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Abstract 

 

The Early Cretaceous (?Aptian) Crato Formation of north-east Brazil is well-known for its 

diverse and well-preserved fossil assemblage, mostly pertaining to its insect and vertebrate 

fauna. However, the formation also yields a diverse flora including Isoetales, 

Polypodiopsida, Bennettitales, conifers, Gnetales, monocot and dicot angiosperms. In 

addition, sedimentary amber clasts and amber within the fossil plants have been reported. 

The flora is an allochthonous assemblage with plants of riparian origin deposited alongside 

vegetation from a semi-arid hinterland with lakes and includes several arid adapted species.  

The flora has yielded many named and undescribed gnetaleans, a once diverse and 

abundant group that today is reduced to just three genera: Ephedra, Welwitschia and 

Gnetum. There are eight named Gnetales genera from the Crato flora and because of their 

rarity elsewhere in the fossil record the Crato gnetalean assemblage is of considerable 

significance.  

Previously described Crato Formation gnetaleans are thought to have affinities to Ephedra 

and Welwitschia. A new gnetalean described here shares characteristics with Gnetum, 

including in situ echinate Gnetum-like pollen, previously unknown in the fossil record. 

Of the described Crato Formation gnetaleans Welwitschiophyllum is of significance as it is 

only one of two foliar remains with affinities to the extant African Welwitschia. Detailed 

studies of both the fossil Welwitschiophyllum and extant Welwitschia reveal that despite 

some anatomical similarities there are also important differences. In addition a possible 

Welwitschiophyllum is described from the Cenomanian Gara Sbaa Member of Morocco. 

Some Crato Formation macrophytes contain in situ amber, its location within the plant 

tissue varying between taxa.  In the conifer Brachyphyllum obesum amber is located in 

either the main stem or possibly trapped between the stem and leaves. In Lindleycladus and 

Welwitschiophyllum it is situated within the leaves, and in three previously unidentified 

different cones it is located within their bracts.  

Analysis, including ATR and micro-FTIR on ambers from the cones and from 

Brachyphyllum obseum demonstrates coniferalean affinities. Analysis of ‘amber’ in 

Welwitschiophyllum reveals a highly distinctive spectrum, unlike that of any fossil resin, 
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yet remarkably similar to that of gum. Intriguingly, its proposed extant relative also 

produces a gum with a similar spectrum. Due to the soluble nature of gum its preservation 

in the fossil record is both unexpected and remarkable. 
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Figure 6.1. Cratostrobus resinosus gen  et. sp. nov. cone (UOP-PAL-MC00013) from the 

Crato Formation with in situ pollen and amber present. a Longitudinally preserved cone 

with central axis exposed. b Detail of the microsporophylls radiating from the axis. c Resin 
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Figure 6.2. Cratostrobus resinosus gen. et sp. nov. in situ pollen. a–b light micrographs (b 6 

stacked images), c–f scanning electron micrographs.  
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Figure 6.6. Araripestrobus resinosus gen. et sp. nov. from weathered material (UOP-PAL-

MC0004) a. Apically compressed cone portion with central axis (dark central oval) and the 
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degraded fibrous apex, with a partially abraded surface (lighter part of fossil) exposing the 

internal leaf tissue and linear gum duct arrangement. (b) Detail from (a) (UERJ 13-P1) 

where the gum ducts appear as amber-brown structures within Welwitschiophyllum leaf 

tissue. (c) Transverse thin section through the fossil leaf (UERJ 14-P1) with arrowheads 

indicating the orange coloured gum ducts within the brown leaf tissue. The black line of 

tissue may be compressed remains of vascular tissue (below the leaf is the preserving 

sediment). (d) An oblique thin section of the leaf (UERJ 14-P1) showing the repeating 
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pattern of the amber-coloured gum ducts. Scale bars, (a) 20 mm (b) 3 mm, (c) and (d) 500 

m. 

Figure 7.2. ATR spectra of the fossil gum extracted from Welwitschiophyllum (UERJ 13-

P1) leaf and gum from extant Welwitschia. (a) Overview of the ATR spectra with chemical 

bonds indicated. (b) Detail of the fingerprint regions of gums from both 

Welwitschiophyllum and Welwitschia with chemical bonds indicated. 

Supplementary Figure 7.1. Stratigraphy of the Crato Formation. Stratigraphy of the Araripe 

Basin indicating the fossil bearing laminated limestones of the Nova Olinda Member of the 

Crato Formation. Stratigraphy modified from Martill et al. 

Supplementary Figure 7.2. Fossil Welwitschiophyllum leaves from the Crato Formation, 

Brazil showing three- dimensional preservation. (a) Complete Welwitschiophyllum leaf 

(UOP-PAL-MC0002). Showing three dimensionality. (b) A magnified view of 

Welwitschiophyllum (UERJ 14-P1) showing that the leaf is preserved three dimensionally 

with distinct parallel leaf tissues. Scale bars, (a) 10 mm (b) 5 mm. 

Supplementary Figure 7.3. Thin section of a Welwitschiophyllum leaf. Thin section through 

the fossil leaf (UERJ 13-P1) showing amber-coloured gum ducts within brown leaf tissue. 

Scale bar, 500 m. 

Supplementary Figure 7.4. FTIR spectra comparing fossil Welwitschiophyllum gum to 

resin, limestone, and gum. (a) Crato limestone, Welwitschiophyllum gum (UERJ 13-P1), 

Welwitschia, sandarac (Tetraclinis articulata), and Brachyphyllum amber samples (UERJ 

15-Pl). The two peaks present at 2922 cm-1 and 2853 cm-1 in the Welwitschiophyllum 

spectra are not considered diagnostically important. The sandarac ‘gum’ and 

Brachyphyllum have spectra consistent with cupressaceous-type resin; with diagnostic 

peaks at 1091 cm-1, 1030 cm-1, 886-889 cm-1 and 790-791 cm-1. (b) Fingerprint region in 

detail showing Crato limestone matrix, Welwitschiophyllum, and Welwitschia. The dashed 

lines show sharp inorganic peaks at 873 cm-1 and 712 cm-1 present in both 

Welwitschiophyllum and the limestone matrix that surrounds the fossil, indicating only 

slight contamination of the fossil gum sample by the matrix. Welwitschiophyllum and 

Welwitschia share a diagnostic peak (1077 cm-1). 
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Chapter 8.  

Figure 8.1. Locality map. (A) Showing the Crato Formation (north-east Brazil) in relation 

to South America. (B) A detailed view of the Chapada do Araripe, showing the Araripe 

Group (comprising of Ipubi, Crato and Rio da Batateiras formations) and the Nova Olinda 

Member (the fossil-bearing horizon of the Crato Formation). Labelled circles indicate 

towns. Drawing of South America based on Google Maps. 

Figure 8.2.The fossil leaf taxon Welwitschiophyllum brasiliense. (A) Specimens of 

Welwitschiophyllum leaves displaying a range of sizes. (B) Unweathered 

Welwitschiophyllum specimen with frayed apex (UERJ 13-P1). (C) An incomplete, 

unweathered Welwitschiophyllum that has been partially covered in sediment (UERJ 14-

P1). (D) Incomplete weathered Welwitschiophyllum specimen that has folded over in the 

sediment (UOP-PAL-MC0003). Scale bar represents 80 mm (A) and 20 mm (B, C, D).  

Figure 8.3. Thin section and SEM images from a folded Welwitschiophyllum specimen 

(UOP-PAL-MC0003). (A) Thin section overview (B) Thin section showing the anatomy 

preserved: SC, stomatal crypts; V, degraded vascular tissue; GD, weathered out gum duct; 

HF, hypodermal fibres. (C) SEM image of connecting tracheids (tracheids indicated using 

white arrow heads). (D) SEM image showing the typical way in which tracheid connect 

(tracheids indicated using white arrow heads). (E) SEM of the pits on a tracheid. Scale bars 

represent 2 mm (A), 500 µm (B), 100 µm (C), 30 µm (D), and 10 µm (E). 

Figure 8.4. Thin sections from two specimens of Welwitschiophyllum (UERJ 13-P1 and 

UERJ 14-P1). (A) Overview thin section of UERJ 13-P1. (B) Overview thin section of 

UERJ 14-P1. (C) Detailed view of UERJ 13-P1 showing stomatal crypts (SC) and gum 

ducts (GD). (D) Detailed view of UERJ 14-P1 gum ducts with gum still present inside. 

Scale bars represent 2 mm (A, B) and 200 µm (C, D). 

Figure 8.5. Welwitschia mirabilis overview, thin sections and paraffin sections. (A) The 

Welwitschia plant in the Namib Desert. Photo credit to Drs Christa Hoffman and Hugh 

Rice. (B) Stained thin section of Welwitschia mature leaf showing anatomy: Ep & C, 

epidermis and cuticle; St, stomata; PP, palisade parenchyma; HF, hypodermal fibres; S, 
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sclerids; VB, vascular bundle; AVB, accessory vascular bundle; X, xylem; P, phloem. (C) 

Paraffin section of mature leaf with black arrow indicating traumatic formation of gum. (D) 

Detailed view of (C) with black arrow head indicating of the traumatic gum showing its 

amorphous nature. (E) Traumatic gum formation indicated by a black arrow in a callus of 

Welwitschia. Scale bars represent 200 µm (B), 500 µm (C) 100 µm (D) and 200 µm (E). 

 

Chapter 9. 

Figure 9.1. A locality map showing the Gara Sbaa outcrop (based on Martill et al. 2011, 

Fig. 1). 

Figure 9.2. Stratigraphic scheme showing the Gara Sbaa limestones (based on Martill et al. 

2011, Fig. 4). 

Figure 9.3. Welwitschiophyllum leaves. A, Part of the Moroccan specimen NHMUK 

V65089b (c) showing the incomplete leaf. B, Counterpart of the Moroccan specimen 

NHMUK V65089a showing the incomplete leaf. C, Brazilian specimen UERJ 13-PI 

showing the whole leaf with shredded apex. D, Brazilian specimen UOP-PAL-MC0001 

showing the variability in size and evidence of shredding in Welwitschophyllum leaf.  Scale 

bars 10 mm.   

Figure 9.4. A, The base of the Moroccan specimen NHMUK V65089a showing general 

morphology, Scale bar 10 mm. B, Vascular bundles present on the Moroccan specimen and 

the taphonomic cracks, Scale bar 1.63 mm. C, Brazilian specimen UERJ 13-PI showing the 

general morphology of the base, Scale bar 10mm. D, Vascular bundles in the Brazilian 

Welwitschiophyllum UERJ 13-PI, Scale bar 5 mm. 

Figure 9.5. A live example of Welwitschia mirabilis in Namibia. This relatively young 

example already displays some fraying of the leaf tips. Photo courtesy of Carol Hewitt. 

Figure 9.6. A, Map showing the location of Morocco and Brazil in the Aptian. B, A map of 

the Cenomanian showing the location of Morocco and Brazil (both maps based on R. 

Blakely). (https://deeptimemaps.com/). 
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Abbreviations 

ATR       Attenuated total reflectance 

EEC        Episodes of environmental change  

FTIR       Fourier transform infrared spectroscopy 

GC-MS   Gas chromatography-Mass spectrometry 

HCL       Hydrochloric acid 

HF          Hydrofluoric acid 

Ma          Million years ago 

NMR      Nuclear magnetic resonance 

OAE       Ocean anoxic event 

PPL        Plane polarised light 

SANBI   South African Biodiversity Institute 

SEM       Scanning electron microscopy  

RCF        Relative centrifugal force 

XPL       Cross polarised light 
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Thesis structure 

 

The chapters in this thesis comprise all of the research carried out over the course of this 

study. As each of the main chapters (5-9) has either been published, submitted, or is in 

preparation for publication, there are separate introduction and discussion/conclusion 

sections contained in each chapter. 

Chapter 1. Provides the aims of this research and an introduction to the Early Cretaceous.  

Chapter 2. Provides an introduction to the Crato Formation. 

Chapter 3. Provides a review of the Gnetales 

Chapter 4. The materials and analytical techniques applied during this research are 

described. 

Chapter 5-9. Are reformatted in press/submitted/preparation papers 

Chapter 10. Overall results, issues, recommendations for future work and implications are 

discussed. 
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Chapter 1. Introduction 

1.1. Aims of the study 

This study investigates the preservation, anatomy and botanical affinity of enigmatic plants 

from the Early Cretaceous Crato Formation, north-east Brazil. It is achieved using 

specimens from the Museum für Naturkunde, Berlin and the University of Portsmouth 

collection. Specimens have been analysed using light and scanning electron microscopy, 

thin section petrography, palynology, attenuated total reflectance and Fourier-transform 

infrared (FTIR) spectroscopy spectral analysis. 

1.2. Palaeogeography of the Early Cretaceous 

By the Early Cretaceous (145 to 100.5 ma) the modern world became somewhat 

recognisable by the ensemble of Cretaceous landmasses (Figure 1.1.) due to the accelerated 

break up of the supercontinent of Pangaea (e.g. Skelton, 2003; Föllmi, 2012). This 

fragmentation formed two supercontinents; a southern Gondwana (South America, Africa, 

Arabia, India, Madagascar, Antarctica and Australia) and northern Laurasia (North 

America the majority of Europe, and Asia) (Skelton, 2003; Föllmi, 2012), both of which, 

were themselves fragmenting (Gradstein et al., 2012).  

The breakup of Gondwana commenced during the Early Cretaceous as the South Atlantic 

rift progressively expanded opening the South Atlantic Ocean between South America and 

Africa (Figure 1.1) (Carvalho et al., 2017). To the north, Laurasia was divided from 

Gondwana by an equatorial seaway, which allowed ocean currents to flow between the 

opening North Atlantic Ocean and the expanding Tethys Ocean that progressively 

separated Europe from Africa (e.g. Skelton, 2003).  

The rifting of South America and Africa created several sedimentary basins with pre-rift, 

syn-rift, and post-rift sequences, characteristic of passive continental margins (Carvalho et 

al., 2017). One such basin was the Araripe Basin (today in Brazil) in which the Crato 

Formation was deposited (Chapter 2) (Maisey, 1990; Martill, 2007; Carvalho et al., 2017). 
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Figure 1.1. Global palaeogeography for the Early Cretaceous (Aptian). Based on maps of R. Blakey 

(http://deeptimemaps.com) 

 

1.3. Palaeoclimate of the Early Cretaceous 

The Cretaceous was considerably warmer than today (average global temperature of 25º C 

in the Aptian (Hay and Floegel, 2012), and is often said to have been under intensified 

greenhouse conditions with little to no ice at the poles (e.g. Frakes, 1979; Hallam, 1985; 

Gradstein et al., 2012; Arai, 2014; Huber et al., 2018). The Early Cretaceous climate 

oscillated between normal (predominantly arid) and intensified greenhouse conditions 

(predominantly humid) (Föllmi, 2012). These oscillations were intense and are regarded as 

significant episodes of environmental change (EEC) (Föllmi, 2012). There were six EECs 

during the Early Cretaceous; the Weissert episode in the Valanginian, the Faraoni episode 

in the Hauterivian, the Taxy episode around the Barremian/Aptian boundary, the Selli 

episode in the Aptian, the Fallot episode during the Late Aptian, and the Paquier episode at 

the Aptian/Albian boundary (Föllmi, 2012). The Selli and Paquier episodes are thought to 

have been triggered by volcanic activity and the subsequent formation of large igneous 

provinces (Arthur et al., 1985; Larson and Erba, 1999; Weissert and Erba, 2004; Browning 

and Watkins, 2008; Tejada et al., 2009). Another mechanism which may have contributed 
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to rapid global warming during these episodes is the sudden release of methane from 

submarine clathrates, recognised by a distinctive negative δ13C signature (Jahren et al., 

2001; Beerling et al., 2002; Jenkyns, 2003; Erba, 2004; Emeis and Weissert, 2009). 

Climate and sea level change likely triggered the Faraoni, Taxy and Fallot episodes 

(Mutterlose and Bornemann, 2000; Strasser et al., 2001; Tyson et al., 2005), whereas the 

trigger for the Weissert episode remains unclear (Föllmi, 2012).  

Chumkov (2004) identified widespread aridity throughout the equatorial region of the Early 

Cretaceous, placing Aptian South America in an evaporite zone that was previously arid, 

without a humid zone (due to lack of fossils indicating humidity). Hay and Floegel (2012) 

largely in agree with Chumkov’s model but claim that an equatorial region without a humid 

zone would have been unsustainable. 

The limited ice at the poles in the Early Cretaceous (Mutterlose and Kessels, 2000) and 

intensified greenhouse conditions could have resulted in the formation of more extensive 

humid climate belts. This would have increased weathering, leading to greater 

erosion/runoff, and consequently increased nutrient uptake rates between the continents and 

oceans, increasing productivity (Weissert et al., 1998; Föllmi, 2012).  

The mid-Late Cretaceous had a high eustatic sea level (Gradstein et al., 2013), allowing 

increased carbonate production on reef platforms stands, seen on the Tethyan and Atlantic 

shelves (Weissert et al., 1998). During the Early Cretaceous EECs the carbonate reef 

systems were usually the first to be affected by the intensified change and also the last to 

recover (Föllmi, 2012). 

Black shales (laminated organic-rich mudrocks) are a characteristic lithology of Early 

Cretaceous marine deposits, the more extensive of these are interpreted as ocean-wide 

anoxic events (OAEs) (Föllmi, 2012). These black shales were deposited during episodes 

of rapid global climate change and are a defining characteristic of EEC’s; however, an  

EEC does not always result in an OAE (Föllmi, 2012). Kidder and Worsley (2010, 2012) 

claim that the intensified greenhouse conditions of the Early Cretaceous may provide an 

explanation for widespread ocean anoxia during the Aptian. 
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1.4. Cretaceous flora 

The Mesozoic began with the explosion of terrestrial gymnosperms (non-flowering seed 

plants) in the Triassic (~30 families). As time progressed the Jurassic saw some 

gymnosperm groups, e.g. Bennettitales, which saw a steady increase in diversity until the 

end of the Early Cretaceous (22 gymnosperm families in the Aptian). The end of the Early 

Cretaceous saw the beginning of a marked decline in gymnosperm diversity (only 12 

families persisted to the Maastrichtian) (Anderson et al., 2007), coinciding with the first 

major radiation of the angiosperms (Crane, 1987, 1996; Crane and Lidgard, 1989). A rapid 

reproductive cycle, effective seed dispersal and protection, high diversity of growth forms 

and chemical defences are all considered to be integral to successful competitive radiation 

of the angiosperms (Anderson et al., 2005; Fawcett and Peer, 2010; Baskin and Baskin, 

2015; Katz, 2017). These characteristics provided angiosperms with considerable 

advantages over the gymnosperms, allowing them to outcompete for resources (Anderson 

et al., 2005; Magallón and Castillo, 2009; Katz, 2017; Belcher et al., 2017). The radiation 

of the angiosperms also saw co-evolutionary interaction with pollinating insects (Stuessy, 

2004) resulting in mutualisms and obligate insect pollinators (Anderson et al., 2007).  

Four distinct phytogeographical realms are recognised in the Cretaceous: the Boreal, 

Laurasian, Palaeotropical and Australian (Anderson et al., 2007). In the Early Cretaceous 

Boreal realm, Leptostrobales and ginkgooids are abundant (alongside Cycadales, 

Bennettitales and Pinales), contrasting with the Laurasian realm where they are a rare 

occurrence, while Cycadales, Caytoniales, Cheirolepidiales and Taxodioideae are abundant. 

In the Late Cretaceous the Leptostrobales and ginkgooids were steadily replaced by 

angiosperms in the Boreal realm and became extinct in the Laurasian realm (Anderson et 

al., 2007; Taylor et al., 2009). The Palaeotropical realm has a poor megafloral record, but 

the palynology shows abundant pollen from Cheirolepidiales. The Australian realm is 

dominated by Pentoxylales until the Late Cretaceous (Anderson et al., 2007). 
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Chapter 2. The Crato Formation 

 

The Early Cretaceous Crato Formation (named after the town of Crato, Ceará state, north-

east Brazil) is of considerable importance both commercially and scientifically due to the 

presence of finely laminated limestones. The limestones are mined commercially for 

paving slabs, ornamental stone and, at one locality, for the production of cement. One of 

the laminated limestone horizons also yields exceptionally preserved fossils. The diversity 

and exceptional preservation of the fossils gives the formation Konservat Lagerstätte status 

(e.g. Martill et al., 2007; Coiffard et al., 2014; Barling, 2015; Martill et al., 2015; Heads et 

al., 2017).  

