of this
research (Table 1).

Axial parenchyma is generally less abundant in the
Burseraceae when compared with the Anacardiaceae.
In particular, many species of Protium and Tetragas-
tris (Burseraceae) have scanty paratracheal parenchy-
ma along with exclusively uniseriate rays (Tables 1
and 2), septate fibers and radial canals (Plate I, 9–12),
thus resembling the overall anatomical condition of
the fossil woods. Although the number of cells per
uniseriate ray in the fossil wood agrees with the
number of cells per ray in Protium, the fossil wood
rays are more similar to those of Tetragastris (Table
2) even though the size of the ray cells and proportion
of square cells are greater in the fossil when compared
with the two extant genera. This latter character be-
comes more obvious if the ratio between the number
of cells and ray height is calculated. The quotient for
the fossil (22) is greater than that of the extant spe-
cies, T. panamensis (9) and T. altisima (11), studied.
The rays in the fossil have the same frequency (2)
Plate I. Light micrographs of Tetragastroxylon magniporus (Figs. 1–8) and

1. Transverse section (Ts). Diffuse porous wood and axial parench
2. Tangential section (Tg). Radial canals in a multiseriate ray. LPB
3. Tg. Exclusively uniseriate rays and vessels filled with thin-wal
4. Radial section (Rs). Spherical contents in ray parenchyma cells
5. Rs. Procumbent and square cells in the radial tissue. LPB-IGM
6. Tg. Uniserate rays and septate fibers. LPB-IGM 266. Scale bar
7, 8. Rs. Horizontally elongated vessel-ray pits, note the reduced bo
9. Ts. Diffuse porous wood and scanty paratracheal axial parench
10. Tg. Radial canals in a multiseriate rays. Scale bar=100 μm.
11. Rs. Heterocellular ray. Scale bar=150 μm.
12. Tg. Uniseriate rays and septate fibers. Scale bar=150 μm.
of canals per ray as seen in Tetragastris (Table 2;
Plate I, 2, 10). However, there are certain anatomical
differences between the fossil wood and Tetragaris
and Protium to which it shows greatest similarity.
Tetragastis altissima Uw 658 (Figs. 9–12).

yma absent. LPB-IGM 260. Scale bar=1 mm.
-IGM 265. Scale bar=100 μm.

led tyloses. LPB-IGM 265. Scale bar=1 mm.
. LPB-IGM 267. Scale bar=100 μm.
267. Scale bar=150 μm.
=100 μm.
rders. LPB-IGM 267. Scale bar=10 μm.
yma. Scale bar=1 mm.



Table 2
Anatomical comparison between Tetragastroxylon magniporus and selected extant Tetragastris and Protium species exhibiting similar anatomy.
V=vessel; r= rays; p=procumbent; s=square; u=upright

Character Tetragastroxylon
magniporus

Tetragastris altísima
Uw 658

Tetragastris
panamensis Uw 11062

Protium alstonii
Uw 1845

Protium polybotryum
Uw 4589

Porosity Diffuse Diffuse Diffuse Diffuse Diffuse

Growth
rings

Indistinct Delimited by 2–3
flattened latewood
fibers

Weakly delimited
flattened latewood
fibers

Indistinct Indistinct

V/Frequency
(v/mm2)

9.5 (7–16) 15.9 (14–19) 12.3 (4–20) 12.1 (7–11–15) 14 (11–18)

Diameter
(μm)

225 (140–327) 79 (56–103) 98 (61–124) 98 (67–122) 105 (72–139)

Grouping 1.37 (77% solitary) 1.28 (80% solitary) 1.32 (85% solitary) 1.18 (89% solitary) 1.53 (77% solitary)

Wall
thickness
(μm)

8.6 (5–13) 4.2 (2.9–7) 3.5 (2.9–6) 2.8 (2.3–3.4) 3.2 (2.3–5.8)

Intervessel pits
(μm)

Alternate, oval to
polygonal, with
lenticular apertures.
5.8 (4–8) diameter

Alternate, oval to
polygonal, lenticular
apertures. 6.3
(4.3–8.7) diameter

Alternate, oval to
polygonal, lenticular
apertures. 5.8
(3–8.7) diameter

Alternate oval to
polygonal 6.4
(5.5–8.7) diameter

Alternate oval to
polygonal 7
(5.8–8.7) diameter

Fibers Septate 1–3 septa
per fiber

Septate 3–4 septa
per fiber

Septate 3–4 septa per
fiber

Septate 2–4 septa
per fiber

Septate 3–5 septa
per fiber

Ray composition Uniseriate,
multiseriate less than
1%. Uniseriate rays
composed of p and s
cells, some u cells

Mostly uniseriate,
multiseriate 18%.
Uniseriate rays
composed of p,
s and u cells

Mostly uniseriate,
multiseriate less than
20% composed of p,
s and u cells

Mostly uniseriate,
multiseriate less than
10% composed of p,
u cells, high proportion
of s cells (compared
with upright)

Mostly uniseriate,
biseriate less than
10% composed of
p and u cells, high
proportion of s cells
(compared with u)

Frequency
(r/mm)

7 (5–11) 6.4 (4–9) 7.9 (6–11) 5.2 (3–4–8) 5.8 (4–8)

Height uniseriate
r (# cells, μm)

4–14 308 (145–555) (2)4–11(16)
179 (70–324)

(2)4–17
229 (94–427)

3–23 275 (89–446) (2)3–18 242 (66–381)

Radial canal One sometimes two
canals per ray, 60 μm
(50–95 μm)

One sometimes two
canals per ray 28 μm
(23–32 μm)

One sometimes two
canals per ray
52.6 μm (28–66 μm)

One canal per ray
89.3 μm (70–94 μm)

One canal per ray
42.3 μm (38–47 μm)

Vessel-ray
pits

Reduced borders to
simple, round or
irregular, horizontally
elongated

Reduced borders to
simple, round or,
horizontally
elongated

Reduced borders to
simple, round or,
horizontally
elongated

Reduced borders to
simple, round or,
horizontally elongated
to irregular (some)

Reduced borders to
simple, round or,
horizontally elongated
to irregular (some)

Axial
parenchyma

Absent Scanty paratracheal Scanty paratracheal Scanty paratracheal
and diffuse apotracheal

Scanty
paratracheal
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The fossils have a higher conductive area up to two
times greater the mean vessel diameter and a lower
mean vessel frequency (Table 2). Another difference
is the absence of axial parenchyma in the fossil
material, but is present in the extant material. Even
though Protium, Tetragastris and this fossil morpho-
type show very similar anatomical characteristics,
based on the quantitative and qualitative similarities/
differences discussed above and summarised in Table
2, the fossils are most similar anatomically to species
of Tetragastris.

