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A B S T R A C T   

Remains of gymnosperms are the most abundant plant macro-fossils in the outcrops of a fossil lagerstätte pre
served in lacustrine limestones in the likely lower Aptian Crato Formation of the Araripe Basin in NE Brazil. 
However, the systematics of most fossil-taxa are mainly based on foliage and reproductive structures, whereas 
wood anatomy has rarely been used to study fossil plant diversity, despite the abundance of wood fragments. 
Here we describe a new fossil gymnosperm taxon based on anatomical characters of a well-preserved specimen 
from this lithostratigraphic unit. The new fossil-genus and fossil-species Cratoxylon placidoi gen. nov. et sp. nov. 
are established using characters of the secondary xylem and the bark, features that are also crucial for their 
affiliation into conifers. This finding reinforces the already known remarkable preservation potential of organ
isms in this konservat lagerstätte, since bark tissues are rarely preserved in the fossil record of Mesozoic gym
nosperms. The results reveal the great potential of fossil woods for studying diversity of the Crato Formation flora 
and thus contribute to expand our knowledge on fossil vegetation in equatorial Gondwana during the early 
diversification of angiosperms.   

1. Introduction 

Gymnosperms were the predominant floristic component on Earth 
throughout the Mesozoic era, with conifers forming a considerable part 
of the global flora (Stewart and Rothwell, 1993; Condamine et al., 
2020). Conifers were also important by being one of the major diet re
sources of giant herbivorous dinosaurs (Gee, 2011). The role of gym
nosperms in the vegetation persisted until notable changes in biotic and 
abiotic factors occurred in the late Mesozoic, such as the emergence and 
diversification of angiosperms from the mid-Early Cretaceous onwards, 
and the global cooling after the Cretaceous thermal maximum 
(Heimhofer et al., 2018; Condamine et al., 2020). These events have 
triggered the reduction of gymnosperm diversity and abundance 
(Heimhofer et al., 2018; Condamine et al., 2020). Before they markedly 
declined, few places in the world have captured the last moments of the 

gymnosperm heyday concomitantly with the initial diversification of 
angiosperms in the Early Cretaceous tropics. One of these rare windows 
into the paleovegetational history is opened by the konservat fossil 
lagerstätte excavated from the Crato Formation in the Araripe Basin, 
northeastern Brazil. 

The Crato Fossil Lagerstätte (CFL) is considered one of the most 
important Early Cretaceous paleontological deposits from equatorial 
Gondwana, primarily due to the abundance, diversity and exceptional 
preservation of different plant lineages (e.g., angiosperms, conifers, 
gnetaleans and pteridophytes) as well as several invertebrate and 
vertebrate groups (Martill et al., 2007; Kunzmann et al., 2021). Fossil 
gymnosperms are very common in this fossil flora, belonging mainly to 
conifers (Kunzmann et al., 2006; Mohr et al., 2012; Sucerquia et al., 
2015; Batista et al., 2017, 2020, 2021) and gnetophytes (Rydin et al., 
2006; Dilcher et al., 2005; Kunzmann et al., 2009, 2011; Lowe et al., 
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2013; Ricardi-Branco et al., 2013). Besides, there are a number of 
gymnospermous plants that still remain enigmatic and of uncertain 
systematic affinities (Kunzmann et al., 2007; Mohr et al., 2012). In 
contrast to the number of published gymnosperms from CFL (see 
Kunzmann et al., 2021, 2023), the number of fossil plants whose wood 
anatomy is well known is rather limited (e.g., Brachyphyllum obesum, 
Araucariaceae, Sucerquia, 2013; Batista et al., 2017, 2022). Moreover, 
the number of taxa classified based on their wood anatomy is still low; 
only Agathoxylon santanensis (Santos et al., 2021) and Duartenia arari
pensis (Mohr et al., 2012) were established primarily using xylotomical 
features. Features of vascular tissues are additionally described from a 
few gnetalean, coniferalean and angiosperm fossil-taxa but they were 
often not diagnostic (e.g., Kunzmann et al., 2009, 2011; Batista et al., 
2017; Gobo et al., 2023). In fact, considering the rich paleobotanical 
record of the Araripe Basin, particularly from the Crato Formation 
strata, fossil wood has not received sufficient attention, leading to a 
significant gap in the knowledge of the CFL flora. 

Beside the already mentioned fossil-species, some wood anatomical 
features have been described from additional conifer taxa, represented 
by sterile vegetative shoots in the Crato Formation, and considered in 
their taxonomic classification, including Pseudofrenelopsis spp. (Sucer
quia et al., 2015; Batista et al., 2017); Brachyphyllum sattlerae (Batista 
et al., 2020); and Araucaria violetae (Batista et al., 2021). However, 
almost all of these fossil-species were distinguished based on branching 
architecture, phyllotaxis and leaf anatomy, while xylotomical features 
played either no or only a minor rule in the specific diagnosis. Despite 
the abundance of vegetative shoots of woody coniferous plants, trunks 
or larger logs are completely unknown from the Crato Formation flora to 
date (Kunzmann et al., 2021) and only fragmentary remains of stems 
and branches have been found so far (Mohr et al., 2012; Santos et al., 
2021 and reference therein). 

It is important to mention that studies focusing on systematics of 
Mesozoic woods are scarce from other parts of Brazil, particularly from 
other Cretaceous basins but also from Jurassic deposits. The few papers 
are merely concentrated on woods from the Triassic deposits of the 
Paraná Basin (e.g., Crisafulli and Dutra, 2009; Crisafulli et al., 2016, 
2018). In the other Cretaceous deposits (e.g., Paraná and Parnaíba Ba
sins), few taxonomic studies have been carried out based on wood 
anatomy (Oliveira, 1936; Dolianiti, 1948; Mussa, 1974; Duarte, 1989; 
Araujo et al., 2011). In some of these works, the woods have an 

uncertain taxonomic affiliation (Duarte, 1989; Araujo et al., 2011), 
while in others woods are poorly preserved and putatively linked to the 
fossil-genera Cupressinoxylon (Dolianite, 1948) or Palaeopinuxylon 
Mussa (Mussa, 1974). More recently, a coniferous wood, i.e., Bra
chyoxylon Hollick et Jeffrey (Hollick and Jeffrey, 1909), has been re
ported from Cretaceous deposits of the Maceió Formation, 
Sergipe-Alagoas Basin, Brazil by Santos et al. (2022). 