 

2.1. Geological setting of the Crato Formation 

The Crato Formation is well exposed in the Araripe Basin, and the smaller sub-basins of 

the Serra do Vermelha and Cedro (Assine, 1990, 1992; Carvalho, 2001) (Figure 2.1). 

Coeval and lithological equivalents are also present in the São Fransisco Basin of northern 

Bahia (Brito pers.comm.). The Araripe Basin is mostly comprised of Mesozoic 

intracratonic sedimentary units (Figure 2.1), deposited on a complex mosaic of basement 

blocks - the crystalline Borborema Massif (Assine, 1990; Martill, 2007a). The basin lies 

between two megafractures, the Patos and Pernambuco Lineaments, two Late Precambrian 

shear zones reactivated in the Mesozoic, in particular during the early phases of opening of 

the South Atlantic Ocean (Heimhofer et al., 2010; Neto et al., 2013). Reactivation of these 

structures and extensional deformation formed the fault-bounded Araripe Basin (Arai et al., 

1989; Assine, 1994; Ponte, 1996). Borehole and seismic profiles show that the basin 

comprises two sub-basins, the Feitoria Sub-Basin and the Cariri Sub-Basin (Ponte and 

Ponte Filho, 1996). 

The infill history of the Araripe Basin began with a pre-rift Late Jurassic-early Berriasian 

sequence of siliciclastics (Ponte, 1996), followed by Berriasian to early Barremian syn-rift 

fluvial, deltaic, and deep-water lacustrine deposition (Arai et al., 1989). Post-rift deposition 

during the Aptian sees a major unconformity (Coimbra et al., 2002), then deposition of 

deltaic to lacustrine sediments (including the Crato Formation) followed by evaporites and 
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marine shales. Overlying the Aptian strata are the fluvial siliciclastics of the Exu Formation 

(Martill, 2007). 

 

Figure 2.1. A) Map of South America with Brazil highlighted. B) The sedimentary basins of Brazil 

indicated in yellow overlying the basement rock, indicated in grey). C) Detail of B, the Crato 

Formation bearing basins, The Araripe, Serra do Vermelha and Cedro. Based on maps by Martill 

(2007a) and Olimpio da Rocha et al. (2015). 

 

The Crato Formation was deposited primarily within the Araripe Basin during the ?Aptian, 

as laminated limestones interbedded with sandstones, marls and clays, thought to represent 

a fluctuating lake environment controlled by tectonism (Martill and Wilby, 1993; Martill 

and Heimhofer, 2007; Heimhofer et al., 2010). An ?Aptian age for the Crato Formation was 

initially based on palynological studies undertaken by Lima (1979a, 1979b, 1980). 

However, it remains uncertain from what stratigraphic horizons these samples were 

procured, making the age imprecise. Batten’s (2007) palynological study considers the age 
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of the Crato Formation to be no older than the Barremian or younger than the Cenomanian, 

and therefore the ?Aptian to be a suitable age. 

 

2.2. Stratigraphy of the Crato Formation  

The Crato sedimentary units have had various classifications: as both a formation (Beurlen, 

1963; Martill and Wilby, 1993; Martill et al., 2007), and as a member (Beurlen, 1971; 

Assine, 2007). Recent publications either classify the Crato sedimentological units as a 

member of the Santana Formation (Figure 2.2A) (e.g. Assine, 2007; Ricardi-Branco et al., 

2013), or as their own formation (Figure 2.2B) (e.g. Martill et al., 2007; Heads et al., 2017). 

Here, the stratigraphical scheme of Martill et al. (2007) is adopted, whereby the Crato 

limestones are given formation status. 

The Crato Formation along with the Rio da Batateiras and Ipubi formations constitute the 

Araripe Group (Figures 2.2b and 2.3) (Ponte and Ponte Filho, 1996). The Rio da Batateiras 

Formation is the lowermost unit, comprised of siliciclastic deposits, then followed by the 

heterolithic Crato Formation, which is overlain by the evaporite deposits of the Ipubi 

Formation (Martill and Wilby, 1993; Martill et al., 2007).  

 

 

 

 

 

 

 

 

 

Figure 2.2. Stratigraphical schemes for the Crato limestones. A) Adapted from Assine, 2007. B) 

Adapted from Martill et al., 2007. 
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Figure 2.3. Simplified stratigraphy of the Araripe Basin. Modified from Martill et al., 2012. 

 

? 
? 
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2.2.1. Crato Formation members 

In the scheme of Martill et al. (2007) the Crato Formation comprises four members (Figure 

2.2): Nova Olinda, Caldas, Jamacaru, and Casa de Pedra Black Shale in ascending order 

(Martill and Wilby, 1993; Martill et al., 2007). 

At the base of the formation is the Nova Olinda Member (Martill and Wilby, 1993) (Figure 

2.2) comprised entirely of laminated limestones that appear blue when unweathered and 

cream-yellow to orange-brown when weathered. The Nova Olinda Member crops out at 

Tatajuba (14 m thick deposit) extending to Jardim (8 m thick deposit), and as a thin outcrop 

at Simões in Piauí. The exposures vary in thickness, reaching a maximum measured 

thickness of 14 m (Figure 2.4) and probably thinning to nothing in some places. The Nova 

Olinda Member Konservat Lagerstätte yields exceptionally preserved fossils including 

insects, decapods, actinopterygian and coelacanth fishes, amphibians, squamates, 

crocodilians, pterosaurs, birds, and plants (Martill et al., 2007). The highest diversity occurs 

at outcrops near the town of Nova Olinda (Martill and Heimhofer, 2007). 

Overlying the Nova Olinda is the Caldas Member (Martill et al., 2007), originally named 

the Barbalha Member (Martill and Wilby, 1993). The Caldas Member consists of a 

heterolithic siliciclastic and carbonate succession of black shales, silty shales, clays, 

sandstones and laminated limestones that can reach up to 10 m thick. Outcrops of the 

Caldas Member can be found from Tatajuba in the west to Balbalha in the east. The only 

fossils found within the Caldas Member are horizons rich in ostracods and conchostracans 

(Martill and Heimhofer, 2007). 

Following the Caldas Member is the 4 m thick Jamacaru Member (Martill and Wilby, 

1993) composed of laminated limestones similar to those of the Nova Olinda Member. 

However, the Jamacaru Member can be identified by the characteristic stromatalitic top 

with an abundance of halite pseudomorphs, often silicified. Outcrops of this member can be 

seen from Tatajuba to Sobradinho. Fossils are rarely found within the Jamacaru Member, 

with rare reports of the fish Dastilbe, conchostracans, and fossil wood (Martill and Wilby, 

1993). 

The uppermost member of the Crato Formation is the Casa de Pedra Black Shale Member. 

(Martill et al., 2007). This member consists of laminated black shales with thin sandstone 
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layers and can be up to 10 m thick (da Silva, 1986a, 1986b, 1988). Outcrops occur at Mina 

Lagoa de Dentro, Ipubi, Gergelim, Casa de Pedra and Mina Pedra Branca. The Casa de 

Pedra Member is rich in ostracods and occasional small fish have been found (Martill et al., 

2007). 

 

Figure 2.4. A detailed view of the Chapada do Araripe, showing the Araripe Group (comprising of 

Ipubi, Crato and Rio da Batateiras formations) and the Nova Olinda Member (the fossil-bearing 

horizon of the Crato Formation). Labelled circles indicate towns. Based on maps by Martill et al., 

2007. 

2.3. Depositional environment of the Nova Olinda Member 

The finely laminated limestones of the Nova Olinda Member were likely deposited in a 

saline basin setting with surrounding arid areas and fluvial fresh water input (Heimhofer et 

al., 2010). 

The Nova Olinda Member is composed entirely of limestone. The source of the calcium 

carbonate has been debated. Originally it was thought to be microbial mats that precipitated 

carbonate (Martill and Wilby, 1993; Neumann et al., 2003; Varejão et al., 2019). This 

scenario was deemed unlikely due to the lack of spherical structures usually associated with 

microbial mats (Heimhofer and Martill, 2007). In a study by Heimhofer et al. (2010) 

scanning electron microscopy (SEM) and petrography revealed that the majority of the 

carbonate was formed by authigenic calcite precipitation, thought to be due to the 

oversaturation of calcium carbonate produced by phytoplankton activity in the epilimnion 
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(Heimhofer and Martill, 2007; Heimhofer et al., 2010). A recent study by Catto et al. 

(2016), however, indicated that the microbial mat origin is likely due to the structure of the 

amorphous organic matter, organic minerals precipitated by microbial metabolic, calcified 

microorganisms with coccoid morphologies, and organic-enriched carbonate matrix 

activity. 

The strata of the Crato Formation represent a fluctuating lake environment, as seen by the 

clay-carbonate rhythmites and laminated limestone facies (Neumann et al., 2003). Four 

microfacies were identified by Catto et al. (2016): rhythmic, nodular, planar laminated and 

crustiform further indicating a fluctuating lake environment. Neumann et al. (2003) 

considered the cause of the fluctuation to be humid-arid cycles, whereas Heimhofer et al. 

(2010) consider a tectonic control more likely. 

The Crato lake was likely to have a meromictic, with a productive epilimnion and a 

stagnant hypolimnion (Heimhofer and Martill, 2007). Due to the lack of sedimentary 

features that indicate turbulence or current activity, the Crato lake was likely a calm and 

protected environment. Several metres of undisturbed limestone lamination indicate this. 

As well as being in a protected area, the lake was probably moderately deep with the 

lakefloor likely below normal storm wave-base (Heimhofer et al., 2010). This depth and 

lack of mixing of the upper and lower water layers would have affected the oxygen levels 

within the lake. This can be supported by the total absence of bioturbation, suggesting that 

the bottom of the Crato lake would have been anoxic (Heimhofer and Martill, 2007; Freire 

et al., 2013) and perhaps hypersaline. 

Chumkov (2004) places the Crato Formation within a semi-arid to arid climatic belt for the 

Aptian. Aridity is further supported by xeric taxa of the Crato flora and a high abundance 

of Classopollis pollen (Pflug 1953), a xeric conifer (Vakhrameyev, 1982; Mohr et al., 

2006; Kunzmann et al., 2009; Mohr et al., 2015; Carvalho et al., 2017). Intense arid 

environments can cause extreme evaporation, leading to the accumulation of dense brine in 

the lower layer of the water column. Brine formation further depletes dissolved oxygen, 

making the bottom of the lake almost uninhabitable for macro-organisms (Martill et al., 

2007). A dense hypersaline brine layer is suggested for the Crato lake, at least episodically, 

due to the presence of halite pseudomorphs (Martill and Wilby, 1993; Heimhofer and 

Martill, 2007; Heimhofer et al., 2010).  



 

12 
 

The depth of the lake and absence of currents and turbulence caused little to no mixing of 

the stratified water column, leading to bottom water anoxia (Freire et al., 2013). This 

anoxic layer was reinforced by the oxygen depleting, hypersaline brine layer (Heimhofer 

and Martill, 2007). This harsh environment was highly conducive to the exceptional 

preservation of the organisms, as aerobic bacteria and benthic detritivores were unable to 

assist with the decomposition of the fauna and flora (Barling et al., 2018).  

 

2.4. Fauna of the Crato Formation 

The fauna of the Crato Formation is not only diverse, but also extremely well preserved. 

Many fossils in the assemblage show remarkable detail in their preservation, with soft 

tissues preserved in high-fidelity. In the vertebrates, non-mineralised epidermal structures 

such as pterosaur head crests, scales and keratinous claw sheaths are preserved (Frey et al., 

2003; Pinheiro et al., 2012; Elgin and Frey, 2012), while some fishes have muscle fibres 

are preserved (Martill et al., 2007; Barling et al., 2015). 

 

2.4.1. Invertebrates of the Crato Formation 

The invertebrates of the Crato Formation, mostly arthropods, are world renowned for their 

remarkable preservation and diversity (more than nine orders of insects). Not only are most 

specimens nearly complete, but they often show three dimensional preservation on a 

micrometre scale (Grimaldi, 1990; Heads et al., 2008; Barling et al., 2015). Although no 

colour pigment remains, colour patterns (Martill et al., 2007, pl. 2) and even original 

structural colour (metallic lustre) have been observed (Martill et al., 2007, pl. 2c).  

The composition of the arthropod assemblage is unusual for a Cretaceous lake deposit. 

Surprisingly, aquatic arthropods are rare, beetles are also rare; unusual for a Cretaceous 

assemblage (Menon and Martill, 2007), but terrestrial arthropods are abundant (in 

particular spiders have a high abundance but low diversity). In fact, the insect assemblage 

is dominated by volant imagos (50%), a consequence of aerial fallout. Rarer aquatic larvae 

(14%) are likely to have originated from nearby deltas and are in higher abundance when 

compared with their much rarer imago equivalents (8%). Spiders, scorpions and other 

terrestrial arthropods are thought to represent flotsam from river input (19%) (Menon and 
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Martill, 2007). Ostracods are the most common of the crustaceans of the Crato Formation 

as a whole, found in abundance in the Casa de Pedra Black Shale Member, but are rare 

elsewhere in the sequence and absent from the Nova Olinda Member. Only one decapod 

species, Buerlenia araripensis Martins-Neto and Mezzalira, 1991, is known from the Nova 

Olinda Member. The rare occurrence of crustaceans is likely due to the high salinity of the 

lake (Schwiegert et al., 2007). 

Whilst it is thought that the arthropod assemblage is allochthonous, the intact nature of 

specimens indicates that they travelled only a short distance (Menon and Martill, 2007). 

The assemblage also shows adaptations to riparian and semi-arid to arid conditions (Menon 

and Martill, 2007). 

 

2.4.2. Vertebrates of the Nova Olinda Member 

Vertebrate fossils occur frequently in the Nova Olinda Member, with fishes, aquatic, 

terrestrial and aerial tetrapods recorded (e.g. Brito, 2007; Naish et al., 2007; Pinheiro et al., 

2012; Simões et al., 2014; Martill et al., 2015).  

The fossil fish are often found fully articulated with scales, and in some cases even with 

their stomach content preserved (Brito, 2007). Only one fish of the Nova Olinda Member is 

found in high abundance, the chanid, Dastilbe crandalli Jordan, 1910, often found as 

juveniles (Brito, 2007). It is suggested that this juvenile assemblage may indicate that the 

Crato lake was used as a nursery, implying a connection to marine waters (Brito, 2007; 

Brito and Yabumoto, 2011). Other fish are rare and include Placidichthys bidorsalis Brito , 

2000, Santanichthys sp. Santos, 1958, Cladocyclus gardneri Agassiz, 1841, and the 

coelacanth Axelrodichthys sp. Maisey, 1986. The presence of only surface dwelling fish 

and absence of bottom dwellers could be due to the prevailing anoxia in the hypolimnion 

(Brito, 2007). 

Herpetofaunal (in the Crato as: frogs, turtles, lizards, a snake, crocodiles, pterosaurs and 

birds) remains are rare (except for pterosaurs which are relatively common) and are found 

only in the Nova Olinda Member. Most occur as articulated or associated skeletons, 

although isolated bones do occur. Anurans are considered to be allocthonous, and are 

preserved as complete, fully articulated adults, with some showing soft tissue preservation 
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(Leal, 2007). The rarity of the turtle fossils within the formation indicates that the salinity 

made the lake a challenging place to live. However, it has been suggested that at least one 

turtle from the Crato Formation Araripemys Price, 1973 was tolerant of elevated salinity, it 

is found not only as adults, but also as hatchlings (Oliveira and Kellner, 2017). The 

squamate assemblage is also allocthonous. Most are articulated but not always complete, 

and the tail is always missing (Martill, 2007b). Some specimens display soft tissue 

preservation on the body (Martill, 2007b; Simões et al., 2014).  One notable discovery is 

that of Tetrapodophis amplectus Martill et al., 2015, which is significant, not just as the 

only snake specimen from this deposit, but also because of its evolutionary importance, 

owing to the presence of four legs (Martill et al., 2015). The crocodiles of the Crato 

Formation are usually articulated and can display soft tissue preservation (Frey and 

Sailsbury, 2007; Field and Martill, 2017). It is thought that the crocodiles lived in the 

surrounding areas and not within the lake 

Pterosaur remains are fairly common within the Crato Formation, with over 30 individuals 

recorded (Unwin and Martill, 2007). These remains are often incomplete, but do have high 

quality soft tissue preservation (Frey et al., 2003; Pinheiro et al., 2012). Some of the 

specimens appear to have been in the water column for a prolonged period of time, 

evidenced by advanced stages of decay (Unwin and Martill, 2007). One pterosaur’s plight 

is particularly interesting, it appears that the long leaf Welwitschiophyllum brasiliense 

Dilcher et al., 2005 (Figure 2.5) is responsible for the death of Ludodactylus sibbicki Frey 

et al., 2003. It is thought that the pterosaur mistakenly tried to swallow the sharp rigid leaf, 

which then pierced the gular of the pterosaur leading to its eventual death (Frey et al 2003; 

Martill et al., 2007, figure 17.4). 

Birds are rare in the Crato Formation, mostly represented by feathers, some showing colour 

patterns (Naish et al., 2007). There have been at least three instances of skeletal remains: 

two figured in Martill et al. (2007) (Plate 25d and 26), one showing  partial remains of a 

wing with associated flight feathers and the other a partial skeleton of a presumed 

enantiornithine bird (Naish et al., 2007). The third instance is an articulated juvenile 

enantiornithine bird with feathers attached (de Souza Carvalho et al., 2015). These remains 

represent some of the earliest bird remains from South America (Naish et al., 2007). 
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Figure 2.5. Ludodactylus sibbickii with a Welwitschiophyllum leaf. Photo courtesy of David Martill. 

 

2.5. The Crato Formation flora 

The Crato flora yields a diverse flora including Isoetales, Polypodiopsida, Bennettitales, 

conifers, Gnetales, and angiosperms. The preservation of fossil plants varies between the 

unweathered (greigite) and weathered (goethite) limestone, the unweathered specimens 

often showing better preservation. In some cases three dimensionality and even epidermal 

cellular structure can be observed (Kunzmann et al., 2009; 2011; Coiffard et al., 2013). The 

palaeofloral assemblage is likely allocthonous, and complete specimens found with roots 

and reproductive structures attached have undergone minimal transport. The floral 

assemblage shows evidence of xeric/arid adaptations and comprises specimens from 

riparian and still water environments washed into the Crato lake (Mohr et al., 2006; Mohr 

et al., 2007; Mohr et al., 2008; Coiffard et al., 2013). Plant-insect interactions can be 

observed on some plant specimens, including Ruffordia goeppertii (Dunker) Seward, 1894, 

Gnetales, and four different angiosperms displaying evidence of oviposition, galling, 



 

16 
 

piercing and sucking traces, mining, skeletonisation, and margin feeding (Filho-Santos et 

al., 2017). Fossil wood is surprisingly rare in the Nova Olinda Member. 

2.5.1. Pteridophytes 

Pteridophytes, free-sporing plants, are a group that contains lycophytes, quillworts, ferns 

and horsetails.  Some of earliest known pteridophytes are very small and occur in the 

Silurian of Europe, and probably represent the earliest terrestrial macrophytes (Rothwell, 

1996). Pteridophytes flourished throughout the Devonian and Carboniferous, with large, 

swamp dwelling arborescent lycophytes shaping the landscape (Taylor et al., 2009). Akin 

to the rise of the angiosperms and subsequent fall of the gymnosperms in the Cretaceous, 

pteridophytes declined in the Late Carboniferous-Permian as gymnosperms radiated 

(Anderson et al., 2007). Whilst their numbers did not quite recover, the group persisted and 

is a lineage that persists today e.g. Equisetum Linnaeus, 1753b, Dicksonia L’Héritier, 1789. 

In the Crato Formation pteridophytes make up ~10% of the floral diversity (Mohr et al., 

2007) and are represented by the Equisetales, Isoetales and Filicales. Isoetales occur as 

Isoetites sp. Münster, 1842, a quillwort that closely resembles modern Isoetes Linnaeus, 

1753b and Equisetales is represented by Equisetum stems, usually preserved transversely 

(Fig. 2.6a). 