Several other fossil woods with anatomy similar to
species of Burseraceae, and Tetragastris in particular,
have been collected from Europe and Asia (e.g. Den
Bergen, 1923; Dayal, 1964; Prakash et al., 1974;
Prakash and Tripathi, 1975; Ghosh and Roy, 1978;
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Lakhanpal et al., 1981; Bande and Prakash, 1983;
Trivedi and Srivastava, 1985; Awasthi and Srivastava,
1989; Awasthi and Mehrotra, 1993). The major
distinction between the El Cien Formation fossil wood
and the Asian fossil woods relates to the proportion of
uniseriate rays and occurrence of axial parenchyma:
Boswellioxylon indicum (Dayal, 1964) and Sumatrox-
ylon molli (Den Bergen, 1923) have obvious axial
parenchyma, few uniseriate rays and multiseriate rays
up to 6 cells wide. Species of Burseroxylon (B.
preserratum and B. garugoides; Prakash and Tripathi,
1975; Lakhanpal et al., 1981, respectively) lack radial
canals, have axial parenchyma and predominantly
multiseriate rays. In Canarioxylon ceskobudejovicense
(Prakash et al., 1974), from Czech Republic, and C.
indicum from India (Ghosh and Roy, 1978), radial
canals are absent. Awasthi and Srivastava (1989)
describe a wood, Canarium palaeoluzonicum, from
the Neogene flora of the Kerala Basin that they believe
is related to Canarium. This has great similarity with the
fossil from El Cien Formation; although, Canarium
palaeoluzonicum (Awasthi and Srivastava, 1989) has a
high frequency of uniseriate rays, they are more
abundant (N90%) in the fossil from the El Cien
Formation.

The absence of axial parenchyma in the fossil woods
described here, coupled with the particularly high
incidence of the uniseriate rays and its closer similarity
to extant members of Protium and particularly Tetra-
gastris (Burseraceae) than to fossil burseraceous woods
previously described, support the erection of a new
morphogenus.

Family: Euphorbiaceae
Genus: ParaphyllanthoxylonBailey (1924)
Species: Paraphyllanthoxylon mennegae sp. nov. Plate
II, 1–8.
Etymology: The specific epithet is after A.M.W.
Mennega in recognition of her work on the wood
anatomy of the Euphorbiaceae.
Holotype: LPB 227–258 (4 cm).
Additional material: LPB 4120–4134 (ca. 6 cm); LPB
4203–4217 (ca. 9.5 cm); LPB 3573–3574 (10.5 cm);
LPB 982–989, 991, 993–1000 (ca. 6.2 cm).
Repository: Paleontological Collection of the Instituto
de Geología, UNAM, Mexico.
Stratigraphic horizon: Cerro Colorado Member of the
El Cien Formation, early Miocene.
Locality: Rancho Matanzas (LPB 227–258; LPB 982–
989, 991, 993–1000) and Cañada El Canelo (LPB
4120–4134; LPB 4203–4217; LPB 3573–3574), Mex-
ico (Fig. 1).
Species diagnosis: Diffuse porous, growth rings
indistinct; vessels solitary or in radial multiples of 2–
4 (5) with average tangential diameter b100 μm;
perforation plates simple, intervascular pits alternate,
oval to polygonal; vessel-ray pits oval to irregularly
shaped, horizontally elongated to scalariform; 2–3
septa per fiber; axial parenchyma absent; rays he-
terocellular, uniseriate and multiseriate; uniseriate rays
composed exclusively of upright cells, 4–14 cells high;
multiseriate rays 2–3, exceptionally 4 cells wide,
b1500 μm high and composed predominantly of
upright and square cells with few procumbent cells;
uniseriate margins composed of 1–6 cells.
Description: This description is based on five pieces of
wood with estimated diameters ranging from 4 to 10.5
cm. Diffuse porous wood with indistinct growth rings.
Vessels oval in cross section, solitary and in radial
multiples of 2–4 (5), with 1.8 vessels per group (Plate II,
1). Vessel element tangential diameter ranges from 40 to
97.5 μm (x=71 μm, s=16), length varies from 215 to
795 μm (x=469 μm, s=120), wall thickness ranges from
2 to 5 μm (x=3.2 μm, s=0.88), and frequency varies
from 23 to 66 mm−2 (x=45.9 mm−2, s=10). Perforation
plates simple with oblique end walls (Plate II, 5).
Intervascular pits oval and alternate with circular or
elliptic apertures (Plate II, 7), 3–7 μm (x=4.8 μm,
s=1.1) in diameter. Vessel-ray pits horizontally elongat-
ed with reduced to simple borders (Plate II, 4, 6). Thin-
walled tyloses. Fibers with 2–3 septa per fiber (Plate II,
2, 3, 8). Fiber tangential diameter ranges from 6 to 24 μm
(x=13.6 μm, s=5.5) and wall-thickness varies from 1 to
8 μm (x=4.1 μm, s=1.6). Axial parenchyma absent. Ray
frequency 6–9 per mm (x=7.5 per mm, s=0.83/mm).
Rays heterocellular (Plate II, 2–4, 8), uniseriate and
multiseriate. Multiseriate rays 2–3 (–4) cells wide and
310–1450 μm (x=755 μm, s=316 μm) high. Body of
multiseriate rays composed of predominantly square and
upright cells, with uniseriate extensions composed of 1–
6 (x=2.4, s=1.3) rows of upright cells. Uniseriate rays
composed entirely of upright cells, 4–14 (x=6.5, s=2.9)
cells high. Dark contents in ray cells common.

Species: Paraphyllanthoxylon coloradensis sp. nov.
Plate III, 1–8.
Etymology: The specific epithet reflects the geologic
unit from which the fossils were collected.
Holotype: LPB 1044–1063 (5.4 cm).
Additional material: LPB 3585 (ca. 7 cm); LPB 1002–
1004 (7.5 cm); LPB 1196–1204 (2.2 cm); LPB 1174–
1182 (ca. 14 cm).
Repository: Paleontological Collection of the Instituto
de Geología, UNAM, Mexico.
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Stratigraphic horizon: Cerro Colorado Member of the
El Cien Formation, early Miocene.
Locality: Rancho Matanzas (LPB 1044–1063; LPB
1002–1004. LPB 1196–104. LPB 1174–1182) and
Cañada El Canelo (LPB 3585), Mexico (Fig. 1).
Species diagnosis: Wood diffuse porous, growth rings
indistinct; vessels solitary or in radial multiples of 2–4,
sometimes more, average tangential diameter N100 μm;
perforation plates simple, intervascular pitting alternate,
oval to polygonal; vessel-ray pits horizontally elongated
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to scalariform; fibers septate, 2–3 septa per fiber, or non-
septate; axial parenchyma absent; rays uniseriate and
multiseriate; uniseriate rays homocellular composed
exclusively of upright cells, 3–14 cells high; multi-
seriate rays heterocellular, 2–3 cells wide and up to
3400 μm high, composed predominantly of procumbent
cells with some upright and square cells; some rays have
biseriate and uniseriate portions within a constant width,
and uniseriate margins 1–8 cells high.
Description: This description is based on five pieces of
wood with estimated diameters of ∼2 to 14 cm. Diffuse
porous wood with indistinct growth rings (Plate III, 1).
Vessels in cross section oval, solitary and in radial
multiples of 2–4, sporadically longer, vessel grouping
index of 1.58. Vessel element tangential diameter varies
from 75 to 185 μm (x=131 μm, s=23.6 μm), length
ranges from 410 to 830 μm (x=627 μm, s=124 μm),
wall-thickness between 2 and 6 μm (x=3.5 μm,
s=1.1), and frequency ranges from 15 to 36 mm−2