Among the fossil-taxa found in the Brazilian Cretaceous deposits, 
only Agathoxylon santanensis from CFL is described with preserved bark 
(Santos et al., 2021). However, this fossil-species only exhibits a few 
bark features, with few identifiable elements preserved, such as 
dispersed axial resin ducts and sclereids. 

Here, we describe a new fossil-genus and fossil-species for conifers 
based on a specimen encompassing pith, secondary xylem and bark 
tissues, aiming to fill a gap in the knowledge of CFL flora and encour
aging more paleoxylotomical studies on fossil wood from the Crato 
Formation. 

2. Geological setting and paleoenvironment 

The Araripe Basin (NE Brazil, Fig. 1.) is renowned for housing one of 
the most important Cretaceous fossiliferous records in Gondwana, 
including the Crato Formation deposits of the Santana Group (Assine 
et al., 2014; Martill et al., 2007). The outcrops in the laminated lime
stones of the Crato Formation offer a unique insight into an Early 
Cretaceous paleoecosystems of northern equarorial Gondwana 
providing fossil remains of a konservat lagerstätte (Martill et al., 2007). 
Its sedimentary rocks are mainly represented by lacustrine limestones, 
but bear also strata of deltaic and alluvial siliciclastics (Nascimento Jr. 
et al., 2022). The laminated limestones are divided into six major units – 
C1 to C6, representing consecutive phases in the development of the 
lacustrine paleoenvironment (Neumann et al., 2008). They are inter
bedded both laterally and vertically with other lithological units such as 
terrigenous marls, shales, siltstones and sandstones (Neumann et al., 
2008; Nascimento Jr. et al., 2022). The lagerstätte deposit is located in 
the uppermost C6 unit, where the limestones called Pedra Cariri are 
excavated by local miners in several opencast pits between the town 
Nova Olinda and Santana do Cariri at the northern edge of the Chapada 
do Araripe, Ceará (Nascimento Jr. et al., 2022; Kunzmann et al., 2021). 
The ongoing exploitation in opencast pits by these workers constantly 

Fig. 1. Geological setting of the studied area. The square indicates the location of the Três Irmãos quarry, between the municipalities of Santana do Cariri and Nova 
Olinda, Ceará State. Modified from Barreto et al. (2022). 
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reveals new fossil specimens of CFL. The age of Crato Formation and in 
particular the fossiliferous C6 limestone strata is still controversial and 
under debate (Nascimento Jr. et al., 2022; Kunzmann et al., 2021; Gobo 
et al., 2023). Previous estimations based on relative dating suggested a 
late Aptian/early Albian age for this unit (see Coimbra and Freire, 
2021). However, other investigations of the Santana Group formations 
suggest indirectly a lower Aptian age or even late Barremian age for the 
Crato Formation (Arai and Assine, 2020; Lúcio et al., 2020; Melo et al., 
2020; Barreto et al., 2022). A more comprehensive and updated review 
of this age estimation is provided by Gobo et al. (2023). 

There is multiple evidence from geological observations (e.g., Nas
cimento Jr. et al., 2022) and paleoecology of CFL biota that the paleo
climate was hot and semiarid and the Crato Lake experienced periods 
with saline or even hypersaline water conditions. Lithological findings 
give evidences of seismic activities, flash floods and paleoclimate-driven 
lake level fluctuations (Nascimento Jr. et al., 2022). So, the paleo
environment from which we describe a new gymnospermous plant was 
periodically rather harsh and unstable, but the actual course of the 
history is not sufficiently reconstructed yet. 

3. Material and methods 

The study material comprises a fragment of fossil gymnosperm axis 
found in the laminated limestones (C6 unit) of Crato Formation in the 

Araripe Basin (Fig. 1). The fossil specimen is preserved by replacement 
of iron oxide (for detailed information of the fossilization process (see 
Nascimento Jr. et al., 2022, fig. 7). The fossil consists of a main axis and 
short fragment of a laterally diverging axis (hereafter called branch and 
twig, respectively) (Plate I, A–C). It is noteworthy to mention that the 
fossil was not sampled by controlled scientific excavation but was seized 
in commercial Três irmãos quarry near Nova Olinda, Ceará State, 
northeast of Brazil, by the Environmental Police and then handed over to 
the Museu de Paleontologia Plácido Cidade Nuvens – MPPCN (Santana 
do Cariri, Ceará, Brazil) where it is permanently kept. 

The sample was examined using conventional petrographic tech
niques for preparing thin sections of fossilized wood. Three standard 
sections (transverse, radial longitudinal, and tangential longitudinal 
(sensu Jones and Rowe, 1999) were made in the level where both main 
and minor lateral axes are visible in cross-sectional view (Plate I, A–C). 
Main and minor lateral axes are called branch and twig hereafter and 
anatomical descriptions were made from both parts. 

Macroscopic images were taken with a Canon EOS T3i camera using 
a Sigma 70 mm DG Macro lens. Thin sections were examined with two 
transmitted light microscopes: Leica DM500 and Leica DMR HC and 
photographs were taken with a Leica MC170 and Zeiss Axiocam HCr 
digital cameras at the Department of Paleontology and Stratigraphy 
(Institute of Geosciences), and Laboratory of Plant Anatomy of the 
Department of Botany (Institute of Biosciences) from Universidade 

Plate I. Cratoxylon placidoi gen. nov. et sp. nov., MPSC PL 5131. Overview of the branch and twig and the primary vascular tissues. (A) Macroscopic views of the 
specimen. (B) Overview in traversal section of the branch (Br) and twig (Tw). (C) General morphology of the sample showing the pith (P); Primary xylem (PX); 
secondary xylem (SX) cambial zone (CZ) and bark (Ba). (D) Transverse section showing secondary xylem, strands of primary xylem (blue arrow), parenchyma cells of 
the pith (red arrow) and clusters of sclerenchyma cells (green arrow). (E) Transverse section with detail of strands of primary xylem (arrow). Scale bars: A, B, C = 10 
mm; D = 200 μm; E = 50 μm. 
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Federal do Rio Grande do Sul, Brazil. Additionally, scanning electron 
microscopy (SEM) analyses were performed under JEOL JSM-6610LV at 
the Laboratório de Geologia Isotópica (CPGq/IGEO/UFRGS), Porto 
Alegre, and Hitachi SU3500 SEM at the Universidade Regional do Cariri, 
Crato. For these analyses, small portions of the sample were removed 
and mounted directly on stubs with carbon tape. They were then sputter- 
coated with gold for four minutes and analyzed in high vacuum using 
the SEI detector (Secondary Electron Imaging). 