The most common pteridophyte remains belong to the Schizaeales fern Ruffordia 

goeppertii (Mohr et al., 2007; 2015). This fern has both fertile and sterile fronds preserved, 

a creeping rhizome habit (Figure 2.6b) and possible hair bases comparable with those of 

Anemia Laporte de Castelnau 1840, an extant fern that may be congeneric with Ruffordia 

(Skog, 1982; Mohr et al., 2015). Ruffordia had coriaceous fronds, a characteristic usually 

associated with drought tolerance. Ruffordia specimens are most probably allochthonous, 

but entire specimens, including roots, stems, and reproductive structures occur with a high 

quality of preservation, suggesting that they were not transported far from their habitat. 

Other fern species have been noted but are poorly preserved (Mohr et al., 2007). 
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Figure 2.6. Pteridophytes from the Crato Formation. A) Transverse Equisetum. B) Ruffordia 

goeppertii showing creeping rhizome habit. Scale= 10 mm. 

 

2.5.2. Gymnosperms 

The gymnosperms, or seed plants, are the most diverse group of the Crato flora constituting 

approximately 60% of the assemblage (Mohr et al., 2007). They are represented by the 

Bennettitales, Cycadales, Gnetales, conifers, and pteridosperms.  

 

2.5.2.1. Pteridosperms 

The pteridosperms, seed ferns as they are sometimes called due to their superficial 

resemblance to ferns, are an extinct group not thought to represent a natural taxonomic 

group (Taylor et al., 2009). They are distinguished from ferns by their reproductive 

structures which sometimes resemble sporangia. Other features that differentiate them are 

the complex frond architecture and their irregular venation (Cleal and Thomas, 2009). The 

pteridosperms were thriving and at their most diverse in the Late Palaeozoic displaying a 

variety of habits including: vine, climbing, scrambling, and small tree forms (Baxter, 1949; 

Dunn et al., 2003; Krings et al., 2003). The group saw a decline in the Mesozoic leading to 

their eventual extinction at the end of the Cretaceous (Mohr et al., 2007; Taylor et al., 

2009). Pteridosperms from the Crato Formation are yet to be described, but have been 

reported by Mohr et al. (2007). One Crato pteridosperm has 70 cm trifurcating axes, 
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pinnule like leaves covered in trichomes, and cupule reproductive structures akin to 

Caytoniales (Figure 2.7). Taxomically ‘seed ferns’ remain enigmatic (Taylor et al., 2006). 

 

 

 

 

 

 

 

Figure 2.7. Undescribed seed fern form the Crato Formation. A) Showing habit and relatively large 

size. B) Reproductive structure. C) Frond showing trichomes. Scale bars A, = 10 mm; B = 2 mm; C 

= 3. 25 mm. 

 

2.5.2.2. Conifers 

Conifers extend back as far as the Late Palaeozoic, but their remains are rare and often 

poorly preserved. The pollen record for conifers in China shows that the lineage extends 

back to the Early Carboniferous (Cleal and Thomas, 2009). The rare Palaeozoic 

macrophyte remains are often represented by the Voltziales, a group considered to have 

low preservation potential because they inhabited low latitude palaeoequatorial regions 

they inhabited (Cleal and Thomas, 2009). In contrast the Mesozoic yields exquisitely 

preserved conifers, including those of the ‘modern’ conifers: Taxaceae, Araucariaceae, 

Pinaceae, Cupressaceae and Podocarpaceae. These are all thought to have their origins in 

the Triassic and all survived the K/T extinction event (Anderson et al., 2007; Taylor et al., 

2009). Today, these families are prolific and have an almost worldwide distribution, but 

tend to be more common in cooler environments (Anderson et al., 2007). One family not 

present today is the Cheirolepidiaceae, found in abundance in the Mesozoic with a 

worldwide distribution from the Late Triassic to the mid-Cretaceous (Anderson et al., 

A B 
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2007). Conifers are well known for their cones and, with the exception of Agathis Latreille 

1804 and Araucaria Jussieu, 1789, reduced foliage.  

The Crato Formation macrophyte conifers are represented by the extinct Cheirolepidiaceae 

and extant Araucariaceae (Mohr et al., 2007). The Cheirolepidiaceae are rare but diverse: 

Tomaxellia biforme Archangelsky, 1966 previously only known from Patagonia 

(Kunzmann et al., 2006), Frenelopsis sp. Schenk, 1869 emend. Watson, 1977, 

Pseudofrenelopsis sp. Nathorst 1893 emend. Watson 1977, Pseudofrenelopsis capillata  

Sucerquia et al., 2015, and possibly Duartenia araripensis Mohr et al., 2012, an 

anisotomous branched plant with small, degraded coriaceous leaves (Kunzmann et al., 

2006; Mohr et al., 2012; Sucerquia et al., 2015; Batista et al., 2017). The fragmentary 

remains of the majority of the Crato Cheirolepidiaceae indicate that they may have traveled 

some distance to the lake basin, with the exception of Frenelopsis, thought to have grown 

near the Crato lake margins under brackish influences (Kunzmann et al., 2006; Mohr et al., 

2012). The thick cuticle of Pseudofrenelopsis capillata and the coriaceous, trichome 

covered leaves of Duartenia suggest drought tolerance and therefore at least a seasonally 

dry climate (Mohr et al., 2012; Sucerquia et al., 2015).  

The Araucariaceae are represented by Araucaria, and the juvenile Araucariostrobus 

Krasser 1921, both known from reproductive cones, and the foliar remains of 

Brachyphyllum obesum Heer, 1881 sensu Duarte, 1985, Brachyphyllum castilhoi Duarte, 

1985 and Lindleycladus Harris, 1979 (Kunzmann et al., 2004). The botanical affinity of 

exceptionally rare wood in the Crato Formation is also considered to belong to the 

Araucariaceae (Silva et al., 2013). The palaeoclimate indicated by the araucarian remains is 

in agreement with that suggested by the Cheirolepidiaceae: warm and temporarily dry 

(Kunzmann et al., 2004). The Araucariaceae are also considered to be the main resin 

producer for the Crato Formation’s isolated resin clasts (Martill et al., 2005; Pereira et al., 

2009). In situ resin also occurs within Brachyphyllum tissues (Batista et al., 2017) 

especially within the leaves (Fig 2.8, see Chapter 6 and 7). 

The Podocarpaceae of the Crato Formation are chiefly known from pollen, but putative 

leafy shoots of Podozamites Braun, 1843 have been reported by Duarte (1985) and Martill 

et al. (1993). 
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Figure 2.8. Brachyphyllum obesum with arrows indicating amber. Scale bar = 10 mm. 

 

2.5.2.3. Bennettitales and Cycadales 

The Bennettitales are an extinct lineage often mistaken for cycads as they share many 

morphological characteristics, but can be differentiated by their lack of girdling leaf traces 

and epidermal anatomy (Cleal and Thomas, 2009; Taylor et al., 2009). The Bennettitales 

particularly garnered attention from palaeobotanists because their bisexual reproductive 

structures were thought to connect them to angiosperms as a sister group (Sharma, 1976; 

Bose et al., 1984; Crane, 1985; Watson and Sincock, 1992; Nixon et al., 1994; Donoghue 

and Doyle, 2000; Rothwell and Stockey, 2002; Stockey and Rothwell, 2003; Hilton and 

Bateman, 2006; Friis et al., 2007). The oldest unambiguous bennettitalean fossil is from the 

Triassic of Austria (Friis et al., 2009). The group saw a steady increase in the Jurassic and 

Early Cretaceous, becoming globally distributed (Anderson et al., 2007). Their diversity 

declined in the Late Cretaceous and the lineage became extinct at the Cretaceous-Tertiary 

boundary (K/T boundary) (Cleal and Thomas, 2009). The Bennettitales are represented in 

the Crato Formation flora as rare ovulate cones reaching up the 80 mm in length, possibly 

referable to Williamsonia Carruthers, 1870 (Mohr et al., 2007). 

The Cycadales include both extant and extinct lineages, some of which can be traced to the 

Upper Carboniferous (Norstog and Nicholls, 1997; Pant, 2002). The maximum diversity of 
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cycads is seen in the Mesozoic and have since progressively declined, today 82% of cycads 

are listed as threatened (Anderson et al., 2007). It appears that most cycad lineages 

diverged in the Permian-Triassic and have since remained relatively unchanged (Hermsen 

et al., 2006). The only instance of cycadalean remains in the Crato Formation is an 

unfigured large frond, thought to bear resemblance to Zamia Linnaeus, 1763 (Mohr and 

Friis, 2000). 

 

2.5.2.4. Gnetales 

See Chapter 3 for a comprehensive review of the Gnetales. 

There are eight named genera from the Crato Formation assignable to the Gnetales and 

many more that have yet to be described (Mohr et al., 2007). Contrasting with the relictual  

genera of today: Welwitschia mirabilis Hooker, 1863, Ephedra Linnaeus, 1753a, and 

Gnetum Linnaeus, 1767. Due to the paucity of the gnetalean macrofossil record (Crane, 

1966), the diversity and abundance of the Crato Formation gnetalean assemblage is of great 

importance.  

The Crato fossils with affinities to Welwitschia contribute significantly to their macrofossil 

record and include: the cotyledons Cratonia cotyledon Rydin et al., 2003 with ‘Y’ shaped 

venation and Welwitschiella austroamericana Dilcher et al., 2005; reproductive remains 

Welwitschiostrobus murili Dilcher et al., 2005; the foliar remains of Welwitschiophyllum 

brasiliense Dilcher et al., 2005 a detached, long, lanceolate shaped leaf; and possibly 

Friedsellowia gracifolia Löwe et al., 2013 a whole gnetophyte that shows chevron-shaped 

venation and in situ pollen. Only one Crato genus shows affinities to Ephedra, Itajuba 

yansanae Ricardi-Branco et al., 2013. Cearania heterophylla Kunzmann et al., 2009 is 

thought to possess some ephedroid characteristics but remains a gnetalean with unknown 

affinity. The putative gnetalean Cariria orbiculiconiformis Kunzmann et al., 2011 also 

shows gnetalean characteristics, but no affinities to any extant or extinct group. 

It is noteworthy that some Crato Gnetales show adaptations to seasonal aridity (Kunzmann 

et al., 2009; Löwe et al., 2013; Ricardi-Branco et al., 2013). 
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2.5.2.5. A gymnosperm with unknown affinities 

Novaolindia dubia Kunzmann et al., 2007, is gymnospermous plant with trifurcate, 

decurrent leaves and globose reproductive capsules was reported from the Crato Formation 

by Kunzmann et al. (2007). The characteristics of Novaolindia do not fit any of the 

definitions for known gymnosperms, so it is thought to possibly represent an unknown 

group of seed plants (Kunzmann et al., 2007). 

 

2.5.3. Angiosperms 

Angiosperms comprise around 30% of the diversity of the Crato Formation floral 

assemblage, and occupied a range of habitats (Mohr et al., 2007). Some of the angiosperms 

are considered to be fully aquatic forms. Jaguariba wiersemaniana Coiffard et al., 2013 is 

a nymphalean thought to have resided along the lake margins, due to their short petioles 

which would have limited the plant to shallow water (Coiffard et al., 2013). 

Pluricarpellatia peltata Mohr et al., 2008 is another nymphalean, that likely lived in deeper 

waters than Jaguariba due to its long aquatic stems (Mohr et al., 2008; Coiffard et al., 

2013); Iara iguasso Fanton et al., 2006 is thought to live submersed, but no further 

botanical affinities have been suggested for this genus.  

The terrestrial angiosperm assemblage comprises Araripia florifera Mohr and Elkund, 

2003, a herbaceous plant with flower buds attached to the axis with affinities to the 

Laurales (Mohr and Elkund, 2003) and Endressinia brasiliana Mohr and Benardes-de-

Oliveira, 2004 a magnolialean with unusual three-dimensional preservation of its flowers 

and staminodes with secretory glands. Endressinia is interpreted as living in a seasonally 

dry climate (Mohr and Benardes-de-Oliveira, 2004). Cratolirion bognerianum Coiffard et 

al., 2019 is a core monocotis with pleisomorphic flowers and a specialised inflorescence 

unknown in living relatives. Three plants are thought to inhabit understorey lake-margin 

environments: the mesophilic Cratosmilax jacksoni de Lima et al., 2014 of the Smilacaeae; 

the piperalean Hexagyne philippiana Coiffard et al., 2014, and the helophytic araceaean 

Spixiarum kipea Coiffard et al., 2013. The trifurcating Klitzschophyllites flabellatus Mohr 

and Rydin, 2002 (originally erected as Trifurcata flabellata) (Fig. 2.9) was a drought 
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tolerant plant with glanduliferous leaves (possibly for guttation) thought to reside near 

estuarine and brackish, seasonally dry habitats (Mohr et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Klitzschophyllites flabellatus. Scale bar = 10 mm. 

 

2.5.4. Pollen assemblage 

The pollen assemblage does not share the exceptional preservation of the macrofossils, 

likely a result of depositional conditions and present day weathering (Batten, 2007). 

Numerous pollen studies (Lima, 1979a, 1979b 1980, 1989; Lima and Perinotto, 1984; Pons 

et al., 1996; Neumann et al., 2003; Batten, 2007; Heimhofer and Hochuli, 2010) have 

recorded an assemblage of aquatic plants/moisture loving plants (e.g. Balmeisporites 

minutus Brenner, 1968, Paxillitriletes Hall and Nicolson, 1973, Crybelosporites Dettman, 
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1963), and arid adapted plants (e.g. Araucariacites Potonié, 1958, Classopollis, 

Ephedripites (Bolkhovitina) Potonié, 1958, Gnetaceaepollenites Thiergart, 1938, 

Steevesipollenites Stoves, 1964). This situation is also reflected in the macrophyte fossils. 

Neumann et al. (2003) considered this mixed assemblage to reflect semi-arid - humid 

seasonality, whereas Batten (2007) thought that better stratigraphical constraints were 

needed before seasonality could be interpreted. The pollen assemblage is considered to be 

typical of late Early Cretaceous low latitude floras (Brenner, 1976; Herngreen and 

Chlonova, 1981; Hochuli, 1981; Doyle, 1996; Pons et al., 1996; Batten, 2007). 

Dominant taxa include: the gnetalean Ephedripites, Equisetosporites Daugherty, 1941, and 

Gnetaceaepollenites, mirroring the abundant gnetalean macrophytes (Neumann et al., 2003; 

Batten, 2007); the drought adapted Cheirolepidiaceae, Classopollis (Lima, 1978, 1979, 

1980, 1989; Neumann et al., 2003; Batten, 2007; Heimhofer and Hochuli, 2010); and 

monocotyledon or early magnoliid pollen Stellatopollis Doyle et al., 1975, 

Retimonocolpites Pierce, 1961, Pennipollis Friis et al., 2000, Dichastopollenites May, 

1974, and Trisectoris Tschudy, 1970 (Heimhofer and Hochuli, 2010). 
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Chapter 3. Review of the Gnetales 

 

The Gnetales are an extant lineage that are considered relictual when compared to their 

former diversity in the Mesozoic (Crane, 1996; Arber and Parkin, 1908). Today, only three 

genera remain: Ephedra Linnaeus, 1753a, Welwitschia Hooker, 1863 and Gnetum 

Linnaeus, 1767. 

The three genera are all morphologically and ecologically distinct from each other. 

Welwitschia is a large, two leaved plant that consists of just one species W. mirabilis, 

restricted to the Namib Desert (Figure 3.1A) (Hooker, 1863; Ickert-Bond and Renner, 

2016). Ephedra is a shrub-like plant with reduced leaves and has ~50 species distributed in 

sub-tropical, arid and temperate environments (Figure 3.1B) (Kubitzki 1990a; Ickert-Bond 

and Renner, 2016). Gnetum at first glance resembles an angiosperm with its broad leaves 

that have reticulate venation, ~39 species are known from sub-tropical to tropical 

environments, occupying them in a variety of different forms including trees, shrubs, and 

lianas (Figure 3.1C) (Ickert-Bond and Renner, 2016). Despite appearing morphologically 

distinct they are united in sharing the following characteristics considered diagnostic for the 

Gnetales: multiple axillary buds, articulated axes with nodes and internodes, opposite-

decussate or whorled phyllotaxis bisexual reproductive units with separate ovulate and 

pollen strobili, and the presence of a micropylar tube (Crane, 1996; Kunzmann et al., 

2011). 

The Gnetales have had varying classifications over the years: as a single order with only 

one family (Cleal, 1993), as a single order with three genera and no families (Crane, 1988; 

Taylor and Taylor, 1993; Stewart and Rothwell, 1993), and as a single order with three 

families (Martens, 1971; Kubitzki, 1990a, b, c; Taylor et al;, 2009; Soltis et al., 2017). Not 

only has their classification been debated, but also their phylogenetic position.  
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Figure 3.1. Extant Gnetales. A) Welwitschia mirabilis in the Namib Desert. Photo courtesy of 

Christa Hofmann and Hugh Rice B) Ephedra chilensis. Image taken at Birmingham Botanical 

Gardens C) Gnetum gnemon. Image taken at Berlin Botanischer Garten by Julia Gravendyck. 

 

3.1. Gnetales and their relationship to other seed plants 

3.1.1. Morphology-based relationships 

Historically, Wettstein (1907) and Arber and Parkin (1908) suggested, based on some 

shared characters (vessels, reticulate venation and reproductive structures) that the Gnetales 

were related most closely to the angiosperms. Gnetales were then placed between the 

gymnosperms and angiosperms (Pulle, 1938). Other authors (notably Bailey, 1953) argued 

against this close relationship based on differences in the vessel types. Later, with the 

advent of morphological cladistic analyses, which included both extant and extinct plants, 

this relationship was resurrected as the Gnetales were consistently recovered as sister group 



 

27 
 

to the angiosperms. This inferred relationship is termed the ‘anthophyte hypothesis’; e.g., 

Crane, 1985; Doyle and Donoghue 1986; Doyle, 1996). The monophyly of the Gnetales 

was consistently recovered (e.g. Doyle, 1994, 1996; Hilton and Bateman, 2006 (except in 

Nixon et al., 1994, but when reanalysed did support gnetalean monophyly; see Doyle, 

1996). 

 

3.1.2. Molecular-based relationships 

With the advent of molecular phylogenetic analyses, the monophyly of the Gnetales was 

confirmed (e.g. Goremykin et al., 1996, Bowe et al., 2000; Chaw et al., 2000; Magallón and 

Sanderson, 2002; Rydin and Källersjö, 2002; Rydin et al., 2002) but the anthophyte 

hypothesis was refuted as several other relationships were inferred. Some studies are based 

solely on molecular data, others use both molecular and morphological data.  

In phylogenetic analyses the Gnetales have been found to have different placements, often 

depending on the gene or combination of genes used. The Gnetales have been placed in one 

of four positions within seed plants: (1) as a sister group to conifers (Gnetifer hypothesis; 

e.g. Winter et al., 1999; Bowe et al., 2000; Chaw et al., 2000; Frohlich and Parker, 2000; 

Rydin et al., 2002; Smith et al., 2010): (2) as sister group to all other seed plants (e.g. 

Burleigh and Mathews, 2004; Magallón and Sanderson, 2002); (3) within conifers, sister 

group to Pinaceae (Gne-pine hypothesis; e.g. Hajibabaei et al., 2006; Magallón, 2010); (4) 

within conifers, sister to cupressophytes or conifers other than Pinaceae (the Gne-cup 

hypothesis, e.g. Nickrent et al., 2000; Doyle, 2006; Ruhfel et al., 2014). The Gne-pine 

hypothesis is the relationship most commonly recovered (see Soltis et al., 2017; Ran et al., 

2018). However, despite so much work, the precise placement of the Gnetales still remains 

uncertain (Mathews et al., 2010, Ran et al., 2018). 

 

3.2. Fossil record of Gnetales 

The fossil record of the Gnetales is mostly reflected in the pollen record, macrofossils 

(Figure 3.2) are scarce or not readily identifiable as gnetalean (Arber and Parkin, 1908; 

Crane, 1988; Crane and Lidgard, 1989; Crane, 1996). It has been suggested that their 

ecology could affect their preservation, as some fossils suggest ephemeral habitats (Crane 
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and Upchurch, 1987; Mohr et al., 2007), which are likely to have low preservation 

potential. The oldest macrofossil considered to have gnetalean affinities is the reproductive 

cone Palaeognetaleana auspicia Wang, 2004 found in the Permian Taiyuan of China with 

in situ Ephedripites (Bolkhovitina) Potonié 1958 pollen. The pollen record also extends to 

the Permian for the Gnetales (Wilson, 1959; Bharadwaj, 1963). 