(x=24.4 mm−2, s=5.9). Perforation plates simple with
oblique end walls (Plate III, 7, 8). Intervascular pits
oval to polygonal, alternate, and 10–13 μm (x=11.5
μm, s=1) in diameter. Vessel-ray parenchyma pits
horizontally elongate, with simple to reduced borders
(Plate III, 5, 6). Thin-walled tyloses. Fibers with 2–3
septa per fiber, or non-septate (Plate III, 2–4), with
tangential diameter ranging from 10 to 28 μm (x=18.2
μm, s=5.6) and wall-thickness varies from 1 to 6 μm
(x=2 μm, s=1.4). Axial parenchyma absent (Plate III,
1). Rays uniseriate and multiseriate (Plate III, 2–4),
with frequency of 5–11 per mm (x=8.1 per mm,
s=1.6). Multiseriate rays heterocellular, 2–3 cells
wide and 600–3400 μm (x=1586 μm, s=624) high,
with body composed predominantly of procumbent
cells although upright and square cells can be present.
Uniseriate extensions of multiseriate rays composed of
1–8 (x=4.1, s=2.1) upright cells. Uniseriate rays
homocellular, 3–14 (x=7.5, s=2.6) cells high and
composed exclusively of upright cells. Some rays
Plate II. Light micrographs of Paraphyllanthoxylon mennegae (Figs. 1–8) an

1. Ts. Diffuse porous wood, mostly radial multiples of two cells a
2, 8. Tg. 1–3 seriate heterocellular rays and septate fibers. LPB-IGM
3. Tg. Septate fibers. LPB-IGM 238. Scale bar=50 μm.
4. Rs. Heterocellular ray, note the upright cells and the scalariform
5. Rs. Simple perforation plates. LPB-IGM 243. Scale bar=70 μm
6. Rs. Oval to horizontally elongated vessel-ray pits. LPB-IGM 4
7. Rs. Alternate intervascular pitting. LPB-IGM 4209. Scale bar=
9. Ts. Long radial multiples. Scale bar=500 μm.
10, 11. Tg. Heterocellular and septate fibers. Scale bar=100 μm.
12. Rs. Oval to scalariform vessel-ray pits in upright cells. Scale ba
have alternating biseriate and uniseriate portions with
constant width.
Affinities: The Paraphyllanthoxylon wood type was first
described by Bailey (1924) and the organ genus has
been used repeatedly for fossil woods characterised by
weakly differentiated growth rings, simple perforation
plates, alternate intervascular pits, large vessel-ray pits,
scanty to absent axial parenchyma, septate fibers,
heterocellular rays and tyloses. The fossil woods
described here fit well with the suite of diagnostic
characters given above and thus the woods are assigned
to Paraphyllanthoxylon. The two morphotypes from the
El Cien Formation can be separated based on the relative
vessel diameter, amount of septate fibers, multiseriate
ray height and cellular composition and the presence of
uniseriate and biseriate portions in some rays with
constant ray width.

The Paraphyllanthoxylon wood type is common in
the sedimentary record, both in time and space (e.g.
Bailey, 1924; Spackman, 1948; Mädel, 1962; Prakash,
1958; Cahoon, 1972; Thayn et al., 1983; Prakash et al.,
1986; Wheeler et al., 1987, 1995; Wheeler, 1991;
Herendeen, 1991; Cevallos-Ferriz and Weber, 1992;
Meijer, 2000). The anatomy exhibited by Paraphyl-
lanthoxylon is commonly associated with that of
Anacardiaceae, Burseraceae, Elaeocarpaceae, Euphor-
biaceae, Flacourtiaceae and Lauraceae, amongst others.
While many authors accept that the anatomy of
Paraphyllanthoxylon is closest to the Euphorbiaceae
(Mädel, 1962; Privé, 1975; Thayn et al., 1983; Thayn
and Tidwell, 1984; Prakash et al., 1986), not all
researchers agree in considering the similarity enough
to assign it to this family (Bailey, 1924; Spackman,
1948; Cahoon, 1972; Wheeler, 1991).

Based on the occurrence and number of marginal cells
associated with the multiseriate rays and the amount of
the uniseriate rays, Wheeler et al. (1987) and Herendeen
(1991) recognise two anatomical groups within Para-
phyllanthoxylon: (1) those Paraphyllanthoxylon species
d its living analogue Phyllanthus sellowianus Uw 14074 (Figs. 9–12).

nd axial parenchyma absent. LPB-IGM 227. Scale bar=1 mm.
238. Scale bar=300 μm, 100 μm respectively.

vessel-ray pitting. LPB-IGM 243. Scale bar=50 μm.
.

209. Sacle bar=20 μm.
20 μm.

r=50 μm.



Plate III. Light micrographs of Paraphyllanthoxylon coloradensis (Figs. 1–8), Fluggea flexuosa Uw 24716 (Fig. 9), Phyllanthus juglandifolius Uw
31189 (Fig. 10), Antidesma pulvinatum Uw 31193 (Fig. 11), Hymenocardia wallichii Uw 14634 (Fig. 14634).

1. Ts. Diffuse porous wood. LPB-IGM 1044. Scale bar=1 mm.
2, 3. Tg. Heterocellular rays and non-septate fibers. LPB-IGM 1052. Scale bar=300 μm.
4. Tg. The arrows show a long uniseriate tail (right) and a non-septate fiber. LPB-IGM 1052. Scale bar=300 μm.
5. Tg. Scalariform vessel-ray pits in uniseriate ray cells. LPB-IGM 1054. Scale bar=30 μm.
6. Rs. Oval to scalariform vessel-ray pits. LPB-IGM 1059. Scale bar=30 μm.
7. Rs. Simple perforation plate. LPB-IGM 1059. Scale bar=70 μm.
8. Rs. Rays with procumbent, square and upright cells; vessels with simple perforation plates. LPB-IGM 1062. Scale bar=100 μm.
9. Ts. Diffuse porous wood, scanty paratracheal parenchyma. Scale bar=1 mm.
10, 11. Tg. Heterocellular rays. Scale bar=200 μm.
12. Rs. Scalariform vessel-ray pits in upright cells. LPB-IGM 243. Scale bar=30 μm.
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with few, short marginal extensions in the multiseriate
rays and few or rare uniseriate rays (P. utahense, P.
idahoense, P. marylandense, P. alabamense, P. capense)
have greater affinity with Lauraceae, Elaeocarpaceae,
Anacardiaceae, Burseraceae and Verbenaceae; and (2)
Paraphyllanthoxylon species with abundant uniseriate
rays and long uniseriate extensions of the multiseriate
rays (i.e. P. arizonense and P. illinoisense) are
anatomically closer to Ulmaceae, Flacourtiaceae,
Euphorbiaceae and Simaroubaceae (Herendeen, 1991).
It is, therefore, possible that Paraphyllanthoxylon
represents more than a single taxonomic group (Here-
ndeen, 1991; Wheeler, 1991). By comparing the wood
of P. marylandense (of group 1) with the xylem of the
inflorescence axis of Mauldinia mirabilis, Herendeen
(1991) demonstrated that closest anatomical similarity
of this morphospecies lies with the Lauraceae. In
contrast, Wheeler et al. (1987) consider the markedly
heterocellular condition of the rays exhibited by P.
arizonense and P. illinoisense (group 2) as indicative of
anatomical similarity to the Euphorbiaceae. However,
Wheeler et al. (1987) also stated that these Paraphyl-
lanthoxylon species also resemble the Flacourtiaceae
and Violaceae in other characters.

When the fossil woods from El Cien Formation are
compared with the two groups of Paraphyllanthoxylon,
it is clear that the fossils are anatomically closer to group
2 since they share long uniseriate margins in multiseriate
rays and abundant uniseriate rays. From a comparison of
these fossil woods with the wood from the extant
families listed above, closest anatomical similarity is
found with members of Euphorbiaceae and Flacourtia-
ceae which also exhibit a combination of septate fibers,
heterocellular rays (heterogeneous Kribs type I), multi-
seriate rays with large uniseriate extensions, absence of
axial parenchyma (or scanty paratracheal), simple
perforation plates, alternate intervessel pits and large
vessel-ray pits.