When possible, average dimensions were calculated from 30 mea
surements in each of the anatomical characters analyzed. The anatom
ical terminology used to describe the specimen follows IAWA Committee 
(2004); Boura et al. (2021) and Esteban et al. (2023). Philippe and 
Bamford (2008) were followed in the use of classification criteria. As 
noted by Philippe et al. (2014), in fossil wood taxonomical studies the 
type of radial pits of the tracheids is determined by three different ways: 
(i) counting the number of types (uniseriate contiguous, uniseriate 
spaced, biseriate contiguous alternate, etc.) of radial pitting represented 
within each tracheid in order to calculate percentages; (ii) assigning 
each tracheid to a single type of radial pitting, according to its pre
dominant pitting; (iii) assigning each single pit to a type for calculation. 
We have chosen the second of these methods here. Therefore, we 
examined over 200 tracheids and assigned each tracheid to a single type 
of radial pitting, according to its predominant pitting for determining pit 
percentages. 

The term bark is used here to refer to tissues outside the vascular 
cambium as defined by Evert (2006) and IAWA Committee (2004). 
Classification of conifers follows Christenhusz et al. (2011). 

4. Results 

4.1. Systematic paleobotany 

Subclass: Pinidae Cronquist, Takht. & Zimmerm. 1966 
Order: UNKNOWN 
Family: UNKNOWN 
Fossil-Genus: Cratoxylon Conceição, Gobo, Batista, Mastroberti, 

Iannuzzi, Bamford et L.Kunzmann gen. nov., Plates I–V. 
Type species: Cratoxylon placidoi Conceição, Gobo, Batista, Mas

troberti, Iannuzzi, Bamford et L.Kunzmann sp. nov., Plates I–V. 
Plant Fossil Names Registry Number: PFN 003212 
Generic diagnosis: Pith composed of parenchyma cells and clusters of 

sclerenchyma cells. Pycnoxylic secondary xylem. Bordered pits arranged 
in abietinean type on radial walls of tracheids. Cross-fields with 
cupressoid oculipores arranged in araucarioid pattern. Rays homoge
neous, exclusively uniseriate and with their horizontal walls unpitted. 
Secondary phloem composed of tangential layers of fibers, sieve cells, 
parenchyma cells and dispersed secretory ducts. Cortex parenchymatous 
with secretory ducts. 

Etymology: Cratoxylon refers to the geological unit Crato Formation 
where the fossil specimen was found and the Greek word ξύλον (xylon) 
meaning wood. 

Cratoxylon placidoi Conceição, Gobo, Batista, Mastroberti, Ian
nuzzi, Bamford et L.Kunzmann sp. nov., Plates I–V. 

Plant Fossil Names Registry Number:  PFN 003213 
Species etymology: the specific epithet placidoi is in honor of Plácido 

Cidade Nuvens, sociologist and professor at URCA, who worked inten
sively for establishment of Museu de Paleontologia Plácido Cidade 
Nuvens. 

Type locality: Quarry Três irmãos, Nova Olinda, Ceará, Brazil. 
Holotype: MPSC-PL5131, figured in Plates I–V. 
Stratigraphic horizon: C6 limestone horizon, Crato Formation, San

tana Group, Araripe Basin (sensu Assine et al., 2014). 
Repository: Museu de Paleontologia Plácido Cidade Nuvens – MPPCN 

(Ceará, Brazil). 
Age: Lower Cretaceous, lowermost Aptian (maximum age range: 

uppermost Barremian to lowermost Aptian, see International 

Chronostratigraphic Chart (2023/06). 
Specific diagnosis: Primary xylem with slender strands. Pits on the 

radial walls of the tracheids exclusively uniseriate, predominantly 
spaced and rounded with circular apertures. Cross-field, with 4 to 12 
oculipores per cross-field, arranged in alternate to opposite rows. Rays 
parenchymatous, exclusively uniseriate with 1 to 18 cells high. Pits on 
the tangential walls of the tracheids, uniseriate and sparsely arranged. 

4.2. Morphoanatomical description and remarks 

General features: The fossil specimen consists of a larger portion of a 
main axis (most likely a branch) and a short laterally diverging minor 
axis (twig) (Plate I, A–C). The branch is 20 mm in diameter and 200 mm 
in length, whereas the twig is about 7 mm in diameter (Plate I, B–C). 
Both preserve a pith surrounded by wedges of the primary xylem and 
pycnoxylic secondary xylem, although the pit and primary xylem of the 
twig are significantly better preserved than those of the branch (Plate I, 
C–D). Bark tissue is preserved in both parts. If not indicated otherwise, 
the description combines observations from both axes. 

Pith and primary xylem: In transverse section, a small poorly pre
served pith is seen (Plate I, C), composed of parenchyma cells and other 
cells organized in clusters that may belong to sclerenchyma (Plate I, D). 
The pith is surrounded by slender strands of primary xylem, hardly 
distinguishable in transverse section (Plate I, D–E), but recognizable in 
radial section by the scalariform thickenings. 

Secondary xylem: The secondary xylem is about 6.1 mm wide in the 
branch and approximately 2.1 mm in the twig and composed of narrow 
tracheids and uniseriate parenchyma rays, without growth rings (Plate 
II, A–B). In cross-section, the tracheids are circular and their lumens are 
3.8–10.6 μm (mean: 6.8 μm) in radial diameter and 2.8–11.7 (mean: 6 
μm) in tangential diameter, while their walls are 3.9–7.9 (mean: 3.4 μm) 
thick. 

The rays are parenchymatous and exclusively uniseriate, ranging 
from 1 to 18 cells height (mean: 6 cells). Their density is 29 rays per mm2 

and their horizontal walls are unpitted (Plate III, D and F). Bordered pits 
are observed on the tangential walls of tracheids, which are uniseriate 
and arranged separately (Plate II, D). Traces of branching are seen in the 
marginal part of the tangential section (Plate II, E). 