In the light of the conflict between the inferred relationships between the Gnetales and all 

other seed plants (see section 3.1. above), particularly with molecular data (see section 

3.1.2. above), a better picture of the fossil history and evolution of the Gnetales is needed to 

try to understand their origin, diversification and subsequent evolution, and how this fits 

within seed plant evolution.  

 

3.3. Welwitschiaceae 

3.3.1. Extant Welwitschia mirabilis 

Out of all question the most wonderful plant ever brought to this country - and also the very ugliest. 

– Joseph Dalton Hooker, 1863 

Welwitschia is named after Dr Friedrich Welwitsch who discovered the plant whilst on an 

expedition in Angola and sent a communication to Sir Joseph Dalton Hooker, then Director 

of the Royal Botanic Gardens, Kew (Hooker, 1863). Dr Welwitch suggested the name 

Tumboa after the local name for the resin (now known to be gum) it exudes. However, this 

name was already in use for an aloe, and subsequently the genus was named after 

Welwitsch, the species name mirabilis after its extraordinary appearance (Hooker, 1863). 

Welwitschia has a bizarre appearance, having just two opposite leaves (Figure 3.3 A) 

(although extensive fraying at the apices can make it appear as though there are many 

more) (Hooker, 1863; Bornman et al., 1972), that can remarkably reach over 6 m in length. 

The leaves grow from a thick, unbranched stem, which leads to an elongated tap root 

(Hooker, 1863). Both the stem and the leaves are thought to exude gum in response to 

trauma (see Chapter 8) (Hooker, 1863; de Bary, 1884; Takeda, 1913).  

In terms of reproduction Welwitschia is dioecious with either ovulate (female) or 

microsporangiate strobili (male) (Figure 3.3A and B) (Hooker, 1863). Both (including  
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sterile ovules) produce pollination drops, a liquid that receives pollen and transports it to 

the ovule (Endress, 1996; Kubitzki, 1990b; Carafa et al., 1992; Wagner et al., 2007; Prior et 

al., 2019). Recent analysis (Prior et al., 2019) of Welwitschia pollination drops has revealed 

that not only are they sugar-rich (Nepi et al., 2017), they also contain proteins. The protein 

numbers vary between male and female drops, with female pollination drops producing just 

one protein associated with bacteria recognition, and the male drops having 138 proteins 

associated with the protein degradome (Prior et al., 2019). These sugar-rich pollination 

drops are considered to be a reward for insects that assist with pollination (Kubitzki, 1990b; 

Wetschnig and Depish, 1999; Nepi et al., 2012; Prior et al., 2019). Welwitschia pollen is 

elongate, monoaperturate, with a polyplicate surface and a distinct distal colpus (Hooker, 

1863; Wodehouse, 1935); their pollen also has a dense exine, corroborating insect 

pollination (Bolinder, 2014; Bolinder et al., 2015). 

Figure 3.3. A) Welwitschia mirabilis showing two long leaves. Image taken at Vienna Desert 

House. B) Female cones of Welwitschia with pollen drops. Image taken at Vienna Desert House by 

Leyla Seyfullah. C) Male cones of Welwitschia. Image taken at Berlin Botanischer Garten by Julia 

Gravendyck. 
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Welwitschia is endemic to the Namib Desert (Angola and Namibia) (Hooker, 1863; Rodin, 

1958; Ickert-Bond and Renner, 2016), and possesses many adaptations to survive the harsh 

desert environment. The stomata of Welwitschia are amphistomatic, sunken and appear in 

longitudinal files parallel to the axis of the leaves (Rudall and Rice, 2019). The sunken 

nature of the stomata is thought to be an adaptation to xeric environments by limiting 

transpiration and the distance of CO2 diffusion (Hassitou et al., 2009; Roth-Nebelsick et al., 

2009; Goldenberg et al., 2013; Rudall and Rice, 2019). Another adaptation lies within the 

epidermal cells, a crystalline layer of calcium oxalate which reflects the solar energy, 

therefore cooling the plant (Takeda, 1913; Rodin, 1958; Krüger et al., 2017). Krüger et al. 

(2017) also postulated that this layer could be used as a CO2 source when the stomata are 

closed, an adaptation that would be beneficial in drought conditions (Tooulakou et al., 

2016).  

In a desert environment, obtaining water is vital to survival. Many studies have been 

undertaken to discover the primary water source of Welwitschia. It was thought that 

Welwitschia’s tap root used the water table as its primary source of water (Margulis, 2009; 

Van Jaarsveld & Pond, 2013), Bornman (1972) argued that the tap root did not grow to the 

depths necessary to achieve water uptake from the water table, so the tap root was used for 

anchorage, and the primary uptake of water was from coastal fogs. A recent study by 

Henschel et al. (2018) agreed with Bornman stating that the roots of Welwitschia were not 

deep enough and spread laterally instead. They also suggest that the primary water source 

for Welwitschia is rainwater, with supplemental water coming from desert fog and gypsum 

deposits, the latter being a reliable water source due to daily rehydration. 

Welwitschia is also considered ecologically important as it creates a cooler microhabitat 

beneath its large leaves (the soil under the leaves being ~40°C lower than exposed soil), 

providing an invaluable refuge for birds, snakes, small mammals, lizards, and arthropods 

(Marsh, 1987) 
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3.3.2. Fossils with an affinity to Welwitschia 

Two fossils associated with Welwitschia are described from the Early Cretaceous Potomac 

Group, USA, Drewria potomacensis Crane and Upchurch, 1987 and Bicatia Friis et al., 

2014. Drewria occurs at the Drewrys Bluff locality and is a relatively small plant with 

opposite phyllotaxy of oblong leaves that reach up to 20 mm in length. These leaves are 

borne at swollen nodes and have parallel venation with chevron shaped cross-veins. 

Reproductive loosely arranged spikes are found in the axils of the leaves and also 

terminally (Crane and Upchurch, 1987). Drewria is likely an herbaceous, early 

successional plant that lived in a mesic environment (Crane and Upchurch, 1987). Drewria 

shares many characteristics seen in gnetalean plants and is thought to have an affinity to 

Welwitschia, because of the chevron venation, and possible association with dispersed 

pollen that bears resemblance to that of Welwitschia (Crane and Upchurch, 1987). A 

potential Drewria fossil has also been reported from the Early Cretaceous Parnaíba Basin, 

Brazil (Lindoso et al., 2018). 

Bicatia costata Friis et al. 2014 found at the Kenilworth locality and Bicatia rugosa Friis et 

al. 2014 found at the Puddledock locality, eastern North America, are dispersed seeds with 

in situ pollen. The seeds have a chlamydospermous organisation, and a seed envelope that 

was disymmetrical and flattened with lateral wings (Friis et al., 2014). These seeds have 

also been recovered from the Juncal and Famalicão localities in Portugal, with the addition 

of another species from Juncal, Bicatia juncalensis Friis et al., 2014. Characteristics that 

link this plant to Welwitschia are bilateral winged seeds, similar open micropyle, and 

Welwitschia-like pollen (Bicatia pollen is much smaller in size) (Friis et al., 2014). 

A number of Welwitschia-like fossils have been recovered from the ?Aptian Crato 

Formation of north-east Brazil. Cratonia cotyledon Rydin et al. 2003 is a seedling (an 

occurrence rare in the fossil record) preserved with two overlapping cotyledons, lateral 

embryo feeder, and root. The chevron shaped cross veins show affinities to Welwitschia 

(Rydin et al., 2003). Another cotyledon from the Crato flora is Welwitschiella 

austroamericana Dilcher et al. 2005 that shows two cotyledons attached to a triangular 

shaped axis, the weak chevron shaped cross veins relate this plant to Welwitschia (Dilcher 

et al., 2005). The reproductive strobili Welwitschiostrobus murili Dilcher et al., 2005 are 

found attached to striate axes and either placed axillary or terminally. Welwitschiostrobus 
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has a decussate scale pattern similar to those present in Welwitschia cones, no pollen was 

recovered from these cones (Dilcher et al., 2005). Welwitschiophyllum brasiliense Dilcher 

et al. 2005 are the only non-cotyledonous foliar remains with affinities to Welwitschia from 

the Crato, the leaves occur as solitary remains and have a curved base, long lanceolate 

shape, and in some fossils the apices are frayed (Dilcher et al., 2005) (see Chapter 8 for 

more detailed anatomy of Welwitschiophyllum). Characters relating this fossil leaf to 

Welwitschia are; parallel veins, isobilateral form of the leaves, possible thickening of the 

epidermis, triangular elongated leaf shape, longitudinal splitting from a frayed leaf apex, 

and somewhat thickened or creased mid-leaf area (Dilcher et al., 2005). Friedsellowia 

gracifolia Löwe et al. 2013 is an entire shrub-like plant with reproductive strobili, leaves, 

axes, and roots. The leaves are linear shaped and usually found in whorls of four, axes are 

sympodial with strobili terminally placed, and the recovered in situ pollen is elongate with 

a polyplicate surface (Löwe et al., 2013). Friedsellowia is thought to have lived in sunny 

open habitats (Löwe et al., 2013). Characteristics relating Friedsellowia to Welwitschia are 

the chevron shaped cross veins on cotyledons, parallel venation, cone structure, and 

possible presence of a feeder (Löwe et al., 2013). Several gnetalean specimens remain to be 

described from the Crato Formation (Mohr et al., 2007), and some are described and 

interpreted here in this thesis (see Chapters 5, 7 and 8). 

 

3.3.3. Fossils with an uncertain affinity to Welwitschia 

Gurvanella Krassilov 1982 (synonym Chaoyangia liangii Duan 1998) was first described 

as an angiosperm fruit from the Early Cretaceous Choyr Basin in Mongolia, and was later 

reinterpreted as a samaroid cupule with crescent shaped seeds (Akhmetiev and Krassilov, 

2002), and has since been found in the Early Cretaceous Yixian Formation of China as 

Gurvanella exquisita Sun et al. 2001 and Chaoyangia liangii (Wu, 1999; Sun et al., 2001; 

Zhang, 2001; Wu, 2002). Gurvanella vegetatively shares similarities with Ephedra and by 

some is considered more ephedroid (Yang et al., 2005), whereas other authors (Sun et al., 

1998; Zhou et al., 2003; Won and Renner, 2006) believe that the anastomosing veins are 

akin to Welwitschia bracts (Rodin, 1953). 

Heerala antiqua Krassilov and Bugdaeva 1988 is a new name for the Jurassic seeds from 

the Siberian Ust Balej locality previously known as Ephedrites antiquus Heer 1876. 
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Heerala are found as an elliptical-ovate body with a membranous wing surrounding it 

similar in appearance to of the seedsWelwitschia (Krassilov and Bugdaeva, 1988). 

 

3.4. Ephedraceae 

3.4.1. Extant Ephedra 

Ephedra is usually found as a small multi branched shrub, but has also been found as a 

climber and as a small tree (Ickert-Bond, 2003; Freitag, 2010). In all morphologies 

Ephedra has reduced, perennial leaves borne at nodes (Figure 3.4), that are whorled or 

decussate (Marsden and Steeves, 1955; Ickert-Bond and Renner, 2016). Ephedra is 

dioeceous with either two lateral microstrobili or ovulate strobili with decussate bracts 

containing one seed in each smooth-papillate envelope (Ickert-Bond and Rydin, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Ephedra monosperma. Image taken at Berlin Botanischer Garten by Julia Gravendyck. 
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Like Welwitschia, Ephedra’s strobili also exude pollination drops, and in seven species the 

drops have revealed the presence of proteins used for carbohydrate modification and 

defence (von Aderkas et al., 2015). The pollination of Ephedra varies between species, 

most are wind pollinated, but a few species are insect pollinated (Bolinder, 2014; Bolinder 

et al., 2015, 2016a, 2016b). Interestingly, in Ephedra foemia pollination occurs specifically 

in the moonlight by nocturnal lepidopterans and dipterans; it is thought that the reflection 

of the moonlight in the pollination drops attracts the insects to them (Rydin and Bolinder, 

2015). The pollen of Ephedra is remarkably similar to that of Welwitschia, elongate with a 

polyplicate surface, however that of Ephedra differs in being acolpate and discharging the 

exine during pollen germination (Rydin and Friis, 2005; Friis et al., 2014). The type of 

pollen also differs between the methods of pollination; in insect pollinated species 

(Ephedra foemia and possibly Ephedra aphylla) an ancestral type of pollen (that has 

unbranched pseudosulci) occurs that has a denser exine and therefore a reduced flight 

capacity (Bolinder et al., 2015); and in wind pollinated species a derived type of pollen 

(possessing branched pseudosulci), where the ovulate organs create an aerodynamic 

microenvironment that guides the pollen to the pollination drops (Bolinder et al., 2015, 

2016a). Bolinder et al. (2016a) also suggested that the presence of branched pseudosulci 

facilitates dehydration and therefore long distance travel (ideal for wind pollinated species), 

but consequentially this increases the time taken to germinate as the pollen needs to 

rehydrate.  

Ephedra’s range is widespread, particularly in the Northern Hemisphere and encompasses 

North America, Europe, North Africa, Central Asia, China and western South America 

(Ickert-Bond and Renner, 2016), inhabiting semi-desert to desert environments of the Old 

and New World (Stapf, 1889; Ickert-Bond, 2003). Adaptations to their arid environment 

include: vessels in their wood (an occurrence rare in gymnosperms) for efficient water 

conductance, usually found in greater abundance in the lianoids and scrambling habits 

(Carlquist, 2012; Ickert-Bond and Renner, 2016); nucleated fibre tracheids for starch 

storage (Ickert-Bond and Renner, 2016); sunken stomata between veins on the stem and 

occurring amphistomatically on the reduced leaves (Rudall and Rice, 2019); a thick 

epicuticular wax (Rudall and Rice, 2019); and possibly derived pollen, representing an 

adaptation to the climatic changes after the K/T extinction event (Bolinder et al., 2016b). 
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3.4.2. Fossils with an affinity to Ephedra 

Dispersed ephedroid pollen is found in abundance in the Early Cretaceous (Crane and 

Lidgard, 1989; Crane, 1996), with fossils even occurring as shed exines, a trait known after 

germination in extant Ephedra (Rydin et al., 2004). Interestingly the fossil Cretaceous 

ephedroid pollen displays the ancestral morphology, suggesting that like E. foemia they too 

were insect pollinated (Bolinder et al., 2015). The derived morphology becomes prevalent 

after the K/T extinction event, thought to be an adaptation to the changing climate 

(Bolinder et al., 2016b). 

Macrofossils with affinities to Ephedra occur predominantly in East Asia, in particular in 

the Early Cretaceous Yixian Formation: Liaoxia Cao et S.Q. Wu, 2006 (emend. Rydin et 

al., 2006) has six different species displaying varying states of opposite-decussate 

phyllotaxy, narrow linear leaves, striate stems, reproductive structures and is considered 

dioecious; Eragrosites changii Cao et al., 1998 was originally described as an angiosperm, 

the leaves are absent and is thought to share morphology including decussate branching 

pattern with Ephedra; Chengia laxispicata Yang et al., 2013 shows linear leaves, at swollen 

nodes and loose reproductive spikes situated axially or terminally; Ephedrites 

guozhangiana Sun et al., 2001 is thought to be ephedroid by the authors, however, it shows 

a branching pattern unknown in Gnetales; Protognetella gracilis Yang and Ferguson, 2015, 

a genus previously only known from Russia (Krassilov and Bugdaeva, 1988) shows nodes 

and internodes with reproductive female spikes loosely arranged in axils; Amphiephedra 

rhaminoides Miki, 1964 are found as verticillate scaly leaves that share similarities with 

Liaoxia; and Pseudoephedra paradoxa Liu and Wang, 2016 a plant that has axillary female 

reproductive units with elongate oppositely arranged scales and a solid apical projection 

which the authors suggest is similar to the micropyle in Ephedra.  

Other Chinese ephedroids include: Ephedrites sinensis and E. exhibens both from the Early 

Jurassic Xiameigou Formation, show reproductive shoot fragments; and Alloephedra 

xingxuei Tao and Yang 2003 from the Early Cretaceous Dalazi Formation, interpreted by 

the authors as ephedroid but shows a branching pattern unknown in Gnetales. 

Cyperacites Krassilov, 1982 is a Cretaceous ephedroid from the Manlaj locality in 

Mongolia, it looks very similar to Liaxoia, showing a stem with swollen nodes and terminal 

dichasial reproductive spikes. Leongathia elegans Krassilov et al., 1998, from the Early 
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Cretaceous Koonwara Formation of Australia, has articulated shoots with decussate conate-

based leaves and vessel elements present. Ephedrispermum tenuicostatum Friis et al., 2019 

from below the Figueira da Foz Formation and Ephedrispermum lucitanicum Rydin et al., 

2006 from the Buarcos Formation of Portugal are both small chlamydospermous seeds with 

in situ polyplicate pollen. Itajuba yansanae Ricardi-Branco et al., 2013 from the Early 

Cretaceous Crato Fomation, Brazil is a whole plant with sympodial branching of a striate 

stem with vessels and ovulate reproductive structures, the vessels; and overall appearance 

are thought to show affinities to Ephedra. Several macrofossils are thought to bear such a 

resemblance to Ephedra that they are classified under this genus: Ephedra hongtaoi Wang 

and Zheng, 2010 from the Yixian Formation, China, shows a decussate branching pattern, 

terminal ovules, nodal stem and a shrubby habit; Ephedra archaeorhytidosperma Yang et 

al., 2005 is also from the Yixian and occurs as striate stems with opposite branching, the 

terminal cones have seeds with micropylar tubes, only one triangular leaf has been found 

attached; Ephedra nudicaulis Saporta 1888 from the Miocene d’Aix-en-Provence locality 

are found as articulated, striate branches with ovulate cones; Ephedra verticillata Cladera 

et al., 2007 from the Aptian Baqueró Formation of Southern Argentina are found as striate 

stems and acuminate ovules; Ephedra canterata Puebla et al., 2017 from the Early 

Cretaceous of Argentina are found as three dimensional ovulate cones with papillate seed 

envelopes; other associated ephedroid remains from this deposit are found as striate stems 

with whorled leaves at swollen nodes; Ephedra miocenica Wodehouse, 1934 from the 

Florissant beds of Colorado are found as nodal stems; Ephedra carnosa Yang and Wang, 

2013 occur in the Yixian Formation as triovulate cones with only one whorl of bracts; 

Ephedra multinervia Yang et al., 2015 are also found in the Yixian Formation as leaves 

with multiple dichotomising veins and ovulate cones; Ephedra sotzkiania (Unger) 

Schimper, 1856 are vegetative remains from the Eocene of Slovenia; Ephedra drewriensis 

Rydin et al., 2006 from the Potomac Group in North America, Ephedra portugallica Rydin 

et al., 2006 from the Buarcos Formation of Portugal are all well preserved Ephedra seeds 

with in situ pollen.  
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3.5. Gnetaceae 

3.5.1. Extant Gnetum 

Gnetum can be found in the sub-tropical to tropical environments of East Asia, northern 

South America and Africa (Won and Renner, 2006; Hou et al., 2015). Kubitzki (1990c) 

considers the species found in America and Africa to be more closely related to each other 

than the Asian species. Only two free-standing morphologies of Gnetum are known: G. 

gnemon (Figure 3.5A) and G. costatum. The far more common morphology is as woody 

climber (Markgraf, 1930, 1951, 1972; Price 1996). In contrast to the leaves of Ephedra and 

Welwitschia, the leaves are broad, petiolate and have reticulate venation (similar venation 

to that found in angiosperms) (Ickert-Bond and Renner, 2016) (Figure 3.5B). The stomatal 

guard cells also differ from the sunken ones of Welwitschia and Ephedra, as they lie flush 

with the rest of the epidermal cells, ideal for the mesic environments that Gnetum inhabits 

(Rudall and Rice, 2019). Gnetum has vessels in its wood much wider than those of 

Ephedra, but not as wide as those of angiosperms (Muhammad and Sattler, 1982). Gnetum 

also possesses numerous nucleated fibre tracheids, that are thought to aid  the refilling of 

collapsed vessels (Carlquist, 2012; Ickert-Bond and Renner, 2016). Interestingly, Gnetum 

has lacticifers (specialised cells that form latex), an occurrence rare in a gymnosperm group 

(Bower, 1882; Behnke and Herrmann, 1978).  