Similarity can be recognised in some genera within
the Gloichidion group. For example, Bischoffia, Phyl-
lanthus and Antidesma are difficult to distinguish from
Caloncoba in the Euphorbiaceae, or Erythrospermum
and Kiggelaria of the Flacourtiaceae (Metcalfe and
Chalk, 1950; Miller, 1975). Miller (1975) also noted the
similarity of other Euphorbiaceae taxa (Acalypha,
Aporocella, Gloichidion and Hymenocardia) to mem-
bers of the Flacourtiaceae genera in the subtribes
Casearieae and Homalieae. The suite of characters listed
above is common to all Flacourtiaceae (Miller, 1975),
but in Euphorbiaceae they are restricted to certain
groups such as the Phyllanthoidae (especially the
Gloichidion group; Metcalfe and Chalk, 1950; Men-
nega, 1987). The combination of (i) simple perforation
plates, (ii) exclusively alternate intervascular pits, and
(iii) ray-vessel pits large, oval, irregular and/or horizon-
tally elongated with a scalariform pattern, along with the
features already mentioned above, restricts the similarity
of the fossil woods to different tribes within Flacourtia-
ceae (i.e. Ahernia [Berberidopsideae], Oncoba and
Lindackeria [Oncobeae], Pineda [Banareae], Poliothyr-
sis and Itoa [Flacourtiaeae]) and Euphorbiaceae (i.e.
Spondiantheae, Antidesma, Phyllantheae–only Flueg-
geinae–, Hymenocardieae and Bischofieae) (Miller,
1975).

In Flacourtiaceae the ground tissue is composed
either of tracheids, or both fiber-tracheids and/or
libriform fibers which are predominantly septate (Miller,
1975). In contrast, but with the exception of Hyeronima
(Mennega, pers. com., 2003), the ground tissue of the
Phyllanthoideae is almost always composed of libriform
fibers. Therefore, those Flacourtiaceae with fiber-trac-
heids forming the ground tissue may be excluded from
further discussion. Those members of the Flacourtiaceae
with exclusively libriform fibers (such as Trimeria,
Scolopia, Grossypiospermum, Ophiobotrys, Neoptycho-
carpus) can also be distinguished from the El Cien
Paraphyllanthoxylon fossils based on the small ray-
vessel pits that are similar to the intervessel pits.
Therefore, the new fossils share greater anatomical
similarity with the Euphobiaceae, and in particular with
Phyllanthoideae.

Within the Phyllanthoideae two different anatomical
types can be distinguished: (1) the Gloichidion type and
(2) the Aporusa type (Metcalfe and Chalk, 1950;
Mennega, 1987). These types can be distinguished by
the presence of predominantly simple perforation plates,
thin-walled septate fibers, and either no axial parenchy-
ma or very scarce paratracheal parenchyma in the
Gloichidion type (Mennega, 1987). The anatomical
pattern of the fossils has greatest similarity to the
Gloichidion group and Antidesma (anatomically similar
to the Gloichidion group but belonging to the Aporusa
wood type). Within the Gloichidion group, Spon-
diantheae, Bischofieae, Dicoelieae and Bridelieae can
be distinguished from the other tribes and the El Cien
Formation fossils based on their relatively wide (in
terms of cell numbers) multiseriate rays, whilst
Poranthereae and Uapaceae differ in having exclusively
non-septate libriform fibers (Mennega, 1987). Secur-
inega of the tribe Phyllantheae can also be eliminated
because of the presence of exclusively scalariform
perforation plates, vessel-ray pits similar to intervas-
cular pits and abundant axial parenchyma. Both El Cien
Paraphyllanthoxylon fossil types share characters with



Table 3
Anatomical comparison of Paraphyllanthoxylon coloradensis and Paraphyllanthoxylon mennegae with selected extant members of the subfamily Phyllanthoideae exhibiting similar anatomy. N,
number of cells; O, oval; I, irregular; He, horizontally elongated; S, scalariform; Oe, oblique elongated; s/f, septa per fiber

Character Antidesma
membranaceaous
Uw 15897

Antidesma
montanum
Uw 31312

Antidesma
pulvinatus
Uw 31193

Margaritaria
indica Uw
10905

Hymenocardia
walichii Uw
14634

Fluggea
flexuosa
Uw 24716

Phyllanthus
juglandiflolius
Uw 31189

Phyllanthus
grandifolius
Uw 875

Phyllanthus
sellowianus
Uw 14074

Paraphyllanthoxylon
coloradensis

Paraphyllanthoxylon
mennegae

Vessel
diameter
(μm)

56–94
(75)

28–51
(36)

47–94
(69)

61–136
(93)

32–51
(43)

94–136
(114)

61–141
(101)

70–117
(92)

34–85
(63)

75–170
(129)

40–97
(71)

Intervascular
pits diameter
(μm)

6 6–9 6–12 6–15 6 3–4 6–9 6–12 6–8 6–13 5–9

Height of
multiseriate
rays (μm)

729–4680
(2225)

648–2640
(1424)

480–2280
(1093)

468–2064
(968)

720–2280
(1471)

480–1920
(1187)

420–3240
(1466)

864–2760
(1720)

348–984
(634)

600–3400
(1586)

310–1450
(755)

Uniseriate
extensions
(μm)

72–1440
(530)

60–900
(356)

60–624
(304)

108–468
(252)

144–504
(341)

48–840
(345)

84–1080
(245)

180–1560
(482)

36–300
(165)

110–1100
(458)

35–580
(143)

Uniseriate
extensions
(N)

1–16
(5.9)

1–14
(6.8)

1–12
(5.4)

2–10
(5.3)

3–12
(6)

1–14
(5.9)

1–16
(4)

2–19
(6)

1–6
(3)

1–8 (4) 1–6
(2.4)

Height of
uniseriate
rays (μm)

132–1680
(871)

156–1080
(552)

2 1 6 – 7 9 2
(526)

132–480
(310)

180–1200
(598)

180–1080
(472)

180–1008
(485)

240–1200
(563)

252–1250
(384)

310–1300
(808)

190–700
(361)

Height of
uniseriate
rays (N)

2–18 (9) 2–19
(9.4)

2–17
(10)

3–11
(7)

6–22
(11)

2–19
(8)

3–20
(8)

3–15
(8.3)

4–10
(7.5)

3–14
(7.5)

4–14
(6.5)

Rays per mm 7.6 14.5 12.5 13 14 11.8 6.3 5.6 10.1 8.1 7.5
Ray width (N) 2–3 (2) 2–3 (2) 2–3 (2) 2–3 (2) 2–4 (2–3) 2–4 (3) 2–4 (2–3) 2–4 (2–3) 2–4 (2–3) 2–3 2–4 (2–3)
Vessel-ray pits O, I, He, S. O, I, He, S O, I, He, S O, some

slightly
elongated

O, I, He, S O, I, He, S O, I, He,
S to Oe

O, I, He, S O, I, He, S O, I, He, S O, I, He,S E

Sheath cells Present Present Present Present Present Present Present Present Present Present Present
Fibers Partially

septate
Partially
septate
2–3 s/f

Septate
3 s/f

Septate
2–3 s/f

Septate,
2–4 s/f

Septate
2–4 s/f

Septate
2 s/f

Septate
2–3 s/f

2–3
(3) s/f

Partially septate
2–3 s/f

Septate
2–3 s/f

Axial
parenchyma

Absent Absent Scanty
paratracheal

Absent Absent Scanty
paratracheal

Absent Scanty
paratracheal

Absent Absent Absent
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the subtribe Flueggeinae of the Hymenocardieae and
Antidesma that include the absence of axial parenchy-
ma (sometimes very scarce in Flueggeinae and
Antidesma), septate fibers (partially in Antidesma) and
large oval and horizontally elongated vessel-ray pits
often with a scalariform pattern.