Bordered pits on the radial walls of tracheids are exclusively uni
seriate and predominantly spaced (96%) or contiguous (4%), corre
sponding to the abietinean type (Plate II, C and Plate III, A–D). These pits 
are mostly rounded and are 7–14 μm (mean: 11 μm) in diameter, while 
their elliptical and circular apertures are 1.5–4.6 (mean: 3.2 μm) in 
diameter (Plate III, D). The cross-fields have 4 to 12 cupressoid oculi
pores per cross-field, arranged in alternate to opposite rows with a 
tendency to crowding, which indicates the araucarioid pattern (Plate III, 
E–H). 

Bark 
The area outside the secondary xylem is about 2 mm wide and is 

represented by a thin cambial zone, secondary phloem and periderm 
cells in the branch (Plate I, C and Plate IV, A). However, due to the poor 
preservation of the cambial zone, it is not possible to describe its mostly 
crushed cells in detail. 

The secondary phloem, located near the cambial zone, is ca. 0.7 mm 
thick, and consists of fiber layers, sieve cells and parenchyma cells (Plate 
IV, B–I). The rays are poorly preserved (Plate IV, C). 

The disposition of the phloem cells is difficult to determine because 
they are mostly crushed, but they appear to be organized in a regular 
and alternate sequence of fibers, sieve cells and parenchyma cells (Plate 
IV, B–I). The sieve cells with sieve areas are better seen in the longitu
dinal radial section, and the parenchyma cells are also best seen in this 
view (Plate IV, H–I). Resin ducts are usually present and appear scat
tered throughout the phloem (Plate IV, B). 

In transverse section, the fibers are rectangular and their cells are 
4–16 μm (mean: 9 μm) in diameter. They are mostly arranged in 
tangential bands (Plate IV, B–E). 
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Plate II. Cratoxylon placidoi gen. nov. et sp. nov., MPSC PL 5131. Overview of the secondary xylem: (A) Transverse section, showing the overview of secondary xylem 
without growth rings. (B) Transverse section, details of the secondary xylem (tracheids and rays). (C) Radial section showing the abietinean radial pitting. (D) 
Tangential pits on the walls of the tracheids and rays. Uniseriate and lower rays with unpitted horizontal walls (white arrow) and pits (yellow arrow). (E) General 
view of tracheids in tangential section with uniseriate rays and branch trace (arrow). (F) Details of the fig. E showing uniseriate and parenchymatous rays. Scale bars: 
A = 500 μm; B, F = 200 μm; C, D = 50 μm; E = 2 mm. 
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Plate III. Cratoxylon placidoi gen. nov. et sp. nov., MPSC PL 5131. Anatomical details under SEM in radial views, showing abietinean radial pitting and cross-fields. 
(A–D) Uniseriate, rounded and spaced pits, and very occasionally contiguous pits (C). (D) Detail of the pits with circular aperture (arrow). (E) General view of 
araucarioid cross-fields (arrow). (F–G) Overview of the araucarioid cross-fields (arrows). (H) Detail of cross-fields of the araucarian type. Scale bars: A = 20 μm; B =
200 μm; C = 50 μm; D = 10 μm; E = 50 μm; F, G = 100 μm; H = 20 μm. 
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Plate IV. Bark anatomy of Cratoxylon placidoi gen. nov. et sp. nov., MPSC PL 5131. Overview of the bark of the branch and Twig in transverse section.(A) overview of 
the bark in the branch, showing the cambial zone (Cz), secondary phloem (Sp) and periderm (Pe). (B –C) General view of the bark of the twig in transverse section 
showing the layers of fibers (F), cortex (C); Rays (R) and resiniferous canals (arrow). (D –E) close-up of the layers of fibers (F) and parenchymatic cells (Pc). (F) 
Tangential section, showing the part of the secondary xylem (Sx) and fibers of the phloem. (G) Radial section, showing part of the secondary xylem, remnant of 
parenchyma cells (Pc) and fibers. (H) Radial section, showing the organization of phloem cells with alternate layers of sieve cells (Sc) and parenchyma cells (Pc) 
Arrows indicate the sieve cell areas. (I) Close-up of sieve cell areas (arrows). Scale bars: A, B, C, F = 500 μm; D, E, H = 50 μm; G = 0, 2 mm; I = 10 μm. 
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Near the outer limits of the phloem in the branch, there is a poorly 
preserved peridermal region, which bears two distinct cell types (Plate 
V, A–C). The first layer extends outward through rectangular cells (up to 
47 μm thick), interpreted here as phellogen cells (Plate V, A–B). The 
second layer extends inward through polygonal cells (up to 53 μm 
thick), interpreted here as phelloderm cells (Plate V, A and C). These 
cells are usually compactly arranged. It should be noted that the pres
ervation of these cells layers does not show continuity through the 
branch, making it difficult to obtain more accurate information about 
the periderm organization. 

The composition of secondary phloem is the same in the branch and 
twig. On the other hand, the cortical region is more completely 

preserved in the twig (Plate V, D). There is no visible development of 
periderm in the twig, instead there are remnants of an epidermis (Plate 
V, E–F), probably because it is a rather younger ramification. The 
cortical cells are polygonal and 47–13 μm (mean: 30 μm) in diameter. 
Occasional secretory ducts are observed scattered throughout the 
cortical region; and they are ca. 400 μm in diameter (Plate IV, B). The 
epidermal cells have a compact arrangement with U-shaped wall 
thickenings (Plate V, E–F). 

Plate V. Cratoxylon placidoi gen. nov. et sp. nov., MPSC PL 5131. Overview of the peridermal region in the branch and remnant of epidermal of the twig (A) 
Transverse section, overview of the layer of fibers (F); remnant phelloderm cells (Pd) and phellogen cells (Pg). (B) Transverse section, showing phellogen cells. (C) 
Transverse section, showing phelloderm cells compactly arranged. (D) Twig, overview of the cortex (C) in transverse section. White arrow points to resinous duct in 
the phloem (E) Twig, remains of epidermal in transverse section. Note the compact cell arrangement. Arrows indicate the layer of cells. (F) Twig, radial section, 
showing epidermal cells with U-shaped wall thickenings. Arrows indicate the layer of cells. Scale bars: A = 200 μm; B, C, E, F = 50 μm; D = 500 μm. 
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5. Discussion 

5.1. Conifer affinity 

Fossil woods with the combination of anatomical characters as 
observed in Cratoxylon placidoi gen. nov et sp. nov. have been assigned to 
the conifer lineage (see Stewart and Rothwell, 1993; IAWA, 2004). 
These characters are: (1) homogeneous wood; (2) pycnoxylic secondary 
xylem with absence of vessels; (3) narrow secondary xylem tracheids; 
(4) xylem rays exclusively uniseriate. 