The ovulate reproductive units of Gnetum have swollen collars surrounded by a fleshy 

envelope (Kubitzki, 1985) and the microstrobili are nodal with elongated internodes 

(Figure 3.5C) (Hufford, 1996). Known seed dispersers of Gnetum include toucans, 

monkeys, civets, and in those of the Amazon river forests a catfish (Kubitzki, 1985; 

Kubitzki, 1990c; Anderson et al., 2007). Gnetum is found in sub-tropical to tropical 

environments where wind pollination is rare due to the rainfall and dense vegetation 

restricting airflow, therefore Gnetum is primarily pollinated by insects (van der Pijl, 1953; 

Kato and Inoue, 1994; Kato et al., 1995), but instances of wind pollination do occur (Gong 

et al., 2015). Ovulate and staminate reproductive units produce pollination drops, the 

staminate units not only produce sugar-rich drops, but also emit a strong scent thought to 

lure insects to them (Kato and Inoue, 1994; Kato et al., 1995; Endress 1996). 
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Figure 3.5. Gnetum gnemon. A) Tree growth habit of Gnetum gnemon. B) Reticulate venation on 

the leaves. C) Reproductive structure. All images taken at Berlin Botanischer Garten by Julia 

Gravendyck.  

 

The number of proteins identified in the pollen drops of G. gnemon is similar to that of 

Ephedra, 25 proteins recorded in the staminate units and 25 in the ovulate (Prior et al., 

2019). The pollen of Gnetum differs dramatically from the polyplicate pollen of Ephedra 

and Welwitschia, being spherical and inaperturate with a micro-echinate surface 

(Woodhouse, 1935; Osborn, 2000; Yao et al., 2004; Tekleva, 2015). Further supporting 

insect pollination is the stickiness of the pollen grains, allowing easy adhesion to insect 

antennae (Kato et al., 1995). 

 

3.5.2. Fossils with an affinity to Gnetum 

Gnetum macrofossils are a rare occurrence in the fossil record and Gnetum-like fossil 

pollen is unknown (See Chapter 5) (Tekleva, 2015). Only three macrofossils that share 

affinities with Gnetum are known: Khitania columnispicata Guo et al. 2009 from the 



 

40 
 

Yixian Formation consists of elongate, male spike-like strobili with verticillate annular 

involucral collars. The authors also noted that Gnetum-like pollen occurs in the same 

deposit, however, it has not been figured; Siphonospermum simplex Rydin and Friis, 2010 

also from the Yixian Formation is a reproductive shoot; the reproductive units are bractless, 

ovoid in shape, and have a long micropylar tube. The leaves are opposite linear shaped with 

parallel venation. Due to the lack of bracts an affinity to Gnetum is suggested, whereas the 

striate stems and linear parallel venation are thought to be ephedroid characteristics. The 

authors suggested an unknown lineage in the Welwitschia-Gnetum clade (Rydin and Friis, 

2010); and Protognetum jurassicum Yang et al., 2017 from the Jurassic Daohugou beds of 

China consist of opposite linear leaves with two parallel veins, noded striate stems and lax 

verticillate female spikes with a micropyle present. 

 

3.6. Gnetalean fossils with unknown affinity 

3.6.1. Triassic-Jurassic 

 Dechellyia gormani Ash, 1972 from the Late Triassic Chinle Formation, Arizona are found 

as oppositely paired, linear leaves with a thickened mid-rib. Dechellyia was originally 

thought to be a conifer, but is now considered a putative gnetalean due to its association 

with the cone Masculostrobus clathratus Ash, 1972, that has yielded in situ 

Equisetosporites chinleanus Daugherty, 1941 pollen bearing resemblance to the pollen of 

Welwitschia and Ephedra (Scott, 1960; Traverse, 1988). Dinophyton spinosus Ash, 1970 

from the Chinle Formation are found as spirally arranged linear leaves with numerous 

trichomes and pinwheel shaped reproductive organs, with cupules containing 

Alisporites/Pteruchipollenites type pollen (Ash, 1970; Krassilov and Ash, 1988). The bract- 

like pinwheel with subtending cupules is thought to show affinities to Gnetales (Krassilov 

and Ash, 1988). Schilderia adamanica Daugherty, 1934 also from the Chinle Formation are 

found as fossilised wood with multiseriate xylem rays. Daugherty assigned Schilderia to 

the Gnetales due to its broad herring bone rays (Creber and Ash, 2004). 

Nataligma dutoitii Anderson and Anderson, 2003 from the Triassic Molteno Formation, 

South Africa have whorled, pedicellate, compacted strobili. Nataligma is associated with 

the foliage of Gontriglossa verticillata Anderson and Anderson, 2003, oppositely arranged, 

whorled linear leaves in groups of three at nodes (Anderson et al., 2007). The whorled 
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reproductive structures are thought to show affinities to the Gnetales, but Nataligma is 

placed in separate order, the Nataligmales (Anderson et al., 2007). Chlamydolepis lautneri 

van Konijnenburg-van Cittert, 1992, Desmiophyllum gothanii Florin, 1936 (foliar), 

Piroconites kuerspertii Gothan, 1914 (strobilus) and Bernettia inopinata Gothan, 1914 

(leaf-like structure with ovules) from the Lower Jurassic of Germany are components of 

what is widely assumed to be the same plant, but has yet to be formally recognised as a 

whole plant (Kustatscher et al., 2016; van Konijnenburg-van Cittert, 1992). Piroconites has 

been interpreted as gnetalean reproductive structure, based on the presence of three locular 

synangia containing Ephedripites bolkhovitina Potonié, 1958 pollen (Gothan, 1914; van 

Konijenburg-van Cittert, 1992). This pollen is similar to that of both Welwitschia and 

Ephedra.  

 

3.6.2. Cretaceous 

The Early Cretaceous Eoantha zherikhinii Krassilov, 1986 from Transbaikalia was 

originally described as a flower containing Ephedripites pollen. Crane (1996) interpreted 

Eoantha as consisting of four ovule-bearing units borne in a whorl around a central axis. 

The presence of Ephedripites pollen is thought to relate this plant to the Gnetales. 

Baisianthus ramosus Krassilov and Bugdaeva, 2000 also from Transbaikalia are found as 

slender articulate shoots with verticillate sporangiophores. Affinities to the Gnetales were 

based on the reproductive arrangement, but the branching pattern differs (Krassilov and 

Bugdaeva, 2000). Vittimantha crypta Krassilov and Bugdaeva, 2000, again from 

Tranbaikalia are described as a flower-like structure formed of four bract-like scales, in situ 

polyplicate pollen was recovered. The authors considered the polyplicate pollen to show 

affinities to gnetalean pollen (Krassilov and Bugdaeva, 2000). Cearania heterophylla 

Kunzmann et al., 2009 from the Crato Formation, Brazil consists of axes, leaves, roots and 

reproductive structures. The leaves have an opposite-decussate phyllotaxy and petiolate and 

ovate-lanceolate shape. The reproductive structures present are found terminally as a 

globate ovulate structure surrounded by bracts, a pollen cone-like structure has been 

observed. Affinities to Ephedra have been suggested due to the anatomy of the stem, but 

the lack of swollen nodes and large leaf laminae are unknown for ephedroid plants, 

therefore Cearania remains a gnetalean of unknown affinity (Kunzmann et al., 2009). 
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Cariria orbiculiconiformis Kunzmann et al., 2011, a shrub-like plant also from the Crato 

Formation, consists of orbicular leaves in opposite-decussate phyllotaxy, slender striate 

axes with swollen nodes, and triple structure, capsule shaped reproductive units found in 

axils with boat shaped pollen. Cariria is considered gnetalean but has a number of 

characteristics unknown to extant Gnetales e.g. capsule shaped reproductive units 

(Kunzmann et al., 2011). Protoephedrites eamesii Rothwell and Stockey, 2013 from the 

Early Cretaceous deposits on Vancouver Island, Canada are found as reproductive seed 

cones with opposite, axillary fertile shoots. The arrangement of the bracts of the cone and 

the shoots show gnetalean affinities (Rothwell and Stockey, 2013). Arazedispermum 

lusitanicum Friis et al., 2019 and Lignieriopsis stenosperma Friis et al., 2019 both from the 

Figueira da Foz Formation, Portugal together with  Lignieriopsis parva Friis et al., 2019, 

Rothwellia foveata Friis et al., 2019, and Thodaya sykesiae Friis et al., 2019 from the 

Puddledock locality of the Potomac Group, Virginia USA are chlamydospermous seeds. 

The gnetalean affinity can be seen in the seed organization, showing similarities with 

Gnetum with micropylar closure and characteristics of Ephedra and Welwitschia, 

particularly in the pollen. Conospermites hakeaefolius Ettinghausen, 1867 from the 

Cenomanian of the Czech Republic (Velenovsky and Viniklar, 1926) resemble the leaves 

of Drewria in shape and venation (Crane, 1996). 
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Chapter 4. Materials and analytical techniques 

This chapter considers the material and analytical methods used within this PhD. In 

addition brief method sections can be found in Chapters 5-9. A wide range of techniques 

were employed as fossil material required extraction from its host matrix prior to 

preparation for the various laboratory protocols for analyses. 

 

4.1. Materials and repositories 

Fossil material from the Crato Formation of north-east Brazil analysed in this thesis has 

been sourced from three institutions: Universidade Estado de Rio de Janeiro (State 

University of Rio de Janeiro) (UERJ 13-P1, UERJ 14-P1, UERJ 15-P1), Museum für 

Naturkunde, Berlin(MB Pb.1999/2300, MB Pb.1997/1342, MB Pb.139/2905, MB 

Pb.1997/1472, MB Pb.1997/1342, MB Pb.1999/605, MB Pb.1999/1388, MB 

Pb.1999/2304, MB Pb.1999/2307, MB Pb.1999/2308, MB Pb.1999/627, MB 

Pb.2003/1033) ), and the University of Portsmouth School of the Environment, Geography, 

and Geosciences (UOP-PAL-MC0001, UOP-PAL-MC0002, UOP-PAL-MC0003, UOP-

PAL-MC0004, UOP-PAL-MC0005, UOP-PAL-MC0006, UOP-PAL-MC0007, UOP-PAL-

MC0008, UOP-PAL-MC0009, UOP-PAL-MC0009, UOP-PAL-MC0010, UOP-PAL-

MC0011, and UOP-PAL-MC0012). Moroccan material from Gara Sbaa is accessioned at 

The Natural History Museum, London (NHMUK V65089a and V65089b + V65089c).  

Samples of extant Welwitschia mirabilis leaves and gum were obtained on CITES permit 

number 152606 from the South African National Biodiversity Institute (SANBI), Pretoria. 

These sample are now housed in the School of the Environment, Geography, and 

Geosciences School of Earth and Environmental Sciences, University of Portsmouth. 

 

4.2. Mechanical preparation of fossil material 

Mechanical preparation was necessary to extract material for palynological or spectral 

analysis. This was done using sterile scalpel blades and dental picks in a protective box to 

prevent losing the extracted sample, under a Leica EZ4W stereomicroscope. Samples 
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extracted for Fourier transform infrared (FTIR) spectroscopy and attenuated total 

reflectance (ATR) spectral analysis were washed in absolute alcohol to minimise 

contamination. 

 

4.3. Photography 

Macro images of specimens were captured using a Fujifilm FinePix S8650 and Canon EOS 

80D digital SLR. 

 

4.4. Gum solubility experiments 

Solubility experiments were completed using a Gallen Kamp magnetic stirrer regulator set 

at speed 4. Welwitschia gum was placed in fresh water (water-62.5 ml, gum weight-0.09 g), 

brackish (water- 62.5 ml, 1.25 ppt, gum weight-0.08 g), normal marine (water-62.5 ml, 

2.18 ppt, gum weight-0.07 g) and hypersaline (water-62.5 ml, 3.12 ppt, gum weight-0.07 g) 

water.  

 

4.5. Palynological processing and slide preparation 

Standard hydrochloric acid (HCl)-hydrofluoric acid (HF)-hydrochloric acid palynological 

processing was undertaken on cone samples to investigate the presence of fossil pollen. 

Standard protocols for safety measures and protective equipment were in place. The 

protocols used by the University of Portsmouth and the University of Vienna laboratoires 

are based upon Sutherland (1994) and allow modifications of the method depending on 

sample type.  

 

4.5.1. University of Vienna palynological method 

The fossiliferous horizon of the Crato Formation (Nova Olinda Member) is composed of 

laminated limestones which need to be dissolved using acids. First, the sample needed to be 

ground into a fine powder using a clean pestle and mortar. The resultant powder was 

transferred to a glass beaker and 50 ml of hydrochloric acid (HCl) was added 
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incrementally, in case of a vigorous reaction to the calcium carbonate present in the sample 

(if this reaction does happen, small amounts of distilled water can be added until the 

reaction slows). The sample was then heated in the glass beaker on a tripod over a Bunsen 

burner and left to boil for seven minutes (distilled water was added where the reaction was 

vigorous). The glass beaker containing the sample was then left to cool and settle for 30 

minutes. During cooling the insoluble residue forms a layer at the bottom of the beaker 

(additional time may be needed if the material has not settled out), and the HCl was 

decanted into the HCl recycle bottle leaving the organic sediment at the bottom (where the 

sample has been diluted by the addition of distilled water the acid and water can be 

disposed of down a waste sink). The resulting organic sediment was transferred to a plastic 

beaker and 100 ml of hydrofluoric acid (HF) added. The top of the beaker was then covered 

to prevent contamination and left for four hours. Stirring the sample with a Teflon rod 

occurred every four hours. It is essential to clean the stirring rod after each use.   

After four days, a 3 litre plastic jug was washed and placed in the sink, the beaker 

containing the sample and HF was carefully brought to the sink and poured into the 3 litre 

jug and then water was ran (at a low speed to avoid splashing) to fill the 3 litre jug. The 3 

litre jug was left for half an hour to allow the material to settle, then the water/HF solution 

was poured down the sink until just the sample sediment remained, which was then poured 

into a glass beaker. 50 ml of HCl was poured into the glass beaker containing the sample 

and boiled using the tripod and Bunsen burner for 5 minutes, and was then left to cool and 

settle for half an hour. Once cooled a teaspoon of sodium chlorate was added to a test tube 

and this was filled with cold water; the solution was mildly agitated leaving some crystals. 

The centrifuge tubes were washed, labelled and the label taped on to make sure that it was 

secure, then the HCl in the sample beaker was decanted into the recycle HCl container, 

leaving only the sample. The sample was then poured into the centrifuge tubes where 1 cm 

of glacial acetic acid, 3-4 cm of sodium chlorate, and five drops of HCl were added. A 

water bath was created using a glass beaker filled with water, a Bunsen burner and tripod. 

The centrifuge tubes were then placed in the water bath using wooden pegs for easy access 

and left for five minutes, stirring occasionally with a glass rod (colour change should be 

seen in the sample from dark brown to red). When sufficiently cool the solution was 

decanted into a beaker leaving the sediment behind. The centrifuge tube with the remaining 

sample was filled with water and centrifuged at 3, 000 RCF and left at that speed for one 
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minute, then run down. Once the centrifuge stopped the test tube was removed and rapidly 

turned upside down pouring the water into a waste beaker, the sample staying at the bottom 

of the tube. Repeat the water washing procedure (prior to the first centrifuge) and place in 

the centrifuge, repeat twice. The sample must go through acetolysis by adding 1 cm of 

acetic anhydride, acetic acid, and sulfuric acid solution to the sample in the centrifuge and 

be heated in the water bath again for five minutes and left to cool and settle. The solution 

was carefully poured into another waste beaker, acre was required to avoid the water as the 

acetolysis solution can react vigorously. This process was repeated three times. The Crato 

Formation material does not settle well in the water after this centrifuge process, and must 

be left to settle. Most of the water can then be pipetted out, carefully, so as not to disturb 

the residue, leaving just the remaining millimetre or so of water to evaporate away. Once 

the water has evaporated away, a little glycerine was poured into the test tube and gently 

mixed using a glass pipette, a drop was collected to place on a fresh labelled slide and the 

smeared across. If any pollen was found, a single hair brush was used to move the pollen to 

the edge of the glycerine, which could then be removed and placed in a new drop of 

glycerine on a new slide. Using glycerine allows the same pollen to be examined using 

scanning electron microscopes. 

 

4.5.2. University of Portsmouth palynological method  

Firstly, the sample for analysis was crushed to a powder using a clean pestle and mortar 

and then placed in a plastic beaker. The sample was then cleaned by incrementally (in case 

of vigorous reaction) adding 150 ml of concentrated HCl and left for 24 hours. The HCl 

was diluted with 350 ml of deionised water and left for 12 hours to settle. After settling the 

liquid was decanted into calcium hydroxide to neutralise and refilled with 500 ml of 

deionised water. The supernatant was decanted and the containers refilled two further 

times. 50 ml of HF was carefully added, stirred and left for 24 hours. The container was 

topped up with 500 ml of water, stirred and left for 12 hours to allow the organic sediment 

to settle out of suspension, the supernantent was decanted into the sodium carbonate 

neutraliser. This washing process was repeated twice and after the final wash the HCl 

process was repeated. When the final HCl wash has been completed, the supernantent was 

decanted and the containers refilled with water and left to settle five more times. 
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Once neutralised the sample was then sieved and separated into two sizes: 53 μm and 10 

μm and placed in centrifuge tubes. To ensure that no remaining inorganic material remains 

with the organics, sodium polytungstate mixed to a specific gravity of 2.1 was added 

(technique modified from Gelsthorpe, 2002). This allows the organic material to float and 

the inorganics to sink, 24 hours allows enough time for separation (repeat the sodium 

polytungstate process a further three times). Clean slides and cover slips are prepared and 

heated on a hot plate at 65 °C. The centrifuge containing the sample is filled to 25 ml with 

dionised water, and a random 0.25 ml was extracted and transferred to a cover slip. Dilute 

polyvinyl alcohol (PVA) was added to each cover slip to facilitate equal dispersion across 

the cover slips, which were then left to dry for 10-15 minutes. Then, Norland 61 Optical 

Adhesive was added to each slide which was then pushed onto the cover slip. The adhesive 

cures under UV light in ~two minutes forming a permanent mount. 

 

4.6. Petrographic and botanical thin sections 

Petrographic thin sections were produced to examine the internal anatomy of the fossil plants. 

The thin section method was modified from Buehler (2015). Resin embedding techniques 

were employed for the sectioning of some specimens due to their delicate nature. Thin 

sections of extant Welwitschia mirabilis were made for comparative purposes. The extant 

leaf was fixed (fixing solution: formaldehyde, glacial acetic acid and ethanol) to prevent 

degradation of the specimen and then embedded in paraffin wax. Sectioning was performed 

using a microtome, and the slices mounted on slides following the procedure of Ruzkin 

(1999). 

 

4.7. Optical light microscopy 

Light microscopy was used to examine the material in detail. To examine petrographic thin 

sections a Zeiss Ax10 and Leica DM750P petrological thin section microscope was used 

enabling the petrological sections of the fossil specimens to be examined in crossed 

polarised light (XPL), plain polarised light (PPL) and with the addition of a gypsum plate. 

For palynological slides a Leica ICC50 W was used. Specimens were photographed using 
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Leica EZ4W and Discovery V.8 stereomicroscopes and Fujifilm FinePix S8650 and Canon 

EOS 80D digital SLR.  

 

4.8. Scanning electron microscopy (SEM) 

Scanning electron microscopy was employed to examine the fine detail of the macrofossils 

and pollen.  Zeiss Evo Series NA10 and FEI Inspect S50 SEM’s were employed with working 

distance set at 5-10 mm and an operating Kv of 10 or 20. Prior to SEM analysis the samples 

were placed on a labelled aluminium stub with an adhesive carbon disc attached, and sputter 

coated with 1 µm of either gold-palladium or carbon depending on the sample. When 

examining the extant Welwitschia sample the operating vacuum was set to ‘variable pressure’ 

to prevent the specimen imploding.  