Very similar anatomical characters are found in
woods of Phyllanthus, Margaritaria, Flueggea (sub-
tribe Flueggeinae) and Hymenocardia (Hymenocar-
dieae) and Antidesma (Antidesmeae) (Table 3). These
taxa are difficult to distinguish from one another based
on their xylem structure alone. Phyllanthus has
marked anatomical variations among its species, thus
can show greater similarity with other members of the
Flueggeinae, Hymenocardia or Antidesma. Although
Paraphyllanthoxylon coloradensis does exhibit close
anatomical similarity to Antidesma montanum based on
the presence of septate and non-septate fibers, both
new fossil Paraphyllanthoxylon morphotypes can be
distinguished from Antidesma by the presence of
relatively large vessel elements (Mennega, 1987) and
predominantly biseriate rays in Antidesma (Table 3).
Margaritaria (e.g. M. indica) can also be distinguished
from the fossils, given that biseriate rays dominate
[personal observations of NHN Utrecht slide (Uw
10905)] and Hymenocardia wallichii (Uw 14634)
differs from the fossils in that it has 4 septa per
fiber.

In summary, although the anatomical characters of
the El Cien Paraphyllanthoxylon morphospecies also
occur within the Flacourtiaceae, greatest anatomical
similarity is shared with the Glochidion-group of the
Phyllanthoideae, the Flueggeinae (of the Hymeno-
cardieae) and Antidesma, all belonging to the
Euphorbiaceae.

Family: Leguminosae
Genus: Andiroxylon Müller-Stoll and Mädel (1967)
Species: Andiroxylon cinnamomeus sp. nov. Plate IV.
Etymology: The specific epithet refers to the cinnamon
colour of the samples.
Holotype: LPB 4115–4126 (18 cm).
Additional material: LPB 4218–4227 (ca. 11.5 cm).
Repository: Paleontological Collection of the Instituto
de Geología, UNAM, Mexico.
Stratigraphic horizon: Cerro Colorado Member of the
El Cien Formation, early Miocene.
Locality: Cañada El Canelo, Mexico (Fig. 1).
Species diagnosis: Wood diffuse porous, indistinct
growth rings; vessels mostly solitary and in radial
pairs, sporadically in multiples of four; perforation
plates simple, intervascular pits oval to polygonal;
vessel-ray pits and vessel-parenchyma pits similar to
intervascular pits; fibers non-septate; axial parenchyma
aliform and confluent to banded; parenchyma strands
(3–)4(–6) cells high; axial parenchyma and rays
irregularly storied; rays heterocellular, predominantly
multiseriate with rare uniseriates; multiseriate rays 2–4
cells wide, body composed of procumbent cells, 0–3
marginal rows of square or weakly procumbent cells.
Description: This description is based on two pieces of
wood with estimated diameters of ca. 11.5 and 18 cm.
Diffuse porous wood with indistinct growth rings
(Plate IV, 1–3). Vessels round to oval in outline,
mostly solitary and in radial pairs, but sporadically
form larger groups (up to 4), with vessel grouping
index of 1.25. Vessel element tangential diameter
varies from 120 to 225 μm (x=158 μm, s=25.4),
length measures 185–400 μm (x=335 μm, s=48),
wall-thickness varies from 4 to 12 μm (x=7.3 μm,
s=1.9) and frequency varies from 0 to 6 mm−2 (x=2.8
mm−2, s=1.3). Perforation plates simple with almost
transverse end walls. Intervascular pits oval to
polygonal (Plate IV, 10), 5–8 μm (x=6.2 μm, s=1)
in diameter. Vessel-ray and vessel-parenchyma pits
similar to intervascular pits, sometimes alternate with
no conspicuous border reduction (Plate IV, 11). Thin-
walled tyloses present. Libriform non-septate fibers
present with tangential diameters varying from 3 to 17
μm (x=9.2 μm, s=3.1) and wall-thickness ranging
between 2 and 7 μm (x=4 μm, s=1.2), some with very
thick walls (Plate IV, 9). Axial parenchyma is aliform
with either short or long wings, often confluent,
frequently banded due to wing convergence (Plate
IV, 1–3). In longitudinal section axial parenchyma
strands mainly (3)–4–(6) cells high (Plate IV, 6, 7) and
irregularly storied. Rays heterocellular, predominantly
multiseriate but some uniseriate (Plate IV, 4, 5) and
irregularly storied, frequency of 6–10 per mm (x=8.5
per mm, s=1.2). Multiseriate rays 2–3(4) cells wide
and 190–345 μm (x=259 μm, s=44) high. Body of
multiseriate rays composed of exclusively procumbent
cells with 0–3 (x=1.2, s=0.6) rows of square or
weakly procumbent cells forming uniseriate extensions
(Plate IV, 8); uniseriate rays composed exclusively of
procumbent cells.
Affinities: The characters shared by these fossils with
members of the Leguminoseae are the storied nature of
the axial and radial parenchyma, abundance of the axial
parenchyma, similarity of the vessel-ray and vessel-
parenchyma pits to intervascular pits and presence of
simple perforation plates.

Although the structure of the secondary xylem in
legumes is extremely variable (Metcalfe and Chalk,



Plate IV. Light micrographs of Andiroxylon cinnamomeus.

1, 2, 3. Ts. Variability of the axial parenchyma types. Aliform to confluent and banded. LPB-IGM 4120. Scale bar=1 mm.
4, 5. Tg. Storied and heterocellular rays. LPB-IGM 4116, 4221. Scale bar=1 mm and 250 μm.
6, 7. Tg. 3–6 celled parenchyma strands, storied axial parenchyma. LPB-4117. Scale bar=150 μm.
8. Rs. Heterocellular ray, note the square and weakly procumbent marginal cells. LPB-4123. Scale bar=150 μm.
9. Ts. Very thick-walled fibers with virtually no lumen. LPB-4121. Scale bar=15 μm.
10. Rs. Alternate intervascular pitting. LPB-4222. Scale bar=50 μm.
11. Rs. Vessel-ray pits. LPB-4222. Scale bar=50 μm.
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1950; Baretta-Kuipers, 1981), the relative presence of
certain characters has been valuable in the recognition
of anatomical trends at the subfamily level. Baretta-
Kuipers (1981) has documented the significance of
ray- and axial parenchyma structure and cell compo-
sition in the taxonomy of the family. According to
these trends, Mimosoideae may be distinguished from
Papilionoideae and Caesalpinioideae in having shorter
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homocellular rays, lower proportion of axial paren-
chyma bands N4 cells wide, greater proportion of
septate fibers and absence of storied structures.
Conversely, the Papilionoideae differs from Caesalpi-
nioideae in having species with greater occurrence of
storied structure elements, smaller proportion of
heterocellular rays, and relatively shorter rays (Bare-
tta-Kuipers, 1981).