Among other plant lineages that are also common in Mesozoic de
posits, wood produced by Cycadales, pteridosperms and Gnetales is 
easily distinguishable from coniferous wood. Cycads and pteridosperms 
have manoxylic secondary xylem and multiseriate rays, while the wood 
of some Gnetales has conspicuous presence of vessel elements and also 
multiseriate rays (Stewart and Rothwell, 1993; Taylor et al., 2009; 
Martínez et al., 2012). 

On the other hand, it is quite difficult distinguishing the wood of 
Ginkgoales from that of conifers. Ginkgoales exhibit similar features, 
such as pycnoxylic wood, circular bordered pits in one to two rows on 
the radial walls, bars of Sanio associated with these pits, and xylem rays 
that are usually uniseriate (Stewart and Rothwell, 1993). However, ac
cording to Zheng and Zhang (2000); Feng et al. (2012) and Jiang et al. 
(2016) some diagnostic features of Ginkgoales, which could distinguish 
them from conifers, are the presence of inflated axial parenchyma cells 
and intrusive tracheid tips. The latter seems to be curved along the rays 
in radial sections, like hockey sticks (Greguss, 1955). 

In addition, woods of a few angiosperm families, such as Ambor
ellaceae, Chloranthaceae, Winteraceae and Trochodendraceae are ves
selless with secondary xylem composed primarily of tracheids and thus 
being superficially very similar to coniferous woods. However, they 
usually have elongated and large rays that distinguish them from co
nifers (Suzuki et al., 1991; Evert, 2006; Pipo et al., 2020). 

5.2. Comparison with Mesozoic coniferous woods worldwide 

The nomenclature and taxonomic treatment of Mesozoic coniferous 
woods are carried out according to the criteria of the IAWA Committee 
(2004) and Philippe and Bamford (2008), which are mostly based on 
anatomical features of the secondary xylem. On the other hand, 

characteristics of pith, primary xylem and bark are rarely used to 
describe Mesozoic axes, since there are still relatively few specimens 
that preserve these tissues (e.g., Ramanujam and Stewart, 1969; Meyer- 
Berthaud and Taylor, 1991; Meyer-Berthaud et al., 1993; Ash and 
Savidge, 2004; Brink et al., 2009). This contrasts with Paleozoic plants, 
where several pteridosperms and some basal conifers have been 
described with preserved bark (e.g., Pigg et al., 1987; Dunn et al., 2003; 
Wang et al., 2003; Masselter et al., 2007; Hilton et al., 2009; Decombeix, 
2013; Decombeix et al., 2014; Yang et al., 2017). 

The present fossil specimen is characterized by having pith and 
primary xylem, secondary tracheids with abietinean radial pitting, 
araucarioid cross-fields with cupressoid oculipores, exclusively uni
seriate rays, tangential pits, and bark preserved (Plates I–V and Table 1). 
Some of these features of the secondary xylem, especially the abietinean 
radial pitting, are shared with some well-known Mesozoic conifer 
woods, such as: Cupressinoxylon Göppert (Göppert, 1850); Phyllocla
doxylon Gothan and Podocarpoxylon Gothan (Gothan, 1905); Circopor
oxylon Kräusel (Kräusel, 1949); Turkestanioxylon Khudaiberdyev 
(Khudaiberdyev et al., 1971); Oguraxylon Nishida (Nishida, 1974); 
Semicircoporoxylon Süß et Schultka (Süß and Schultka, 2006) and Aus
trocupressinoxylon Nunes, Bodnar et Escapa (Nunes et al., 2019). How
ever, all these fossil-genera differ from the specimen described here in 
having distinct cross-field pits, and some of these fossil-genera have 
axial parenchyma, e.g., Austrocupressinoxylon; Cupressinoxylon, Phyllo
cladoxylon, Podocarpoxylon (Table 1). In addition, Oguraxylon also dif
fers by its thickenings on the radial walls of the tracheids of the 
secondary xylem. It is noteworthy that - although Cupressinoxylon 
(Cupressaceae) is known for its isolated tracheidoxyls, as pointed out by 
Philippe and Bamford (2008) - this fossil-genus was originally estab
lished including bark and pith features in the diagnosis, similar to the 
material described here. Nevertheless, considering that our specimen 
has araucarioid cross-fields (Plate III, E–H) it cannot be affiliated in 
Cupressinoxylon, which presents cupressoid cross-field pitting, pitted 
walls of the ray cells and axial parenchyma (Philippe and Bamford, 
2008). 

Cretaceous conifer woods have been also described from Namibia 
which was paleogeographically adjacent to NE Brazilian basins during 
the Mesozoic before the opening of the South Atlantic. The woods pre
dominantly belong to the Podocarpaceae and include fossil-species of 
Podocarpoxylon. A poorly preserved sample is determined as 

Table 1 
Mesozoic taxa with secondary xylem similar to Cratoxylon gen. nov.  

Genus Secondary xylem Occurrence and age 

Radial pits Cross-field pits Xylem rays Axial 
parenchyma 

Tangential 
pits 

Helical 
thickenings 

Crassulae 

Cupressinoxylon Göppert, 
1850 

Abietinean Cupressoid Uniseriate Present Present Absent Absent Widespread; Triassic 
to Cenozoic 

Phyllocladoxylon Gothan, 
1905 Abietinean 

Podocarpoid- 
oopores Uniseriate? Present Absent Absent Absent 

Widespread; Jurassic 
to Cenozoic 

Podocarpoxylon Gothan, 1905 Abietinean 
Podocarpoid- 
oculipores 

Uniseriate? Present Absent Absent Absent 
Widespread; Permian 
to Cenozoic 

Protocupressinoxylon Eckhold, 
1921 

Mixed Cupressoid Uniseriate ? Present Absent Absent Widespread; Jurassic 
to Cretaceous 

Brachyoxylon Hollick et 
Jeffrey, 1909 

Mixed Araucarioid Uniseriate Absent Absent Absent Absent Widespread; Permian 
to Cretaceous 

Circoporoxylon Kräusel, 1949 Araucarian “Circopores” Uniseriate Absent Absent Absent Absent 
Widespread; Jurassic 
to Miocene 