 

4.9. Fourier transform infrared (FTIR) and attenuated total reflectance (ATR) spectroscopy  

Fossil and extant gum and resin, and amber samples were analysed with FTIR and ATR to 

determine their chemistry (Chapters 6-7). These techniques measure the samples absorption 

of infrared light at different wavelengths providing a spectrum that shows the intensity of 

the absorption. Samples were analysed using a PerkinElmer ‘Spectrum 400’, spectrometer, 

fitted with an ATR sampling accessory (range 4000-550 cm-1, 4 accumulations, 4 cm-1 

resolution). The samples were extracted mechanically (see 4.2.) from the fossil material (or 

simply washed and crushed from the extant material) and washed in analytical grade 

absolute alcohol to minimise contamination, then crushed into a fine powder, and analysed 

using the spectrometer. ATR was used to obtain more sensitive chemical data to confirm 

the results of the FTIR analyses. The samples were assessed using hot aqueous extraction 

where a small amount of the sample was placed in 0.5 ml of water, which was heated to 

approximately 90°C for 10 minutes.  A drop of the residual liquid was placed on the ATR 

crystal, and the water allowed to evaporate, leaving a film of the extracted material on the 

crystal surface.  A spectrum was recorded using the aforementioned condition (with 32 

accumulations, to improve the quality of the data, due to the very small amount of material 

under analysis). 
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Chapter 5. Gnetalean macrofossils with Gnetum-like pollen from the Crato Formation 

of north-east Brazil 

Emily A. Roberts, Robert F. Loveridge, David M. Martill, & Leyla J. Seyfullah 

 

The Early Cretaceous Crato Formation of Brazil is remarkable in that it has yielded eight 

named gnetaleans, a group that contains only three genera today. These South American 

Cretaceous gnetalean fossils are thought to have affinities with extant Ephedra and 

Welwitschia. We describe Auricufolia curvevena gen. nov. et sp. nov. from whole plants 

with vegetative and fertile parts, which share many characteristics with gnetaleans: 

opposite phyllotaxy at nodes, parallel venation and  anomocytic stomata mostly in rows. 

Unusually, the parallel venation of Auricufolia gen. nov. loops at the margins. Vessels have 

been found in the leaf and in situ echinate pollen has been recovered from cones. These 

characteristics bear resemblance to extant Gnetum, so Auricufolia gen. nov. is the first 

evidence of this lineage’s presence in the Crato Formation flora. The relatively intact nature 

of the specimens, many with roots, and papillate epidermal cells hint at a riparian habitat. 

 

5.1. Introduction 

Gnetaleans today are represented by three genera: Ephedra Linnaeus, 1753a, Gnetum 

Linnaeus, 1767 and Welwitschia Hooker, 1863. However, the fossil pollen record 

demonstrates that they were once a diverse group occupying a range of habitats (Kunzmann 

et al., 2011; Crane, 1996; Arber and Parkin, 1908). Ephedroid and welwitschioid pollen are 

characterised by prominent longitudinal ribs (Crane, 1996) and are commonly found in the 

fossil record. The oldest recorded gnetalean pollen is ephedroid, recovered from 

Palaeognetaleana auspicia Wang, 2004 from the Upper Permian of North China (Wang, 

2004). In contrast, fossil pollen thought to be related to Gnetum is seemingly absent from 

the Mesozoic (Brenner, 1996; Tekleva, 2016). Although the microfossil record of 

gnetaleans is well documented there is a paucity of macrofossils; this is thought to be due 

to difficulties in identification (Arber and Parkin, 1908) and poor preservation potential due 

to the environments they inhabited (Herendeen and Crane, 1995).  
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The Early Cretaceous Crato Formation from north-east Brazil has yielded a number of 

fossils that are thought to have affinities with the gnetaleans, with at least eight named 

genera: Itajuba yansanae Ricardi-Branco et al., 2013, Friedsellowia gracifolia Löwe et al., 

2013, Cariria orbiculiconiformis Kunzmann et al., 2011, Cearania heterophylla Kunzmann 

et al., 2009, , Welwitschiophyllum brasiliense, Welwitschiella austroamericana, and 

Welwitschiostrobus murili Dilcher et al., 2005, and Cratonia cotyledon Rydin et al., 2003, 

and many taxa not yet described but figured in Martill et al. (2007). Only Friedsellowia and 

Cariria have in situ pollen. The new genus and species described in this paper was first 

figured and published in a brief preliminary study by Fanton et al. (2006b), and later briefly 

described in Mohr et al. (2007) as plant taxon G. This study provides a full description 

based on 22 specimens with a range of morphological detail preserved, enabling a more in 

depth description.  

 

5.2. Material and methods 

 

5.2.1. Geographical and geological setting 

The Crato Formation, north-east Brazil lies within the Chapada do Araripe basin, and was 

deposited in the ?Aptian. The diverse Crato Formation flora is found in the laminated 

limestones of the Nova Olinda Member. Depending on the location of the outcrop the 

thickness of this member varies but has a maximum of thickness of 10 m (Heimhofer et al. 

2010). This deposit represents a saline lake with freshwater input. The plant fossils are 

often preserved as goethite and as 3D compressions. The stratigraphy, geological setting 

and palaeoenvironment have been summarised by Martill et al. (2007). 

 

5.2.2. Fossil material 

The material used in this study is housed in collections of the Museum für Naturkunde, 

Berlin (specimens with the prefix MB Pb.: MB Pb.1999/2300, MB Pb.1997/1342, MB 

Pb.139/2905, MB Pb.1997/1472, MB Pb.1997/1342, MB Pb.1999/605, MB Pb.1999/1388, 

MB Pb.1999/2304, MB Pb.1999/2307, MB Pb.1999/2308, MB Pb.1999/627, MB 
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Pb.2003/1033), and the University of Portsmouth (specimens with the prefix UOP-PAL: 

UOP-PAL-MC0005, UOP-PAL-MC0006, UOP-PAL-MC0007, UOP-PAL-MC0008, 

UOP-PAL-MC0009, UOP-PAL-MC00010, UOP-PAL-MC00011, UOP-PAL-MC00012). 

 

The material is preserved as an iron oxide, likely a weathering product of an original iron 

sulphide phase replacing the original plant tissues (Barling et al., 2015). Some three 

dimensionality remains in the stem and the strobili, but the plants are considered to be 

compressions. The best preserved material is from unweathered sedimentary rocks, in 

which the plant fossil appear darker in the blue coloured limestones. 

Preparation of the samples (MB. Pb. 1997/1342 and MB. Pb. 2003/1033) was performed 

with fine needles to remove material for SEM analysis and for pollen extraction. Pollen 

was extracted by removing two sporophylls with fine needles using a stereomicroscope 

(Leica EZ4W). Palynological processing was undertaken using standard hydrochloric acid-

hydrofluoric acid-hydrochloric acid procedures. The resultant residue was mounted on 

glass slides using dilute polyvinyl alcohol (to facilitate equal dispersion) and was sealed 

using a cover slip and Norland 61 optical adhesive, cured by ultraviolet light to form a 

permanent mount. The pollen grains were analysed using a transmitted light microscope 

(Leica ICC50 W). 

 

5.2.3 Original description of taxon G (Mohr et al., 2007) 

Mohr et al.’s (2007) unnamed taxon G was based on six plants (Plate 27a) preserved on a 

single slab (here Plate 5.2, 1). The plants were described as: 25 cm in height, articulated 

stem, contains two small ear-shaped leaves per whorl, no more than 5 mm in length and 

exhibit a close to parallel venation. Small strobili up to 10 mm in length are attached either 

to the tips of the axes or to the short side axes with many specimens having their roots 

attached. A description of the roots was not included. 

 

5.3. Results 

5.3.1. Systematic palaeontology 
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Division: Gnetophyta 

Auricufolia Roberts, Loveridge, Martill and Seyfullah gen. nov.  

Etymology:  ‘Auris’ (Latin)= ear and ‘folia’ (Latin)= leaves, after the shape of the leaves 

Holotype: MB. Pb.1999/2300 Plate 5.2, 3. 

Type species: Auricufolia curvevena Roberts, Loveridge, Martill and Seyfullah, gen. nov et 

sp. nov.  

Generic diagnosis: As for type and only species (see below).  

Repository: Museum für Naturkunde, Berlin.  

Paratypes I-6: MB. Pb. 1997/1342 Plate 5.2, 1-2 

Paratype 7: MB. Pb. 2003/1033a, b Plate 5.1, 1a-1b 

Repository: Museum Für Naturkunde, Berlin.  

Type locality: South of the town of Nova Olinda, Chapada do Araripe, State of Ceará, 

Brazil 

Type stratum: Crato Formation, Nova Olinda Member ?Aptian, Early Cretaceous.  

Etymology: Curve-(Latin) curved, vena (Latin) denoting vein. This describes the distinctive 

outer vein loop towards the leaf margin. 

Diagnosis: A small shrub-like plant with opposite-distichous phyllotaxy that occurs at 

nodes. Leaves obovate with rounded apices, semi-amplexicaul bases, and parallel veins that 

loop at the distal margin of the leaf. Reproductive units consist of axillary/terminal strobili 

that when axillary appear only on one side of the plant. 

 

5.3.2. General description 

5.3.2.1. Habit. 

The plants can be found as near complete individuals, or grouped together (Plate 5.1 and 

5.2).  Most specimens display axillary branching beginning at the base of the axis; this 

axillary branching also continues somewhat unequally throughout the plant at some nodes 
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(Plate 5.1; Table 1). The maximum length of an individual (specimen no: UOP-PAL-

MC0005) is 217 mm (Table 2; Supplementary Plate 5.1, 1). The leaves are small, 

oppositely arranged and borne at nodes. Specimen MB. Pb. 2003/1033 shows new leaf 

growth as a collection of infolded leaves at the apex of the plant (Plate 5.1, 1). 

Reproductive strobili are found either singly in the axil of the leaf or terminally at the apex 

of the plants (Plate 5.2), either singly or as a group of three (Table 3). The roots are slender 

(0.2-1 mm) and numerous with main roots separating into rootlets (Table 1). Smaller 

specimens with roots attached show a root ball with two main roots (Plate 5.1, 2). 

5.3.2.2. Axes.  

The axes are preserved three dimensionally and are only slightly compressed. The 

maximum length of the specimens described ranges from 21 mm to 217 mm. The axes 

show dichotomous third order branching, although the branching is not always equal after 

the first dichotomy (Plate 5.1, 4). The axes are 0.5-2. 3 mm in diameter and appear to have 

a sulcate surface showing longitudinal epidermal cells (Plate 5.3, 1). The axes have nodes 

where the leaves and strobili are borne and have 1.5-11 mm internode spacing, with the 

internode length decreasing towards the apex of the plant (Table 1). Some specimens have 

small dish-like structures (440 µm in length and 437.5 µm in width) near the nodes of the 

axes; we interpret these as sites where branches were abscised (Plate 5.3, 2).  

The epidermal cells are regular and elongate with a length of 56.25-168 µm and a width of 

37-50 µm (Plate 5.3, 1 and 3). The cells are four-sided, straight to slightly curved in shape, 

with the poles obliquely connecting to the next cell. Stomata are present in longitudinal 

rows relative to the axes with wide distances to the next row (100-225 µm) (Plate 5.3, 3). 

The stomata are surrounded by four subsidiary cells in a paracytic stomatal arrangement. 

The subsidiary cells at the poles of the stomatal pore show longitudinal striae on their 

surface (Plate 5.3, 4) and have a length of ~130 µm and a width of 28-40 µm. The stomatal 

guard cells are slightly sunken with an overall narrow oval shape, width of 30 µm, and 

length of 40 µm. The stomatal pores are orientated parallel to the axes and have a length of 

18.75 µm and width of 3 µm. 

 

 



 

55 
 

 

 



 

56 
 

 

Table 5.1. Measurements for the axes and roots of Auricufolia curvevena gen. nov. et sp. nov. 
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Plate 5.1. Vegetative specimens of Auricufolia curvevena gen. nov. et sp. nov. 

1a-1b. Paratype 7: MB. Pb. 2003/1033 part and counterpart. Scale= 10 mm. 2. UOP-PAL-MC0008 

showing root ball and two main roots. Scale= 10 mm. 3a-3b. Mb. Pb. 1999/627 with 3b. showing 

venation detail. Scale= 3a) 10 mm. 3b) 2mm 4. Mb. Pb. 1999/2304 showing 3rd order branching. 
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Scale= 10 mm. 5. Mb. Pb. 1999/2308. Scale= 10 mm. 6. Mb. Pb. 1999/2307 showing group 

deposition. Scale= 10 mm. 

 

Plate 5.2. Fertile specimens of Auricufolia  curvevena gen. nov. et sp. nov. 1. Paratypes I-6: MB. 

Pb. 1997/1342 showing axillary and terminal strobili. Scale= 10mm. 2. A map showing the six 
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specimens of paratype I-6: MB. Pb. 1997/1342. 20 mm. 3. Holotype: MB. Pb.1999/2300 showing 

terminal strobili. 10 mm. 

 

Plate 5.3. Axes morphology of Auricufolia curvevena gen. nov. et sp. nov. 

1. Paratype I-6: MB. Pb. 1997/1342 showing epidermis with elongate cells running parallel to the 

length of the axes. Scale= 750 µm. 2. Paratype 7: MB. Pb. 2003/1033 showing the dish-like 

abscission zone present just slightly about a node. Scale= 1 mm. 3. Paratype I-6: MB. Pb. 

1997/1342 SEM showing epidermal cells and stomata. Scale= 300 µm. 4. Paratype I-6: MB. Pb. 

1997/1342 SEM showing details of stoma in (3) with striae on subsidiary cells at poles of the 

stomal axis. Scale= 100 µm. 
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5.3.2.3. Leaves and phyllotaxis 

The leaf arrangement at the nodes of the axis is opposite-distichous, with the leaves borne 

at ~40º. The internodes occur at 1.5-11 mm spacing (Table 5.2; Plate 5.4, 1). The length of 

the internodes decreases towards the apex of the plant (Plate 5.4, 1). The leaves are small, 

4-8 mm in length, 3.5-6 mm wide, obovate shaped with rounded obtuse apices, semi-

amplexicaul bases and entire margins (Plate 5.4, 1 and 2) (Table 2). Terminally a collection 

of leaves can be present, where discernible 2-7 leaves can be observed; we consider this to 

be new leaf growth (Plate 5.4, 3). The venation is parallelodromous but loops at the leaf 

margin with spacing of ~0.4 mm (Plate 5.4, 4 and 5) with 5-17 veins per leaf depending on 

leaf size (the most common number of veins being 8). The veins appear more clearly when 

the abaxial surface leaf is somewhat abraded (Plate 5.4, 6).  

The leaves of MB. Pb. 2003/1033 are amphistomatic and have swollen epidermal cells on 

their surface, which we here term papillate (Plate 5.5 and 5.6). Adaxially the stomata are 

arranged somewhat randomly, are anomocytic and have 30 stomata per 1 mm2 (Plate 5.5). 

Abaxially the stomata are arranged in rows, are anomocytic and have 13 stomata per 1 mm2 

(Plate 5.6). On both leaf surfaces the stomata are sunken and partially hidden beneath the 

papillate epidermal cells (Plate 5.5, 2-3; Plate 5.6, 2-3), so guard cells are not entirely 

visible unless the papillate cells are degraded (Plate 5.5, 2-3; Plate 5.6, 2-3) . The stomata 

are ring shaped with a width of 31 µm and a length of 37 µm, the stomatal pores are 12 µm 

long and 6 µm in width (Plate 5.6, 3-5). Transversely degraded vascular structures were 

observed in the middle of the leaf and possible palisade cells ~50 µm in length (Plate 5.6, 

6). 
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Table 5.2. Measurements for the leaves of Auricufolia curvevena gen. nov. et sp. nov. 
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Plate 5.4. Leaf morphology of Auricufolia curvevena gen. nov. et sp. nov. 

1. Holotype: MB. Pb.1999/2300 showing the leaf shape and opposite phyllotaxy of leaves on nodes 

of the axes. Scale= 3.25 mm. 2. Paratype 7: MB. Pb. 2003/1033 showing the semi-amplexicaul leaf 

base. Scale= 1 mm 3. Paratype 7: MB. Pb. 2003/1033 showing collection of new leaves at the apex. 

Scale= 2 mm. 4. Mb. Pb. 1999/2304 showing the looped venation of the leaf. Scale= 2 mm. 5. 

Holotype: MB. Pb.1999/2300 showing the looped venation of the leaf. Scale= 2 mm. 6. Paratype 7: 

MB. Pb. 2003/1033 showing the abraded abaxial surface and veins. Scale= 5 mm. 
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Plate 5.5. Scanning electron micrographs of the adaxial leaf morphology of Auricufolia curvevena 

gen. nov. et sp. nov. Paratype 7: MB. Pb. 2003/1033 1a. Overview of the epidermal surface. Scale= 

1 mm 1b. Same image as (1a) where yellow circles indicate the random arrangement of the stomata 

on the adaxial leaf surface. Scale= 1 mm 2. White arrows indicate stomata in close proximity 

showing anomocytic arrangement. Scale= 100 µm. 3. White arrows indicate stomata partially 

covered by papillate epidermal cells. Scale= 50 µm. 
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Plate 5.6. Abaxial leaf morphology of Auricufolia curvevena gen. nov. et sp. nov. Paratype 7: MB. 

Pb. 2003/1033 1a. Overview of the epidermal surface. Scale= 500 µm. 1b. Same image as (1a) 

where yellow circles indicate stomata in rows. Scale= 500 µm. 2. White arrows indicate stomata 

partially covered by the papillate epidermal cells. Scale= 200 µm. 3. Abraded papillate cells 

showing the stomatal apparatus. White arrows indicate stomata. Scale= 200 µm. 4-5. Greater 

magnification of stomatal apparatus from Plate 5.6, 3. Scale= 4) 50 µm. 5) 40 µm. 6. Cross 

sectional view of the leaf showing vessels and possible palisade cells. Scale= 100 µm. 
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5.3.2.5. Reproductive structures and pollen.  

In specimen MB. Pb. 1997/1342 the strobili occur in the leaf axil appearing only on one 

side (Plate 5.7., 1 and 2).The strobili also occur terminally as in the holotype (MB. 

Pb.1999/2300) and plant 1, 2 and 3 of MB. Pb. 1997/1342 (Paratypes 1, 2 and 3) where the 

terminal strobilus is flanked by two other smaller, strobili (Plate 5.7, 1, 2 and 3). Where 

strobili are located axillary there is a leaf base opposite (Plate 5.7, 4). The strobili are 2.5-

7.5 mm in length and have width of 1.2-2.3 mm (Table 3). The strobili are pedunculate 

(Plate 5.7, 5) and appear to be whorled with 5-13 sporophylls (but are difficult to interpret); 

these are often preserved three-dimensionally (Plate 5.7, 6). In situ pollen grains were 

recovered from a strobilus (paratype 1. MB. Pb. 1997/1342). The pollen was found in a 

cluster as well as singularly, it is 15 µm long and 7.5 µm wide with thin walls, an elongate 

shape and echinate texture (Plate 5.7, 7). 

Given the variable preservation of the plants from the Crato Formation, not all features can 

be observed in one specimen, leading to the selection of a single holotype and seven 

paratypes. Many of the key characters of Auricufolia curvevena gen. nov. et sp. nov. are 

shown in the reconstruction (Figure 5.1), highlighting the opposite phyllotaxy of the leaves 

at the nodes, the leaf gross morphology with their semi amplexicaul base, the looped 

venation and one pedunculate strobilus borne inside one of the leaf axils. 

 

 

 

 

 

 

 

Figure 5.1. Figure 1. Reconstruction of of Auricufolia curvevena gen. nov. et sp. nov. showing 

opposite phyllotaxy at a node, semi-amplexicaul leaf bases, auricular leaves with looped venation 

and a pedunculate axillary strobilus inserted between a leaf and the stem on one side. 
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Table 5.3. Measurements for the strobili of Auricufolia curvevena gen. nov. et sp. nov. 
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Plate 5.7. Reproductive strobili of Auricufolia curvevena gen. nov. et sp. nov. 1. Paratype 3: MB. 