The anatomical pattern of the El Cien Formation
wood is particularly similar to the wood anatomical
characters displayed by members of the tribes Swart-
zieae and Dalbergieae (and Sophoreae) of the Papilio-
noideae. Within the tribe Swartzieae the fossil wood
shares greatest similarity with Aldina, Cordyla and
Mildbraediodendron excelsum, namely: (i) thick walled
fibers (with virtually no lumen), (ii) abundance of axial
parenchyma, (iii) regular/irregular storeying of axial and
radial parenchyma, and (iv) height, width and cell
composition of the rays. However, the number of cells
that form the axial parenchyma strands in the fossil (i.e.
3–6 cells) differs from that in these genera: Aldina and
Cordyla have strands of 2–4 cells (Gasson, 1996;
Angyalossy-Alfonso and Miller, 2002) andM. excelsum
has strands of 3–5 cells (Gasson, 1996; or 2–4 cells
according to Angyalossy-Alfonso and Miller, 2002)
(Table 4).

Within the Dalbergieae anatomical similarity is
closest to a group of four genera whose wood anatomy
is atypical within this tribe: Andira, Hymenolobium,
Vatairea and Vataireopsis. Based on the virtual absence
of uniseriate rays and the absence of strictly storied
structure in all axial parenchyma and rays, this group is
anatomically closer to members of the Sophoreae
(Baretta-Kuipers, 1981; Gasson, 1996). Baretta-Kuipers
Table 4
Anatomical comparison of selected Andira species and Andiroxylon cinnamo
highest number of ray cells; [ ] extreme values; − absent; +, ++, +++ axial p

Character Andira coriacea
Uw 11500

Andira inermis
Uw 7077

Andira re
Uw 9129

Vessel diameter
(μm)

259 230 196

Vessel frequency
(v/mm2)

1.7 2.7 1.8

Ray frequency
(mm)

4.3 5.5 8

Ray height (μm) 615 334 293
Ray height (cells)⁎ 50 21 18
Ray width (cells) 2–4, 3–4 2–5, 3–4 2–4, 2–3
Strands (cells) (3) 4–6 (3) 4–6 [4] 3–4 (5) [
Axial parenchyma
Aliform +++ − +++
Confluent + +++ +++
Banded − +++ +
(1981) relates them directly with Ormosia. The fossils
from the El Cien Formation differ from Hymenolobium,
Vatairea and Vataireopsis in the number of cells per
axial parenchyma strand (2–4 cells, sometimes 2–
8 cells high in Vatairea guinensis [Reinders-Gouwentak,
1955]) and in the absence of septate fibers (in the
comparative material studied, septate fibers were
observed only in Vatairea guinensis even though
Gasson, 1999 indicates that they are present in all
three genera).

The species of Andira that were available for
comparative study can be subdivided in two groups
based on wood characteristics (Table 4). Andira
coriacea (Plate V, 4), A. inermis and A. villosa (Plate
V, 5) are notably different from A. retusa and A.
surinamensis (Plate V, 1–3, 6) in both the size of the
multiseriate rays and the upper limit of cells per
parenchyma strand. In A. coriacea most multiseriate
rays are extremely high with only the shorter rays
having a slight tendency towards a storied nature. Rays
5 cells wide (wider than in the fossil) are extremely
common in A. villose and A. surinamensis (Table 4).
These three species of Andira have 3–6 cells per axial
parenchyma strand, commonly 4 cells, but up to 7 in A.
villose. Rays of A. retusa and A. surinamensis do not
exceed the 20 cells in height and 4 cells in width, and
axial parenchyma strands are shorter (Table 4).
Although the combination of anatomical features in
the new fossil legume morphotype from the El Cien
Formation does vary slightly from those observed in the
extant species of Andira, the number of cells in the axial
parenchyma strands in the fossil is closer to A. coriacea,
A. inermis and A. villose, while the size of the rays
(height and width) is similar to that of A. retusa and A.
meus. Bold type denotes the most frequently encountered condition; ⁎

arenchyma abundance (relatively few to relatively abundant)

tusa Andira surinamensis
Uw 57, 14476

Andira villose
Uw 1384

Andiroxylon
cinnamomeus

229 224 157

1.8 2.1 2.8

5 4.9 8.5

367 394 259
17 27 18
2–4, 2–3 2–5, 3–4 2–4, 2–3

4] 3–4 [4] 3–6–(7) [4] (3) 4–6 [4]

+ ++ +++
+++ +++ ++
+++ ++ +



Plate V. Light micrographs of Andira. Andira surinamensis Uw. 14476 (Figs. 1–3, 6), Andira coriacea Uw 11500 (Fig. 4), Andira villosa Uw 1384
(Fig. 5).

1, 4, 5. Ts. Axial parenchyma types in different species of Andira. Scale bar= 1 mm (Fig. 1), 500 μm (Figs. 4 and 5)
2. Tg. Storied rays. Scale bar=500 μm.
3. Tg. Storied rays and axial parenchyma. 4–6 celled parenchyma strands. Scale bar=500 μm.
6. Rs. Heterocellular ray with one row of weakly procumbent cells. LPB-4117. Scale bar=250 μm.
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surinamensis (Table 4). Overall the fossil is most similar
to A. retusa, with which it shares comparable quantita-
tive and qualitative vessel, ray, and axial parenchyma
features. The only difference lies in the length of the
axial parenchyma strands. Thus, we consider this fossil
morphotype exhibits anatomy closest to that of extant
Andira and have therefore placed it in the fossil genus
Andiroxylon erected for fossil woods with anatomical
similarity to extant Andira (Müller-Stoll and Mädel,
1967).

In the fossil record only one species has been
described with anatomical similarity to extant Andira,
namely the type species, A. biseriatum Müller-Stoll and
Mädel (1967), from Kenya. The major distinction
between the El Cien woods and A. biseriatum includes
the number of cells per parenchyma strand, the absence
of crystals and the parenchyma distribution. Although
rays of A. biseriatum were defined by Müller-Stoll and
Mädel (1967) as being homocellular, they described
them as having “marginal cells only a little bit higher
than cells of the body”, therefore they are equivalent to
the weakly procumbent cells seen in the El Cien wood.
The number of cells per parenchyma strand in the El
Cien woods (3–6 cells) is closer to the extant species
studied [i.e. 3–6(–7); Table 4] than to A. biseriatum (4–
8). Additionally, the presence of crystals in the axial



157H.I. Martínez-Cabrera et al. / Review of Palaeobotany and Palynology 138 (2006) 141–163
parenchyma and the relative abundance of axial
parenchyma in A. biseriatum distinguish this species
from the El Cien woods. Therefore, the erection of a
new species, A. cinnamomeous, for the El Cien woods is
justified.