Turkestanioxylon  
Khudaiberdyev et al., 1971 

Abietinean Taxodioid 
Uniseriate rarely 
biseriate 

Present Present Absent Present France; Jurassic 

Oguraxylon Nishida, 1974 Abietinean Taxodioid? Uniseriate, with 
pitted cells 

Present Present Present Present Japan; Cretaceous 

Palaeopinuxylon Mussa, 1974 Mixed Pinoid Uniseriate Absent Absent Absent Absent Brazil; Cretaceous 
Semicircoporoxyon Süß and 

Schultka, 2006 Abietinean “Circoporoid” Uniseriate? Absent Absent Absent Absent Africa; Jurassic 

Austrocupressinoxylon Nunes 
et al., 2019 Abietinean 

Araucarioid/ 
Cupressoid Uniseriate Present Absent Absent Absent 

Argentina; 
Cretaceous 

Cratoxylon gen. nov. Abietinean Araucarioid Uniseriate Absent Present Absent Absent Brazil; Cretaceous  
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Protocupressinoxylon cf. purbeckensis (Bamford and Corbett, 1995) with 
well-defined growth rings and uniseriate mixed tracheid bordered 
pitting. The latter feature differs from our sample. Additionally, the 
Namibian wood differs in having very low uniseriate rays (1–6 cells 
high) and only 2–7 cupressoid oculipores per cross-field. Although the 
oculipores of both woods are very similar in size and type, the numbers 
and crowding of these pits are different. 

In addition to the fossil woods recorded in the Crato Formation (see 
the next section 5.4), other Early Cretaceous woods have been reported 
from the Paraná Basin in Brazil. Some of them are putatively related to 
Cupressinoxylon (Oliveira, 1936, Dolianiti, 1948); Palaeopinuxylon 
Mussa (Mussa, 1974) and Brachyoxylon Hollick et Jeffrey (Hollick and 
Jeffrey, 1909) while others are poorly preserved and remain undeter
minable (see Duarte, 1989). 

Palaeopinuxylon has secretory canals in the secondary xylem, a mixed 
type of radial intertracheary pitting and pinoid cross-fields, thus clearly 
distinguishable from our sample (Table 1). Furthermore, according to 
Mussa (1974), the diagnostic characteristics of Palaeopinuxylon are not 
well-preserved, which partly precludes accurate comparisons with other 
wood samples. 

Finally, the recently recorded Brachyoxylon by Santos et al. (2022) 
from rocks of the upper Aptian Maceió Formation of the Sergipe-Alagoas 
Basin, Brazil has the following diagnostic features: mixed type of radial 
tracheid pitting and araucarioid cross-field pitting (Philippe and Bam
ford, 2008). However, Brachyoxylon and Cratoxylon gen. nov. differ in 
their types of radial pits, since the former has a mixed type of radial 
tracheid pits. In addition, Brachyoxylon is a fossil-genus classified solely 
on the basis of tracheidoxyl characteristics, unlike the material 
described here, which retains wood, pith, primary xylem, and bark 
(Table 2). 

5.3. Comparison with coniferous fossils bearing secondary xylem and 
bark 

Among Mesozoic conifers that are classified by using anatomical 
features of the secondary xylem and the bark, and that are comparable 
with the Crato Formation specimen, there are Taxodioxylon gypsaceum 
(Göppert) Kräusel (in Ramanujam and Stewart, 1969) from the Upper 
Cretaceous of Alberta, Canada; Notophytum krauselii Meyer-Berthaud et 
Taylor from the Triassic of Antarctica (Meyer-Berthaud and Taylor, 
1991) and Cunninghamia hornbyensis Brink et Stockey (Brink et al., 2009) 
from the Upper Cretaceous of Columbia, Canada. 

Taxodioxylon gypsaceum presents similarly the phloem composed of 
alternating fibers, sieve cells and parenchyma cells. However, it differs 
significantly in the characteristics of the secondary xylem, since the 
aforementioned fossil-species has araucarian pits in the radial tracheid 
walls and taxodioid cross-field pits. Hence, it is easily distinguishable 
from our sample that has abietinean pits in the radial tracheid walls and 
araucarioid cross-field pitting (Table 2). 

Notophytum krauselii, despite having phloem composed of fibers, 
sieve cells, and parenchyma cells, which is similar to the specimen 
studied here, this fossil-taxon differs significantly in having a mixed type 
of radial tracheid pitting, as well as cross-fields with a single and large 
oculipore (Table 2). 

Cunninghamia hornbyensis is represented by twigs with attached 
leaves, which share similar secondary xylem and phloem features with 
the material described here. However, the description of C. hornbyensis 
lacks information of cross-field pits (Brink et al., 2009). Furthermore, 
the taxonomic classification of this fossil-species is mainly based on 
phyllotaxis, leaf architecture and leaf anatomy evidencing affiliation 
within the genus of Cupressaceae (see Brink et al., 2009 and Table 2). 

5.4. Comparisons with fossil-taxa from Crato Formation 

In the Crato Formation, there are few conifer taxa with secondary 
xylem features described and considered in their classifications. These 
fossil-taxa are Agathoxylon santanensis (Santos et al., 2021); Araucaria 
violetae (Batista et al., 2021); Brachyphyllum obesum (Sucerquia, 2013; 
Batista et al., 2022); Duartenia araripensis (Mohr et al., 2012) and 
Pseudofrenelopsis sp. (Batista et al., 2017). 

The araucarioid cross-field pitting and ray structure are two features 
shared between the specimen studied and Agathoxylon santanensis and 
Brachyphyllum obesum. These fossil species are considered to be related 
within the Araucariaceae (Batista et al., 2017; Santos et al., 2021). 
Agathoxylon santanensis is a fossil wood taxon (Santos et al., 2021) and 
Brachyphyllum obesum has been taxonomically described based on 
phyllotaxis, leaf architecture and leaf anatomy (Batista et al., 2017). 
Wood of both fossil-taxa displays araucarian pitting in the radial walls of 
their tracheids (Sucerquia, 2013; Santos et al., 2021), which contrast 
with abietinean radial pitting in our specimen (Table 3, Plate III, A–D). 
Although bark tissues have been described in Agathoxylon santanensis, 
they are poorly preserved and show only few identifiable elements such 
as dispersed axial resin ducts and sclereids, making comparisons of bark 
and phloem structures difficult. 