Pb. 1997/1342 showing strobili on one side. Scale= 10 mm. 2. Paratype 1: MB. Pb. 1997/1342 

white arrows indicate axillary strobili on both branches. Scale= 10 mm. 3. Holotype: MB. 
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Pb.1999/2300 showing terminal strobilus and degraded flanking strobili. Scale= 2 mm. 4. Paratype 

3: MB. Pb. 1997/1342 showing axillary strobilus with leaf opposite. Scale= 3.5 mm. 5. Paratype 3: 

MB. Pb. 1997/1342 black arrow indicates peduncle on strobilus. Scale= 3.25 mm. 6. Paratype 1: 

MB. Pb. 1997/1342 showing three dimensional sporophyll arrangement. Scale= 3.25 mm. 7. 

Paratype 1: MB. Pb. 1997/1342 cluster of recovered in situ elongate, echinate pollen. Scale= 30 

µm. 

 

5.4. Discussion and comparison 

 

5.4.1. Interpretation of the morphological characteristics of Auricufolia gen. nov.  

5.4.1.1. Habit 

Auricufolia gen. nov. can be preserved in groups (MB. Pb. 1997/1342, Mb. Pb. 1999/2304, 

Mb. Pb. 1999/2307, UOP-PAL-MC0005, UOP-PAL-MC0012, Plate 5.2, 1) indicating that 

it was likely that these plants grew in close proximity to one another. The presence of 

strobili on only one side of the plant (MB. Pb. 1997/1342) would likely make the plant 

heavier on that side, living in close proximity may have been of benefit allowing 

neighbouring Auricufolia gen. nov. plants to support those with reproductive structures. As 

most specimens, fertile and vegetative, are relatively intact we can infer that their habitat 

was likely not far from the lake in which they were deposited. 

 

5.4.1.2. Leaves 

The parallel venation of Auricufolia gen. nov. is interesting as at the margins the veins loop 

into one another, a feature usually found in angiosperms (Sack and Scoffoni, 2013). 

Looped venation provides optimal transport in the event of injury, as looping permits the 

flow to be routed around the affected area (Katifori et al., 2010; Sack and Scaffoni, 2013), 

potentially suggesting an adaptation to limit the effects of leaf damage, although no wounds 

or damage were found on the preserved leaves. The leaves show amphistomatic stomata 

that are sunken underneath papillate cells; these papillate cells are likely a form of 

protection. According to Willmer and Fricker (1996), the majority of herbaceous plant 
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leaves are amphistomatic, but usually there are fewer stomata adaxially when compared to 

the abaxial surface. Therefore, Auricufolia gen. nov. is also unusual in having a higher 

number of adaxial to abaxial stomata. Reasons for this are currently unknown. Papillae 

reduce the wettability of the leaf surface and decrease the likelihood of stomatal occlusion 

by water drops (Wagner et al., 2003; Jordan et al., 2008). Group deposition and papillate 

epidermal cells could indicate that Auricufolia gen. nov. was a riparian plant. 

 

5.4.2. Botanical affinity 

A combination of these characters- articulated axes with nodes and internodes, parallel 

venation, opposite leaf arrangement, and leaves with anomocytic stomata mostly in rows-  

seem to indicate that Auricufolia gen. nov. fits best within Gnetales as these are all 

diagnostic characters of Gnetales. This is despite Auricufolia gen. nov. currently lacking 

evidence for multiple axillary buds, perhaps as the plants are small, and also lacking female 

reproductive units with ovules bearing distinctive micropylar tubes since no female 

reproductive units have yet been found. However, the recovered in situ pollen, with respect 

to its size, shape and echinate surface, may indicate an affinity with Gnetum. 

 

5.4.3. Comparison with Crato Formation gnetophytes 

The genus described here was first figured, but not named, in a preliminary study by 

Fanton et al. (2006b). The four specimens (not numbered) used by Fanton et al. (2006b), 

are accessioned at the University of São Paulo, Brazil and comprise iron oxide 

compressions and impressions. Here the material described is from two other collections 

and comprises a total of 16 vegetative and 6 fertile specimens. Fanton et al.’s preliminary 

study is in agreement with this study in that the plants have: striate axes that show 

epidermal features (mentioned but not evidenced in Fanton et al.), nodes and internodes, 

opposite oblong leaves, parallel venation, and strobili that are spirally arranged along a 

central axis. However, the study by Fanton et al. differs from this study regarding the 

interpretation of the opposite strobili arrangement, whereas the strobili in this study appear 

only on one side, unpaired. The figured fossils and drawing that indicate opposite strobili in 

the Fanton et al. study are indistinct and it is therefore difficult to confirm their results. 
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Furthermore, Fanton et al. do not provide any measurements nor SEM micrographs 

throughout their study, so comparisons are difficult. They also do not name the taxon nor 

provide any diagnosis. 

Based on this limited information from the Fanton et al. (2006b) study, we believe that 

their specimens fall within the description and diagnosis here; we hope to confirm this in 

the future. 

Paratype 1-6 (MB. Pb. 1997/1342) has previously been figured (Martill et al., 2007, plate 

27a), accompanied by a brief description (taxon G) (Mohr et al., 2007). Mohr et al.’s 

description differs from this study in measurements: 1-1.5 mm stem diameter, leaves do not 

exceed more than 5 mm in length and strobili up to 10 mm long (Mohr et al., 2007, plate 

27a). We have found instead, based on further specimens, that the stem can reach up to 2.3 

mm in diameter, the maximum leaf length found is 8 mm, and the maximum strobili length 

found in this study is 7.5 mm. Mohr et al’s overall description of the plant is in general 

agreement with this study (two small ear-shaped leaves per whorl, parallel venation, and 

that the plant can be found ‘’lumped’’ together), but some key features: the looped 

venation, the one sided axial/terminal strobili are not mentioned. Additionally, this study is 

the first to recover in situ pollen from this taxon, confirming the strobili to be male. So far 

no female reproductive units have been identified. 

Cearania heterophylla Kunzmann et al., 2009 has been found with reproductive structures, 

leaves and roots attached. It has similarities with Auricufolia gen. nov. in its sunken 

stomata on the axes, opposite decussate leaves borne at nodes, amphistomatic leaves and 

entire margins of the leaves. However, several features differ; whilst Cearania has sunken 

stomata on its axes like Auricufolia gen. nov., the stomatal pores are perpendicular to the 

axes opposed to the parallel (to the axes) stomatal pores of Auricufolia gen. nov.   The 

veins of Cearania leaves randomly dichotomise at the base of the leaf, whereas Auricufolia 

gen. nov. does not branch at all. The base of Cearania has a small petiole where 

Auricufolia gen. nov. is semi-amplexicaul. Auricufolia gen. nov. exhibits papillate 

epidermal cells on the surface of the leaf and looped venation, which Cearania does not. 

Cariria orbiculiconiformis Kunzmann et al., 2011 is again found with attached 

reproductive structures, leaves and roots. Cariria shares the following features with 

Auricufolia gen. nov.: striate axes, nodes, opposite decussate leaves, axillary reproductive 
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structures, sunken stomata, amphistomatic leaves and more stomata on the adaxial side 

when compared to the abaxial leaf surface. However, the reproductive units of Cariria are a 

triple structure, orbiculate with smooth monosulcate pollen, contrasting with the strobili 

and elongate echinate pollen of Auricufolia gen. nov. Cariria also does not possess papillae 

or papillate cells on the surface of its leaves. 

Itajuba yannasae Ricardi-Branco et al., 2013 is a leafless branched plant that possesses 

terminal female structures. Similarities between Itajuba and Auricufolia gen. nov. can be 

seen in the striate axes. The reproductive structures of Itajuba are ovate in shape differing 

from the strobili of Auricufolia gen. nov. 

Friedsellowia gracifolia Löwe et al., 2013 can be found with roots, reproductive structures 

and leaves. Friedsellowia shares similarities in the parallel venation and nodal habit. 

Friedsellowia differs from Auricufolia gen. nov. in leaf shape and arrangement as it has 

linear shaped leaves in whorls of four that sometimes have third order venation that does 

not loop at the margins. The pollen recovered from Friedsellowia is polyplicate as opposed 

to the echinate pollen of Auricufolia gen. nov. 

The Crato Formation has an abundance of welwitschioid remains, the leaf 

Welwitschiophyllum brasiliense Dilcher et al., 2005, the reproductive strobili 

Welwitschiostrobus murili Dilcher et al., 2005, and the cotyledons Welwitschiella 

austroamericana Dilcher et al., 2005 and Cratonia cotyledon Rydin et al., 2003. The only 

similarity that can be seen between Welwitschiophyllum and Auricufolia is the parallel 

venation. Welwitschiostrobus shares terminal/axil placement of the strobili with Auricufolia 

gen. nov., however, the cones are much larger reaching up to 20 mm. The cotyledons differ 

from Auricufolia gen. nov.  in shape and chevron venation.  

Novaolindia dubia Kunzmann et al., 2007 is thought to be a putative gnetalean that has 

leaves and reproductive structures preserved (Kunzmann et al., 2007). The opposite-

decussate arrangement and entire margin of the leaves are similar to Auricufolia gen. nov. 

However, the leaves of Novaolindia are trilobed, lanceolate and the reproductive organs are 

capsule-like, differing dramatically from Auricufolia gen. nov. 
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5.4.4. Other fossil Gnetophytes 

Dechellyia gormani Ash, 1972 from the Late Triassic Chinle Formation, Arizona was 

originally thought to be a conifer, but is now considered a to be putative gnetalean due to 

its association with the cone Masculostrobus clathratus Ash, 1972. Masculostrobus is 

considered to have gnetalean features because of the pollen recovered, Equisetosporites 

chinleanus. Auricufolia shares only the opposite decussate leaf arrangement with 

Dechellyia. The thickened midrib and Podozamites-like appearance set Dechellyia apart 

from Auricufolia gen. nov. 

Chlamydolepis lautneri van Konijnenburg-van Cittert, 1992, Desmiophyllum gothanii 

Florin, 1936, Piroconites kuerspertii Gothan, 1914 and Bernettia inopinata Gothan, 1914 

from the ‘’Rhaeto-Liassic’’ of Germany are components of what is widely assumed to be 

the same plant, but despite the compelling evidence it has yet to be formally recognised as 

a whole plant (Kustatscher et al., 2016; van Konijnenburg-van Cittert, 1992). The botanical 

affinities of this plant are difficult to define as it exhibits features characteristic of 

Glossopteridales, gnetophytes and conifers. The most recent study by Kustatcher et al. 

(2016) offers no definite affinity, but due to the gnetalean features present we use it as a 

comparison in this study. Piroconites has been interpreted as a gnetalean reproductive 

structure based on the presence of three locular synangia containing Ephedripites 

Bolkhovitina ex Potonié 1958 pollen (Gothan, 1914; van Konijenburg-van Cittert, 1992). 

Piroconites specimens range from 35-55 mm in length which is larger than the 

reproductive strobili produced by Auricufolia gen. nov. that reach a maximum length of 7.5 

mm. Bernettia, the fertile reproductive structure, is also larger than Auricufolia gen. nov. 

ranging from 30-50 mm in length and having rhombic pillow-like structures which 

Auricufolia gen. nov. does not. Furthermore Desmiophyllum, the leaf component is 

significantly larger at 25 mm wide than that of Auricufolia gen. nov. which has a maximum 

width of 6 mm. 

Protognetum jurassicum Yang et al., 2017 from the Middle Jurassic Daohugou plant 

assemblage, China, has affinities to Gnetaceae. Protognetum shares some similarities to 

Auricufolia gen. nov. in its nodal striate axes and opposite arranged leaves with parallel 
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venation, but differs in its linear shaped leaves with two veins and verticillate reproductive 

spikes. 

The Early Cretaceous Drewria potomacensis Crane and Upchurch, 1987 from Virginia has 

similarities with Auricufolia gen. nov. in the leaves being borne at swollen nodes and 

reproductive structures being present either terminally or in the axils. However, the leaves 

of Drewria are larger at 20 mm long and have an oblong shape and the reproductive 

structures are short, loose spikes borne in dichasial groups of three, differing from the small 

obovate leaves and strobili of Auricufolia gen. nov.   

Liaoxia Cao et S.Q. Wu (emend. Rydin, S.Q. Wu et Friis, 2006) from the Early Cretaceous 

Yixian Formation, is thought to have ephedroid affinities. Liaoxia shares some 

characteristics with Auricufolia gen. nov. such as: striate axes, reproductive strobili situated 

axially and terminally, has nodes and parallel veins. However, all Liaoxia specimens are 

significantly larger than Auricufolia gen. nov.  with leaves reaching 20 mm in length with 

only two parallel veins and the reproductive strobili have attenuate apices. 

Eoantha zherikhinii Krassilov, 1986 is an enigmatic reproductive structure from the Early 

Cretaceous of the Lake Baikal area, Russia. Eoantha is clearly distinct from the 

reproductive strobili of Auricufolia gen. nov. in its wrinkled, whorled ovule/sterile bract 

bearing having radially symmetrical and verticillate structures. 

Leongathia elegans Krassilov et al., 1998 from the Early Cretaceous of Victoria, Australia 

is found preserved with leaves and axes. The nodal habit and striate axes are similar to 

Auricufolia gen. nov. but Leongathia differs in its four whorled lanceolate leaves per node. 

Khitania columnispicata Guo et al., 2009 from the Early Cretaceous Yixian Formation, 

China is a reproductive fossil thought to have affinities with extant Gnetum. Khitania is 

composed of annular involucral collars opposed to the whorled sporophylls of Auricufolia 

gen. nov. 

 

5.4.5. Extant gnetophytes 

Compared to the extant gnetophytes, Ephedra, Welwitschia and Gnetum, Auricufolia gen. 

nov.  shares fewest characteristics with Welwitschia. The only features Welwitschia shares 
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with Auricufolia gen. nov. are an opposite leaf arrangement, parallel venation and sunken 

stomata; the large size and presence of only two strap like leaves are in stark contrast to the 

small many leaved Auricufolia gen. nov. 

Ephedra shares opposite leaf arrangement borne at nodes, striate stem, stomata on the stem 

(Ickert-Bond, 1999), amphistomatic anomocytic sunken stomata, axillary reproductive 

strobili with paired bracts and shrubby habit with Auricufolia gen. nov. However, it differs 

in having reduced leaves with two veins, venation that does not loop at the margins, a lack 

of papillae on the leaves, and polyplicate pollen, opposed to the echinate pollen of 

Auricufolia gen. nov.. Ephedra also has only rare or sometimes even missing vessels, 

whereas, vessels have been observed using scanning electron microscopy (SEM) in 

Auricufolia gen. nov. leaves (Plate 5.6, 6). 

Gnetum differs from Auricufolia gen. nov. in lacking papillae on its leaves, having complex 

venation, midrib, petiolate leaves, hypostomatic leaves, sunken stomata present only on 

young stems (Maheshwari and Vasil, 1961), and its variety of growth forms e.g. vines, 

shrubs, trees etc. Interestingly, there are many similarities between Auricufolia gen. nov. 

and Gnetum. Whilst Gnetum has complex venation, the veins loop at the margins not unlike 

that observed in Auricufolia gen. nov. Although the leaves of Gnetum are hypostomatic the 

stomatal apparatus is randomly arranged with the stomata longitudinal to the leaf axis 

(differing from rows of stomata present in Ephedra and Welwitschia), akin to the adaxial 

stomata of Auricufolia gen. nov. The vessel elements occur more frequently in Gnetum 

than Ephedra (Carlquist, 1992) and are present in Auricufolia gen. nov. Gnetum pollen 

differs from ephedroid/welwitschioid pollen; instead of the polyplicate appearance, Gnetum 

pollen is round and has an echinate texture (Gillespie and Nowicke, 1994). The pollen 

recovered from Auricufolia gen. nov. has an echinate texture, similar to that of Gnetum. 

Unfortunately attempts to recover further pollen for scanning/transmission electron 

microscopy were unsuccessful due to advancing pyrite decay (common in Crato Formation 

plants), thus an in-depth comparison between Gnetum and Auricufolia gen. nov. pollen is 

not possible at this time. 

Auricufolia gen. nov. shares key characteristics belonging to the Gnetales: parallel 

venation, opposite phyllotaxy, internodes and nodes axes, and amphistomatic leaves. But it 
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differs from fossil and extant gnetaleans in having papillate epidermal cells on its leaves. 

Auricufolia shares key characteristics from both Ephedra and Gnetum. 

 

 

5.5. Conclusions 

Auricufolia gen. nov. is likely a gymnospermous plant with gnetophyte affinities from the 

Early Cretaceous Crato Formation. Auricufolia gen. nov has unusual features such as 

looped venation and echinate pollen that are not seen in other fossil or extant gnetophytes 

other than Gnetum. Previously, there was macrofossil evidence of gnetalean plants with 

either welwitschioid or ephedroid affinities recognised from the Crato Formation. 

However, with the presence of Auricufolia gen. nov., and its in situ pollen, there is now the 

first evidence for Gnetum-like plants also being present in the Crato Formation. Due to the 

group deposition and papillate epidermis of the leaf surfaces it is possible that Auricufolia 

gen. nov. grew on the river banks leading to the lake where they were finally deposited. 
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5.6. Supplementary information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Plate 5.1. Specimens of Auricufolia curvevena gen. nov. et sp. nov. 1. UOP-PAL- 

MC0005. Scale= 10 mm 2. UOP-PAL-MC00012. Scale= 10 mm 3. UOP-PAL-MC0007. Scale= 10 

mm 4. UOP-PAL-MC00010. Scale= 10 mm 5. UOP-PAL-MC00011. Scale= 10 mm 6. UOP-PAL-

MC0009. Scale= 10 mm 7. UOP-PAL-MC0006. Scale= 10 mm. 
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6.1. Background 

Amber (fossilized plant resin) has rarely been reported from South America. The only 

significant fossiliferous deposit has been described is from the middle Miocene Pebas 

Formation of Peru and is thought to be angiosperm in origin (Antoine et al., 2006). This 

amber contains inclusions of diverse arthropods, pollen and spores (Antoine et al., 2006). 

Small amounts of amber are recorded from the Miocene of the Pirabas Formation near 

Capanêma, Pará, Brazil and is thought to derive from the angiosperm Hymenaea 

(Langenheim and Beck, 1968; Martínez-Delclòs et al. 2004). Oligo-Miocene amber from 

Pecket Mine (Punta Arenas), Chile may have affinities to podocarpalean conifers (Rosales 

and Anderson, 2005). Amber is also present inside fossil conifer (Agathis) tissues recovered 

from the early Eocene Laguna del Hunco flora and the early middle Eocene Río Pichileufú 

flora, both in northwestern Patagonia, Argentina (Wilf et al., 2014). 

There are also undated fossil resins reported from South America. These may be ambers or 

sub-fossil resins (copals), or even resins, all are angiosperm-derived. The Guayaquil 

(Ecuador) deposit is thought to have affinities to Protium Burm.f (Burseraceae) and the two 

Colombian deposits (Gíron and Medellín localities) are both thought to be derived from 

Hymenaea Linnaeus, 1753 (Langenheim and Beck, 1968). 

Older Early Cretaceous (Upper Aptian-Lower Albian) South American amber has been 

reported from Brazil (Pereira et al., 2007 and references therein). There are three Early 

Cretaceous ambers from Brazil: Amazonas (Alter do Chão Formation), Araripe (Crato 

Formation) and Recôncavo (Maracangalha Formation, Caruaçu Member). Using GC-MS, 

affinities with conifers were suggested for all three ambers including Araucariaceae, 

Cupressaceae or Cheirolepidiaceae, although in the case of the Recôncavo amber, a 

potential Podocarpaceae origin was additionally inferred (Pereira et al., 2009). 
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Here we focus on amber-bearing cone fossils from the Early Cretaceous of Araripe, Brazil. 

Amber occurs as both as isolated drops and preserved within plant fossils (Martill et al., 

2005). This amber was thought to be derived from araucariacean plants, as both the 

chemical analysis of isolated amber clasts and the associated macrofossils with in situ (but 

untested fossil resin) appear to support this (Martill et al., 2005), although the analyses of 

Pereira et al. (2009) broadened the potential affinities of the amber source plants. Batista et 

al. (2017) showed the presence of resin plugs within the tracheids of the conifer 

Brachyphyllum obesum Heer, 1881 sensu Duarte, 1985 (Araucariaceae), and secretory 

structures (contents not known) in Pseudofrenelopsis Nathorst, 1893 emend. Watson, 1977 

(Cheirolepidaceae) present in the Crato Formation flora. This suggests that both these 

conifer families could potentially be sources for the Crato Formation amber. We 

investigated undescribed cones with amber preserved to understand their biological 

affinities and the diversity of potential amber source plants present in the Early Cretaceous 

Crato Formation flora. Using a combination of extracting in situ pollen and amber analyses, 

we uncovered the presence of further, previously unknown potential sources of amber in 

the Crato Formation of Brazil. 