Family: Moraceae
Genus: Ficoxylon Kaiser (1880).
Species: Ficoxylon bajacaliforniense sp. nov. Plate VI,
1–9; Plate VII, 1, 2.
Etymology: The specific epithet indicates the
Mexican State in which the fossil samples were
collected.
Holotype: LPB-IGM 1205–1210 (ca. 17.3 cm).
Additional material: LPB-IGM 1236–1239 (5.8 cm);
LPB-IGM 3557–3560 (14.2 cm); LPB-IGM 4276–
4291(ca. 12.5 cm); LPB-IGM 5475–5476 (ca. 8 cm).
Repository: Paleontological Collection of the Instituto
de Geología, UNAM, Mexico.
Stratigraphic horizon: Cerro Colorado Member of the
El Cien Formation, early Miocene.
Locality: Rancho Matanzas (LPB-IGM 1205–1210;
LPB-IGM 1236–1239) and Cañada El Canelo (LPB-
IGM 3557–3560; LPB-IGM 4276–4291; LPB-IGM
5475–5476), Mexico (Fig. 1).
Species diagnosis: Wood diffuse porous, growth rings
indistinct; vessels mainly solitary and in radial multiples
of 2–3 (4), average diameter of ca. 150 μm and mean
frequency of ca. 3 per mm−2; perforation plates simple,
intervascular pits alternate, oval to polygonal; vessel-ray
and vessel-parenchyma pits larger than intervascular
pits, round to oval with reduced borders; libriform fibers
non-septate; axial parenchyma paratracheal vasicentric,
concentric apotracheal bands, and 4–6 cells in height;
up to 13 rhombic crystals in chambered parenchyma
cells; rays homocellular, mostly multiseriate, 2–8 cells
wide; some sheath cells present.
Description: This description is based on five pieces of
wood with estimated diameters ca. 6 to N17 cm. Diffuse
porous wood with indistinct growth rings; vessel round
to oval in cross section, solitary, and in radial multiples
of 2–3 (4) with vessel grouping index of 1.7 (Plate VI, 1,
2). Vessel element tangential diameter ranges from 90 to
215 μm (x=154 μm, s=33), length measures 195–375
μm (x=290 μm, s=61), wall thickness measures 6–15
μm (x=9.7 μm, s=2.6) and frequency varies from 0 to 6
mm−2 (x=3 mm−2, s=1.8). Perforation plates simple
with almost transverse end walls (Plate VI, 9).
Intervascular pits alternate, oval to polygonal (Plate
VI, 3), and 3–7 μm (x=5 μm, s=1.2) in diameter.
Vessel-ray and vessel-parenchyma pits round to oval
with reduced borders and larger than intervascular pits
(Plate VII, 1, 2). Thin-walled tyloses. Non-septate
libriform fibers form the ground tissue, with tangential
diameter measuring 1–8 μm (x=4 μm, s=1.7) and wall-
thickness of 3–9 μm (x=5.4 μm, s=1.3). Axial
parenchyma apotracheal in concentric bands of 5–12
cells wide and 2–3 per mm, and paratracheal vasicentric
(Plate VI, 1, 2). In longitudinal section axial parenchy-
ma strands up to 4–6 cells in height (Plate VI, 8).
Crystalliferous strands up to 15 crystals, one per
chamber in axial parenchyma (Plate VI, 6, 7). Rays
homocellular (Plate VI, 4, 5, 8), mainly multiseriate with
frequency of 4–8 per mm (x=5.8 per mm, s=1.2).
Multiseriate rays 2–6 (–8) cells wide and 130–1110 μm
(x=632, s=293 μm) high, composed predominantly of
procumbent cells although some have slightly squarer
cells. Some sheath cells present. The uniseriate exten-
sions of multiseriate rays composed of 1–7 (x=2, s=1)
rows of procumbent cells. Uniseriate rays represent less
than 10% of ray tissue and are 5–15 (x=8.3, s=3.4)
cells high.
Affinities: Ficus is the largest genus of theMoraceae with
more than 900 species in Africa, America and
Australasia, and although it grows in a wide diversity
of habitats (from humid forest to relatively dry zones)
and exhibits a variety of habits, its wood anatomy is
remarkably homogeneous (Koek-Noorman et al.,
1984). Ficus can be distinguished from the other
members of the Moraceae by the presence of few,
relatively large vessels, long apotracheal bands, 3–15
cells wide (Plate VI, 10), non-septate libriform fibers
(sporadically some septate) and the rhomboidal
crystals in marginal ray cells and axial parenchyma
(Koek-Noorman et al., 1984). The conspicuous
parenchyma bands that in some cases make up 50%
of the axial tissue are rarely found in other Moraceae
genera (Koek-Noorman et al., 1984). The other
Moraceae genera with relatively large amounts of
axial parenchyma and homocellular rays are Clarsia,
Parartocarpus and Morus. However, they can be
differentiated by the number of cells per parenchyma
strand: Morus and Clarisia have 2–4 cells per strand
(ter Welle et al., 1986a,b), whereas Parartocarpus has
3–4 cells per strand (ter Welle et al., 1986b). Both the
El Cien woods and the extant species of Ficus have
longer parenchyma strands, i.e. 4–6 cells and 4–6 [10]
cells (Koek-Noorman et al., 1984), respectively. The
fossil woods of the El Cien Formation is both
quantitatively and qualitatively very similar to the
extant species of Ficus (Plate VI, 10–12) with only
slight deviations in fiber lumen and wall thickness and
in the number of cells in the uniseriate extensions of
the multseriate rays.
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Several fossil woods have been assigned to Ficox-
ylon, a fossil organ genus erected by Kaiser (1880) for
woods with anatomical similarity to extant Ficus. The
majority of the fossil woods assigned to this genus
originate from northern Africa (e.g. Schenk, 1883;
Kamal El-Din, 2003), but it has been also found in
Colombia (Boureau and Salard, 1962). Anatomical
differences between the wood from the El Cien
Formation and those Ficus assigned to other species
can be noted. The species with greatest anatomical
similarity to the El Cien plant is F. cretaceum from the
Cretaceous of northern Africa. It has relatively greater
abundance of uniseriate rays, narrower (up to three cells
wide; Schenk, 1883; Boureau and Salard, 1962; Kamal



Plate VII. Light micrographs of Ficoxylon bajacaliforniense LPB-IMG 4287 (Figs. 1 and 2), Ficus glauscensMEXU-139 (Fig. 3) and F. goldmanii
MEXU-486 (Fig. 4)

1, 2. Rs. Vessel-ray and vessel-parenchyma pits (arrowed) respectively. Scale bar=50 μm.
3, 4. Rs. Vessel parenchyma and vessel-ray pits respectively. Scale bar=50 μm.
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El-Din, 2003) multiseriate rays and sometimes non-
septate fibers (see Schenk, 1883; Kamal El-Din, 2003
for further details), thus we believe that there is
sufficient anatomical distinction to warrant the erection
of a new species for the Ficus-like woods from the El
Cien Formation.

5. Discussion

The El Cien Formation has yielded a well-
preserved fossil wood flora. In total 23 plant types
have been recorded but only five have been in
previous works. These taxa include several legumes
(Mimosoxylon tenax [Felix] Müller-Stoll and Mädel,
1967, Bajacalifornioxylon cienense, Copaiferoxylon
matanzensis Cevallos-Ferriz and Barajas-Morales,
1994), one moraceous wood (Maclura; Martínez-
Cabrera, 2002) and an anacardiaceous plant (Tapirira
peninsularis; Martínez-Cabrera and Cevallos-Ferriz,
2004). Other five are described here. A high percentage
of near living relatives of the plants identified from the El
Plate VI. Light micrographs of Ficoxylon bajacaliforniense (Figs. 1–9) and

1, 2. Ts. Diffuse porous wood with indistinct growth rings. Note the b
LPB-IGM 1205. Scale bar=1 mm and 200 μm.