Table 2 
Comparison with coniferous fossils bearing secondary xylem and bark.  

Genus   Secondary xylem Bark Occurrence 
and age 

Radial pits Cross-field 
pits 

Xylem rays Axial 
parenchyma 

Tangential 
pits 

Helical 
thickenings 

Crassulae Phoem Cortex  

Taxodioxylon 
gypsaceum  
Ramanujam 
and Stewart, 
1969 

Araucarian Taxodioid 
Uniseriate 
and 
biseriate 

Present Absent Present Present 
Sieve cells, 
fibers and axial 
parenchyma 

Absent 
Canada; 
Cretaceous 

Notophytum 
krauselii 
Meyer- 
Berthaud and 
Taylor, 1990 

Mixed Podocarpoid Uniseriate Present Absent Absent Absent 
Sieve cells, 
fibers and axial 
parenchyma 

Parenchyma 
cells and 
secretory 
canals 

Antarctica; 
Triassic 

Cunninghamia 
hornbyensis 
Brink and 
Stockey, 2009 

Abietinean ? Uniseriate ? ? ? ? Fibers and 
sieve cells 

Parenchyma 
cells and resin 
canals, 

Canada; 
Cretaceous 

Cratoxylon gen. 
nov Abietinean Araucarioid Uniseriate Absent Present Absent Absent 

Sieve cells, 
fibers, axial 
parenchyma 
and ducts 

Parenchyma 
cells and 
secretory 
canals 

Brazil; 
Cretaceous  
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Another representative of Araucariaceae, Araucaria violetae, is based 
on (pen-) ultimate whiplike foliage shoots with few characters of stem 
anatomy preserved. Despite sharing resin ducts in the cortical region 
with the sample here described, its radial pitting is different (Table 3). 
Furthermore, Araucaria violetae lacks essential anatomical attributes of 
the secondary xylem for an effective comparison, such as cross-field pits 
(see Batista et al., 2021). 

Duartenis araripensis is an enigmatic conifer with anisotomous 
branching mode and scale-like leaves assumed to be affiliated with 
Cheirolepidiaceae. This fossil-species shares abietinean radial pitting as 
well as its narrow and lower rays with the specimen described here, but 
differs in having distinct podocarpoid cross-field pitting (Mohr et al., 
2012, Table 3). 

Pseudofrenelopsis sp. is a leafy twig and its wood anatomy is quite 
similar to that of our specimen by sharing its abietinean radial pitting, 
cross-field pitting and secretory ducts in the cortical region (Batista 
et al., 2017). However, the description of Pseudofrenelopsis sp. (Batista 
et al., 2017) lacks information on xylem rays, which precludes direct 
comparison with some features of the secondary xylem of the specimen 
considered. Thereby, additional Pseudofrenelopsis spp. material from 
Crato Formation is needed to provide more complete data on secondary 
xylem anatomy, particularly regarding the type of radial pitting and ray 
features. Curiously, Pseudofrenelopis spp. from other localities (see 
Thévenard et al., 2022) have mixed pitting and thus differ from Pseu
dofrenelopsis sp. from Crato Formation. It is also worth noting that the 
phyllotaxis and cuticular characters are important taxonomic features in 
the description of Pseudofrenelopsis, all of which are absent in our ma
terial. Despite this, Pseudofrenelopis is clearly a frenelopsid taxon within 
the extinct Cheirolepideaceae (Batista et al., 2017). 

Eventually it should be noted that some gymnosperms from the CFL 
flora lack information of wood anatomy to date, e.g., the conifer Lin
dleycladus sp. (Kunzmann et al., 2004) and the erdtmanithecalean taxon 
Araripestrobus resinosus (Seyfullah et al., 2020). Therefore, our new 
fossil-taxon cannot provisionally be compared with these fossil-taxa. 

Given the above, we can clearly demonstrate that our study specimen 
is distinct and is therefore classified as Cratoxylon placidoi gen. nov. et 
sp. nov. 

5.5. Family affinities based on secondary xylem and phloem 

Botanical identifications at family level based on only isolated pieces 
of wood are often challenging, as already noted by Miller Jr (1977) and 
Wheeler and Lehman (2005), but frequently possible. Consequently, 
several fossil-taxa have been linked to extinct and living conifer families 
based on isolated wood pieces (e.g., Bodnar et al., 2013; Tian et al., 
2018; Nunes et al., 2019; Greppi et al., 2020, 2021; Bodnar et al., 2022; 
Santos et al., 2022). These systematic affinities are often performed 
considering the associated presence of foliage and/or reproductive or
gans in the same geological stratum where the conifer wood fragments 

are disconnectedly found (e.g., Bodnar et al., 2013; Tian et al., 2018; 
Santos et al., 2022). 

Extant conifer families that were distributed widely throughout the 
Mesozoic are, for instance, Cupressaceae, Araucariaceae and Podo
carpaceae, while Pinaceae became more abundant and widespread in 
the Cretaceous and other families such as Cephalotaxaceae, Sciadopi
tyaceae and Taxaceae occurred only subordinatedly in the Cretaceous 
(Farjon, 2008; Kunzmann et al., 2004). However, one of the most 
widespread and diverse Mesozoic conifer families is the extinct Cheir
olepidiaceae (also known as Hirmeriellaceae) (Thévenard et al., 2022; 
Doweld, 2020). Cheirolepidiaceae occurred in middle and low latitudes 
in both hemispheres and became extinct at the end of the Cretaceous. 
Other extinct families, which were present in the Cretaceous, are 
Doliostrobaceae, Geinitziaceae, Miroviaceae and “Podozamitaceae (e.g., 
Farjon, 2008; Taylor et al., 2009). In this respect, it is obvious that when 
dealing with extinct conifer families, the systematic affinities of isolated 
wood pieces can be considerably more complex and classifications have 
to be handled with caution, otherwise ambiguous systematic links can 
be made. 

It is well known that the types of radial pits of tracheids and cross- 
field pits are important sources of taxonomic information and system
atic affinities in wood of both living and fossil conifers (see Philippe and 
Bamford, 2008; IAWA Committee, 2004). However, botanical identifi
cations based solely on the radial pits of tracheids and types of cross- 
fields pits are weakly supported, because sometimes the same type of 
radial pitting occurs in more than one family. A similar situation also 
occurs with cross-field pits, where cupressoid cross-field pits are com
mon in members of the Cupressaceae, but are also found in Podo
carpaceae (IAWA Committee, 2004). 

Furthermore, it has to be stated that anatomical characters of wood 
can vary between stems, branches and roots and it is often challenging to 
affiliate isolated pieces of stem, branch and root wood to the same fossil 
plant. This is more complicated when dealing with wood of extinct 
conifer families based on fragmented fossils. Additionally, knowledge on 
wood anatomy of extinct conifer families and some Mesozoic genera of 
extant conifer families is still incomplete. 

Cratoxylon placidoi gen. nov. et sp. nov. does not exhibit anatomical 
features that can be restricted to a particular conifer family. On the 
contrary, it shares some anatomical characters with more than one 
family. In the secondary xylem, our fossil-species exhibits pits on the 
radial walls of the tracheids, which are circular, bordered, uniseriate and 
spaced with an araucarioid cross-field pitting. In the fossil record, this 
type of radial pitting is recognized as an abietinean type (sensu Eckhold, 
1921; Philippe and Bamford, 2008), and is commonly found in several 
conifer families, e.g., Cupressaceae and Podocarpaceae, (Kräusel, 1949; 
Bamford and Philippe, 2001; Nunes et al., 2019). Additionally, in some 
extant conifers, for example, in Dacrydium (Podocarpaceae) and Calo
cedrus (Cupressaceae), the pits on the radial walls of the tracheids are 
circular, bordered, uniseriate and spaced (IAWA Committee, 2004; 

Table 3 
Taxa from the Crato Formation with secondary xylem comparable with Cratoxylon gen. nov.  

Genus Secondary xylem Occurrence and age 

Radial pits Cross-field pits Xylem rays Axial 
parenchyma 

Tangential 
pits 

Helical 
thickenings 

Crassulae 

Araucaria violetae Batista 
et al., 2021 

Araucarian ? ? Absent Absent Absent Absent Brazil; Cretaceous 

Agathoxylon santanensis  
Santos et al., 2021 

Araucarian Araucarioid Uniseriate Absent Absent Absent Absent Brazil; Cretaceous 

Brachyphyllum obesum Heer, 
1881 Araucarian Araucarioid Uniseriate? Absent Absent Absent Absent 

Portugal, Brazil, Japan; 
Cretaceous 

Duartenia araripensis Morh 
et al., 2015 Abietinean Podocarpoid Uniseriate Absent Absent Absent Absent Brazil, Cretaceous 

Pseudofrenelopsis sp. Batista 
et al., 2017 

Abietinean Araucarioid/ 
Cuoressoid? 

Uniseriate? Absent Absent Absent Absent Brazil; Cretaceous 

Cratoxylon gen. nov Abietinean Araucarioid Uniseriate Absent Present Absent Absent Brazil; Cretaceous  
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Esteban et al., 2023). The araucarioid cross-field pitting currently ap
pears to be restricted to Araucariaceae (see IAWA Committee, 2004; 
Esteban et al., 2023), but in the geological past this type of cross-field 
pits is also recorded doubtlessly in wood of Cheirolepidiaceae, e.g., 
from Pseudofrenelopsis sp. (Batista et al., 2017; Thévenard et al., 2022). 

Regarding the phloem tissue, the composition and organization of its 
cells in conifers, e.g., the presence and arrangement of fibers, can be of 
great taxonomic importance and are very useful for characterizing 
conifer families (Chang, 1954; Ramanujam and Stewart, 1969; Taylor 
et al., 2009). The fibers of the secondary phloem of Cratoxylon placidoi 
gen. nov. et sp. nov. are arranged in regular tangential rows and appear 
to exhibit a pattern along the phloem with an alternating sequence of 
fiber layers, sieve cells, and parenchyma cells. According to Evert (2006) 
and Den Outer (1967), this type of phloem organization occurs in 
modern conifers such as Taxaceae, Cupressaceae, and some Podo
carpaceae. Among these, assignment of Cratoxylon placidoi gen. nov. et 
sp. nov. to the Taxaceae or taxodioid clades of Cupressaceae is unlikely 
because they have helical thickenings in the secondary-xylem tracheids 
as a conspicuous feature, and distinct cross-field pitting (IAWA Com
mittee, 2004; Esteban et al., 2023). It is also be inappropriate to assign 
Cratoxylon placidoi gen. nov. et sp. nov. to Cupressaceae s. str. or 
Podocarpaceae only based on similarities of the secondary xylem shared 
between them, already mentioned above. Additionally, both families 
have different cross-fields from those of our material. 

Although Cratoxylon placidoi gen. nov. et sp. nov. shares several 
anatomical features of the secondary xylem with a member of the family 
Cheirolepidiaceae, i.e., Pseudofrenelopis sp. (see Batista et al., 2017; 
Thévenard et al., 2022 and Table 3), little is still known about the 
phloem tissues of Cheirolepidiaceae (according to Miller Jr, 1977), 
clearly preventing affiliation to this family at the moment. 

All-in-all, Cratoxylon placidoi gen. nov. et sp. nov. is unambiguously 
placed within the conifer lineage. Unfortunately, a more specific sys
tematic positioning is impossible at the moment since the new fossil- 
species bears anatomical features shared by more than one conifer 
family. 

6. Conclusions 

Despite the high diversity of woody gymnosperms in the Cretaceous 
deposits of the Araripe Basin, there is still relatively limited knowledge 
about their wood anatomy. Here, a portion of fossil conifer wood is 
described and a new fossil-taxon is erected, i.e. Cratoxylon placidoi gen 
nov. et sp. nov. The secondary xylem is characterized by abietinean 
pitting on the radial walls of the tracheids, araucarioid cross-fields, 
tangential pits and ray cells with smooth walls. In the bark, features of 
the secondary phloem, periderm and remains of cortex and epidermis 
are recognized. Fibers of the secondary phloem are arranged in regular 
tangential rows, exhibiting an alternating sequence of fiber layers, sieve 
cells and parenchyma cells along the tissue. 

This discovery demonstrates the potential of gymnospermous fossils 
from the Crato Formation for paleoxylological research. Plenty of fossil 
wood fragments from CFL need to be investigated by wood anatomical 
approaches as a premise for complete capture of plant diversity in CFL. 
Systematic studies of these fossil woods can contribute to better un
derstand the paleobiology of conifers and other gymnosperms from an 
ancient tropical paleoenvironment. 
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