3. Tg. Alternate intervascular pitting. LPB-IGM 3557. Scale bar=
4. Tg. General view or the radial tissue; 1–6 seriate rays. LPB-IG
5. Tg. Detail of a wide ray. LPB-IGM 3557. Scale bar=200 μm.
6, 7. Tg. Crystalliferous strand in the axial parenchyma cells, note

bar=100 and 50 μm.
8. Rs. Homogeneous radial tissue (vertical arrow); axial parenchy
9. Tg. Simple perforation plate (arrowed). LPB-IGM 3557. Scale
10. Ts. Diffuse porous wood; apotracheal parenchyma bands. Scale
11. Tg. General view of the rays. Scale bar=500 μm.
12. Homocellular rays. Scale bar=500 μm.
Cien Formation assemblage are found today in the
deciduous tropical forests on the western coast of
Mexico. Greatest forest composition similarity is found
in the biological station of Chamela (UNAM), located in
the state of Jalisco. Based on the material so far identified
in El Cien localities, Leguminosae is the most diverse
taxonomic group in terms of number of species, followed
closely by Euphorbiaceae along with Moraceae. Signif-
icantly, the Leguminosae and Euphorbiaceae are also
the most diverse families in Chamela (Lott, 1985; Lott
and Atkinson, 2002). Although there may be doubts
concerning the inclusion of the Paraphyllanthoxylon
species within the Euphorbiaceae. This brings the total
of taxa described from the El Cien Formation and
shared with those from Chamela to seven, with one of
the most diverse genera at Chamela, Mimosa, also
present in the fossil flora (Table 5).

The extant relatives of the El Cien Formation plants
present in Chamela represent both deciduous taxa,
restricted to the deciduous tropical forest (e.g. Maclura;
Lott, 2002), and evergreen trees mainly distributed in
Ficoxylon yoponensis MEXU 128 (Figs. 10–12)

road apotracheal axial parenchyma bands and paratracheal vasicentric.

50 μm.
M 3557. Scale bar=1 mm.

the rhombic shape of the crystals (arrowed). LPB-IGM 3557. Scale

ma strands (horizontal arrow). LPB-IGM 4288. Scale bar=200 μm.
bar=150 μm.
bar=1 mm.



Table 5
Habitat preference, habit and phenology of the nearest living relatives of the fossil woods from the El Cien Formation

Fossil genus Living relative Phenology Habit Habitat

Andiroxylon Andira a Evergreen t, s(10–35 m)+ TSDF+, TRF
Copaiferoxylon Copaifera Evergreen t (15–35 m) DF, TRF
Ficoxylon Ficus a E, D t, hem (8–18 m)+ Ri+, TDF+, TSDF+
Maclura Maclura a Deciduous t (6–20 m)+ TDF+
Mimosoxylon Mimosa a Deciduous l,.c, s, t (1, 4–8)+ Ri+, TDF+, TSDF+
Paraphyllanthoxylon
mennegae

Phyllanthus a Deciduous t, s, h (1–12 m) + TDF+, Hal+, Ri+

P. coloradensis Phyllantoidae− – – –
Tapirira Tapirira Evergreen t (up to 40 m) TRF, MF
Tetragastroxylon Tetragastris Evergreen t (20–30 m) TRf

a Nearest living relatives present at Chamela; in the habit column + represents the height and habit of the nearest living relatives present at Chamela;
the habitat column provides the vegetation type of the nearest relative at Chamela; E, evergreen; D, deciduous;−, taxonomic relationship uncertain; t,
trees; s, shrubs; hem, hemiepiphyte, h, herb; c, woody climbers; l, lianas. TDF, tropical deciduous forest; TRF, tropical rain forest; DF, dry forest; Ri,
riparian; Hal, halophyte; MF, mountain forest (data from Chamela after Lott, 2002).
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the sub-deciduous tropical forest (e.g. Andira; Lott,
2002) (Table 5). In addition there are other taxa in the
fossil assemblage that can be found in either both of
these vegetation types and/or in riparian environments
(e.g. Ficus, Mimosa; Lott, 2002) (Table 5). Moreover,
the fossil assemblage contains other taxa whose closer
living relatives, Tapirira, Copaifera and Tetragastris (or
Protium), do not occur at this latitude along the Pacific
coast today, but are restricted to more humid areas to the
south. Tapirira lives in more humid environments at
mid-elevations either in the mountain forests (T.
mexicana) or rain forest (T. chimalapana), essentially
in southeastern Mexico and Central and South America
(Terrazas and Wendt, 1995). Copaifera, native of South
America and Africa, grows in dry and humid tropical
and sub-tropical areas with precipitation and tempera-
ture tolerance ranges from 1000 to 4000 mm/yr and 20
to 27 °C, respectively. Nevertheless, the majority of the
Copaiferas occurs in areas with 3500 mm or more of
precipitation and ca. 27 °C of MAT (http://www.hort.
purdue.edu, 2003). Tetragastris is distributed in humid
or gallery forests of South America (http://scisun.nybg.
org, 2003; http://ctrs.si.edu, 2003) and southern Mexico
(Martínez, 1987). Evidently, the moisture requirements
of the latter three extant taxa are greater than the other
nearest living relatives of other fossil taxa found in the
El Cien Formation. Assuming that the ecological
tolerances of these taxa have not changed appreciably
over the last 20–25 my, the El Cien flora may have
grown in an environment characterised by higher
humidity compared with the current conditions in
Chamela and the Baja California Peninsula. The
tolerances of Andira, Ficus and Mimosa may overlap
with those of Tetragastris, Tapirira and Copaifera, but
other taxa such asMaclura tinctoria grow in Chamela at
relatively higher water stress levels (Lott, 2002); even
though, M. tinctoria can thrive in more humid forests
(tropical rain forest) as demonstrated by its presence in
Manaus (Brazil), where a mean annual precipitation of
2275 mm prevails.

The extant vegetation of Chamela is dominated by
deciduous tropical forest, although sub-deciduous forest
associated with wide valleys with rivers is also present in
the natural reserve (Durán et al., 2002). Based on the
above preliminary comparison we suggest that the
landscape at the time of deposition of the El Cien
Formation, was composed of a mixture of evergreen and
deciduous plants, similar to those growing in Chamela,
but with some additional taxa that grow today undermore
humid conditions in different vegetation types (Table 5).

In order to more fully determine the palaeoecology of
the El Cien Formation, the wood of its 23 distinct plant
types was subject to statistical analyses (Martínez
Cabrera, 2004). The results strongly support the
presence of a moist/humid tropical environment in this
region during the early Miocene (25–20 my), support-
ing plants with a deciduous or semi-deciduous habit
(Martínez Cabrera, 2004).

By about 3.5 my the Baja California region was cut
off from the North American Plate and subsequently
became incorporated onto the Pacific Plate (Hausback,
1984). Therefore, since these geographic areas share a
common history the floristic similarity between the El
Cien Formation and the western coast Mexico is not
surprising. However, the displacement of the Baja
California Peninsula following its severance with the
North American Plate, resulted in the Peninsula
becoming much drier. Today, in the vicinity of the El
Cien Formation outcrop the characteristic vegetation is a
xeric thicket, but to the east of the outcrops, restricted to
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a thin strip in the lower eastern third of Southern Baja
California, dry tropical forest (drier than Chamela) still
prevails (Rzedowski, 1978).

This work adds new information to the biodiversity
of Baja California Sur, Mexico, 25–20 my ago.
Moreover, the evidence presented here supports the
hypothesis of the existence of a relatively humid tropical
climate during the early Miocene that became progres-
sively drier during the later Miocene and into the
Pliocene. This had major implications for the vegetation
in this region. With more studies focusing on both the
woods from the El Cien Formation and floras from
younger deposits, the picture of environmental change
in this area of Mexico over the last ∼25 my can be
further developed and the evolution of the Mexican flora
more fully understood.
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