 

6.2. Methods 

6.2.1. Material 

Seven cones, most sharing a similar morphology, and some with in situ amber pieces 

preserved from the Nova Olinda Member of the Crato Formation, northeastern Brazil were 

investigated. Both the in situ amber and pollen were extracted and analysed, where 

preserved, to understand the biological affinities of these plants as they had not been 

previously described. 

The specimens are from the following repositories: the Museum für Naturkunde 

(specimens prefixed with a MB.Pb. number), University of Portsmouth Collection 

(specimens prefixed with a UOP-PAL-MC number) and Universidade Estado de Rio de 

Janeiro (specimens prefixed with a UERJ number). 
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6.2.2. Geological setting and preservation 

In some literature the Early Cretaceous of the Araripe Basin, northeastern Brazil, is referred 

to as the Crato Member, Santana Formation (e.g, Pereira et al. 2009). It is also referred to 

as the Crato Formation (e.g., Martill, 1993; Martill et al. 2007). See Martill (1993) and 

Martill and Heimhofer (2007) for a detailed discussion on the stratigraphy. We follow 

Martill and Heimhofer (2007). 

The Crato Formation from the Araripe Basin, northeastern Brazil, is an important 

Gondwanan fossil Konservat Lagerstätte (Martill et al., 2007), and is considered to be 

late ?Aptian to early Albian (~ 120 million years old) in age, based on palynological data 

(Batten, 2007). This Konservat Lagerstätte is a para-autochthonous to allochthonous 

assemblage with diverse insects, vertebrates, and plants found only from the Nova Olinda 

Member, a finely laminated limestone unit (Martill et al., 2005; 2007). The Nova Olinda 

Member was deposited in a relatively deep hypersaline lake (Martill et al., 2007), with the 

terrestrial organisms likely either blown in or drifted in by rivers (Martill, 1993). For 

further geological and geographical descriptions see Martill et al. (2005, 2007). 

The plant fossils from the Nova Olinda Member are mostly preserved as iron monosulfide 

(usually greigite replacements in the unweathered material, or as goethite (hydrated iron 

oxide) replacements in weathered material (Barling et al., 2015). More than 80 fossil plant 

taxa  have been reported from the Nova Olinda Member: diverse pteridophytes (Mohr et 

al., 2007), cycads, conifers (Kunzmann et al., 2004; 2006; Sucerquia et al., 2015), 

gnetaleans (Rydin et al., 2003; Dilcher et al., 2005; Kunzmann et al., 2009; 2011) and 

angiosperms (Mohr and Eklund 2003; Mohr et al., 2013; Coiffard et al., 2019), along with 

isolated pieces of amber (Martill et al. 2005; Pereira et al. 2007, 2009). 

 

6.2.3. Photography 

Specimens were photographed with a Canon 60D camera. Light microscopy images were 

taken using a Zeiss Discovery V8 stereo microscope with a Canon 80D camera attached.  
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6.2.4. Collection of amber samples 

Amber samples were removed from the cones using sharpened needles, then screened and 

cleaned under a microscope, then subjected to chemical analyses. The two analyses (FTIR 

and Pyr-GC-MS) are common techniques used to chemically profile the fossil resin to give 

an indication of the botanical affinity.  

 

6.2.5. Solid-state Fourier-transform infrared (FTIR) analysis of amber 

Solid-state Fourier-transform infrared analysis was performed on freshly powdered samples 

of amber from Araripestrobus resinosus gen. et sp. nov included in potassium bromide 

pellets. A Perkin Elmer 1600 Series FTIR Spectrophotometer was used in the wavelength 

range 2.5-15 µm (4000-670 cm-1). For Cratostrobus resinosus gen. et  sp. nov. the amber 

sample was directly transferred onto the sample area of a single reflection diamond 

attenuated total reflectance (DATR) accessory, fitted with a KRS-5 substrate. The infrared 

(IR) spectrum was recorded using a Bruker Vertex 70 Fourier Transform Infrared 

Spectrometer. Spectra were analysed using SpectraGryph 1.2.  

 

6.2.7. Pollen sampling and preparation  

For Cratostrobus resinosus gen. et sp. nov. 

Cone samples were extracted using clean, sharpened needles.  For scanning electron 

microscopy (SEM) the samples were mounted on a carbon covered SEM stub, and crushed 

slightly using a clean scalpel. The sample was then gold-palladium coated using a sputter 

coater (Quorum Q150R S machine 10 nm thickness) and examined using a scanning 

electron microscope at 15 Kv and 20 pA (Zeiss Evo Series NA10). 

For light microscopy the samples were palynologically processed using standard 

hydrochloric acid-hydrofluoric acid-hydrochloric acid procedures. The resulting residue 

was mounted on glass slides using dilute polyvinyl alcohol (to facilitate equal dispersion) 

and sealed using a cover slip and Norland 61 optical adhesive, which was cured by 
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ultraviolet light, forming a permanent mount. The pollen grains were observed using a 

transmitted light microscope (Leica ICC50 W). 

For Araripestrobus resinosus gen. et  sp. nov. 

Samples of the dark organic tissue remains of the cone were removed using a sharpened 

needle and prepared for both scanning electron and light microscopy. For SEM, small 

pieces of the tissue were transferred to a carbon-covered SEM mount using a wet hair from 

a superfine brush. The stubs were sputtered with platinum–palladium (2 × 120 s at 20 mA, 

10 nm coat thickness) using an automatic sputter coater (Canemco Inc.) and examined 

under a field emission scanning electron microscope (Carl Zeiss LEO 1530 Gemini).  

For light microscopy the sample picked with needles were treated with Schultze solution 

(concentrated nitric acid saturated with potassium chlorate) and washed in distilled water, 

then treated with 4% ammonia and washed until neutral. The extracted material was then 

mounted on microscopy slides in glycerine jelly, and covered with a coverslip. These pollen 

preparations were observed with a transmitted light microscope (Carl Zeiss Axioscope A1) 

equipped with a Canon 450D digital camera, and will be deposited with the specimen.  

 

6.2.8. Individual pollen grain preparation 

In order to accurately describe the new pollen species and its range of morphology, 

individual pollen grain preparation for the holotype was done. Grains were removed from 

one light microscope slide (concentrated HCl was used to dissolve the glycerine jelly 

mounting medium) and the grains picked off. These selected grains were acetolysed (9 

parts acetic anhydride, 1 part concentrated sulfuric acid, heated to 100°C for 4 mins) in a 

drop on a glass slide, then washed and transferred to a glycerine drop for mounting using a 

dissecting needle with a nasal hair affixed (Zetter, 1989; Ferguson et al., 2007). After light 

microscope photography, the individual grains were mounted on an SEM stub with a drop 

of absolute ethanol to remove all traces of glycerine. The stub was sputtered with gold. 

These grains were then observed using a FEI Inspect S50 and then remounted in a different 

orientation, resputtered with gold and observed again. 
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6.3. Results 

We describe two different cone taxa, with both amber and pollen present, from the Crato 

Formation, and infer their likely affinities as within the order Erdtmanithecales. 

6.3.1. Systematic paleontology 

GYMNOSPERMAE incertae sedis 

ERDTMANITHECALES Friis and Pedersen, 1996 

Remarks: The order Erdtmanithecales was created to accommodate the family 

Erdthmanithicaceae Friis and Pedersen, 1996. This family is based on isolated reproductive 

organs including dispersed pollen of the Eucommiidites-type, microsporangiate organs with 

in situ Eucommiidites-type pollen and seeds with Eucommiidites-type pollen in the 

micropyles. This newly described microsporangiate taxon has in situ Eucommiidites-type 

pollen, placing it within the order Erdtmanithecales. However, the new taxon described 

here does not fit well into the family Erdthmanithicaceae since it is diagnosed with the 

male reproductive organs of closely spaced microsporangiate units; microsporangiate units 

stalked and peltate, bearing numerous sporangia in a radial arrangement around stalk; 

dehiscence of sporangia by longitudinal slits. The new taxon has quite a different 

arrangement. We choose not to create a separate family at this time but place the new taxa 

within the order, but not the sole family recognised. 

Cratostrobus gen. nov. 

Etymology (genus): Derives from the Crato Formation from which this cone originates. 

Diagnosis (genus): Pollen cone ovoid in outline in longitudinal section with 

microsporophylls radiating horizontally from a robust axis. Microsporophylls at edge of the 

cone curve upwards, with entire margins, smooth and round tips. Amber in canals present 

throughout the cone. In situ Eucommiidites-type pollen present, surface varying from 

completely psilate to very finely granulate. 

Cratostrobus resinosus sp. nov., Figures 6.1 and 6.2 

Etymology (sp): Highlighting the resinous nature of the cone. 
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Material: Holotype: UOP-PAL-MC00013, sole specimen of a compressed pollen cone 

preserved longitudinally with amber present throughout in canals.  

Horizon and Locality: Early Cretaceous ?Aptian, Nova Olinda Member, Crato Formation, 

Araripe Basin, north-east Brazil. 

Diagnosis: As for genus. 

Description: This is a single amber-bearing cone (UOP-PAL-MC00013) with in situ pollen 

and amber (Figure 6.1), partially three-dimensionally preserved in unweathered material. 

The longitudinally compressed cone (Figure 6.1a) is oval in outline, measuring 56 mm 

(maximum length) x 48 mm (maximum width), with microsporophylls present around the 

sides and at the top of the specimen. Towards the centre and lower portion of the specimen, 

the remains of the cone axis are exposed, with a maximum width of 17 mm. No stalk is 

preserved. Amber infilling canals are present inside the plant tissues (Figure 6.1b). The 

microsporophylls radiate from the axis horizontally, then curve upwards at the edge of the 

cone. The microsporophyll margins are entire, and the tips smooth and rounded. Pollen sacs 

were not observed and were not recovered after maceration.  

In situ pollen grains: In situ pollen was extracted (Figure 6.2). The pollen is medium sized, 

approximately 28 µm in the longest axis, ovate with a folded surface. The pollen is 

‘trisulcate’, it has one main sulcus and two pseudosulci, giving the folded appearance to the 

pollen surface. The pollen surface shows some variation, from completely psilate to very 

finely granulate away from the sulcus. The pollen closely resembles Eucommiidites pollen. 
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Figure 6.1. Cratostrobus resinosus  gen  et. sp. nov. cone (UOP-PAL-MC00013) from the Crato 

Formation with in situ pollen and amber present. a Longitudinally preserved cone with central axis 

exposed. b Detail of the microsporophylls radiating from the axis. c Resin canals infilled with fossil 

amber within the plant tissue (7 stacked images). d Glassy-appearing amber (4 stacked images).  
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Figure 6.2. Cratostrobus resinosus  gen. et sp. nov. in situ pollen. a–b light micrographs (b 6 

stacked images), c–f scanning electron micrographs.  
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GYMNOSPERMAE incertae sedis 

ERDTMANITHECALES Friis and Pedersen, 1996 

Remarks: The order Erdtmanithecales and the family Erdthmanithicaceae Friis and 

Pedersen, 1996 were created to encompass isolated reproductive organs with 

Eucommiidites-type pollen. The newly described microsporangiate taxon has in situ 

Eucommiidites-type pollen, placing it within the order Erdtmanithecales. However, the new 

taxon described here does not fit well into the diagnosis for the male reproductive units 

assigned to the Erdthmanithicaceae as they have stalked peltate microsporangiate units as 

the new taxon has a different morphology. We thus cannot place this taxon within the 

family, but choose not to create a separate family at this time. 

Araripestrobus gen. nov. 

Etymology (genus): From the Araripe Basin, where the Crato Formation flora originates. 

Diagnosis (genus): Cones, or cone portions with in situ Eucommiidites-type pollen and 

resin canals. Cone portions with central axis with microsporophylls radiating, although not 

all microsporophylls joined to the axis, forming a separate flattened section, more or less 

ovoid, with numerous microsporophylls forming a few layers. The more complete cones 

are elongate in longitudinal compressions, pedunculate, with clear divisions showing where 

the cone forms the different portions. Several portions are present in the complete cone. 

Amber in canals present throughout the cone. In situ Eucommiidites-type pollen present, 

surface ornamentation varying from microrugulate to smooth and finely perforate sulcus. 

The rest of the pollen surface is finely perforate and can be smooth to almost microrugulate 

between the perforations, sometimes microfossulae present.  

Araripestrobus resinosus sp. nov. Figures 6.3, 6.4, 6.6 and 6.7  

Etymology (species): Highlighting the resinous nature of the cone. 

Material: MB.Pb.1997/1246 (holotype), UOP-PAL-MC0004, MB.Pb.1997/1350, LPU1442, 

Specimen Y, Specimen XX. 

Horizon and Locality: Early Cretaceous (?Upper Aptian-Lower Albian), Nova Olinda 

Member, Crato Formation, Araripe Basin, north-east Brazil. 
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Diagnosis: As for genus. 

Description: We assign six specimens, of which one cone portion (holotype) is from 

unweathered material and so has both amber and pollen present. Three other portions of 

cones, one fragment of a cone portion and one further specimen are placed in this species. 

The four portions of cones share a similar gross morphology and they are preserved in the 

same orientation with the central axis perpendicular to the bedding surface, giving a 

compressed transverse view of the cone portions. All of the cone portions are at least 

partially three-dimensionally preserved, with varying amounts of tissue remaining. The 

fragment of a cone portion assigned to this group is very similar, with only half of the 

tissue on one side preserved and no axis present. Due to the partial nature of these cone 

portion remains it is not possible to determine the original shape and any abaxial or adaxial 

surfaces in these specimens. Two additional cones are putatively placed in this group. They 

are longitudinally preserved cones; one is just an impression with no tissue remaining, but 

it has the same sporophyll morphology as the other specimens. 

The holotype (MB.Pb.1997/1246, Figure 6.3a) is lying inside the unweathered rock, and is 

an incomplete ovoid-diamond shaped fragment, with a small indentation on one side. It 

measures 57.5 mm (maximum length) x 34.6 mm (maximum width), with the remains of 

red-brown to black plant material, and yellow to red-brown in situ amber pieces preserved 

(Figure 6.3b-f). The central axis is clearly distinguishable as a dark brown oval area (7.5 

mm wide, 13.2 mm long) in the centre of the specimen, slightly sunken down (Figure 6.3a). 

The impressions and the remains of the layers of microsporophylls radiate out from the axis 

and are clearest at the edges of the cone, where they slope slightly up to the sediment 

surface. Some thickness (up to 1 mm) to some of the individual microsporophylls can be 

seen at the edges of the cone (Figure 6.3b-c). Most are too poorly preserved to fully 

distinguish their shape, but a simple rounded-ovate morphology (average 2.5 mm wide, 2.7 

mm long) with an undulate margin is just visible in some cases (Figure 6.3a arrowed, 6.3f), 

whereas others are blunt to square-tipped (Figure 6.3d-e). In situ amber pieces are apparent 

throughout the fossil, and in places clearly preserve the areas where the resin ducts 

(average 0.1-0.2 mm wide in longitudinal section) were situated within the original plant 

tissues (Figure 6.3b-e). 
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In situ pollen grains: In situ pollen grains (Figure 6.4) were found clustered within the plant 

tissue, alongside pieces of in situ amber (Figure 6.4b, arrowheads). The pollen are ovoid to 

elliptical in outline in equatorial view (22-35 µm long, 10-20.5 µm wide), with a broad 

sulcus that is often almost closed over by the rest of the surface and has rounded ends 

(Figure 6.4c white arrowheads). In some orientations, the pollen grains are quite folded and 

even almost appear to have further furrows (Figure 6.4c black arrowheads), but these are 

not always present. The pollen under SEM often has a perforate surface (Figure 6.4c-d) 

becoming finer to almost smooth towards the sulcus (Figure 6.4c-d). Extracted pollen 

grains are found adhered to the remains of the microsporangial walls (Figure 6.4e-f) and 

are clearly boat-shaped and variously folded. Individually extracted grains (Figure 6.5) 

show a range of lengths and surface ornamentation. The grains are 19-30 µm in maximum 

length (using SEM,  n= 4). They are boat-shaped and ‘trisulcate’. The sulcus has a 

membrane that can be microrugulate to smooth and finely perforate (Figure 6.5a-d). The 

remaining surface is finely perforate and can be smooth to almost microrugulate (Figure 

6.5e-g) between the perforations; sometimes there are microfossulae (Figure 6.5h-i). The 

pollen closely resembles Eucommiidites pollen.  

Other specimens: The remaining five specimens are from weathered material so pollen and 

cuticle preparation did not yield results. Specimen (UOP-PAL-MC0004, Figure 6.6) has a 

roughly triangular outline with the longest side being curved slightly outwards (Figure 

6.6a). The specimen is lying inside the sediment, with some material preserved sloping up 

towards the sediment surface particularly on the longest side. There are the indistinct 

sporophylls radiating from the cone axis remnant. The maximum cone length is 54 mm, the 

width is 42 mm, measured from the apex formed from the two straight sides to the centre of 

the long convex side, passing through the axis. The axis is slightly offset from the centre. 

The cone axis is the deepest part of the specimen, sunken and slightly contracted away 

from the sporophyll remains. The axis has an irregular broken surface and is broadly ovate 

in outline, measuring a maximum of 12 x 6 mm. The sporophyll remains fan out from the 

axis, in several layers and they do not lie flat, so that only portions are visible (Figure 6.6b). 

Towards the axis the sporophylls are variable in shape and length, diamond-shaped to 

thinly rectangular in outline, depending on how they are lying in the rock and possibly 

whether they are lying over other sporophylls. Abraded sporophyll surfaces show fibrous 

tissues underneath (Figure 6.6b). Towards the outer edges of the cone more detail of the 
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sporophyll shape and structure is preserved. Some are blunt to square tipped, others are 

more rounded to oval tipped. The convex side of the cone has the best preserved 

sporophylls and towards one end there are several rows of sporophylls preserved together. 

They are tightly adpressed to each other not allowing their shape to be distinguished 

(Figure 6.6c). Some sporophylls at this edge have 1 mm or more of tissue height preserved, 

showing them to be relatively thick, at least towards the outer tips. Within the best 

preserved sporophylls, there are empty channels, slightly oblique, seen running through, 

these channel ovals measure 0.1-0.2 mm wide and 0.1-0.3 mm long (Figure 6.6d). We 

interpret these as resin canals, where the resin has since weathered away: The size is 

congruent with the resin canals in the holotype. Potential resin canals with amber infilling 

are visible using SEM but they are very small (20 µm, Figure 6.6e). 

Specimen LPU1442 (Supplementary Figure 6.1a) is roughly oval in outline, with a small 

but sharp indentation towards the middle on one side. Most of the cone is preserved as an 

impression where the original material has been lost. There is some poorly preserved plant 

material mostly towards the one end preserved in the sediment. The cone measures 76 mm 

long x 47 mm (maximum width passing through the axis). Specimen XX (SI) is a narrowed 

oval shape with some abraded plant material preserved. The nearly central axis is slightly 

contracted away from the radiating sporophylls. In both these specimens, towards the cone 

margin, both blunt-tipped and more rounded-ovate tipped sporophylls are preserved. In 

these sporophylls there are voids and empty channels running through them that we 

interpret as now empty resin canals. Specimen (MB.Pb.1999/1440, SI) is approximately 

half a cone portion preserved, with radiating sporophylls present, but no axis preserved.  

Specimen MB.Pb.1997/1350 (Figure 6.7a) represents a median-apical cone part with seven 

cone portions. This cone fragment is 105 mm long and 63 mm wide. The apical cone 

portion shows a rounded dome-shaped apex and obviously consists of more 

microsporophyll rows then the other portions, about 5-6. While the apical cone portion is 

19 mm high, the remaining portions are 10.5-15 mm high. Number of microsporophyll 

rows in individual cone portions of the medial cone part as well as the horizontal outline of 

cone portions is equivalent to those of the paratype. 

 

The third specimen, a rubber cast (MB.PB. xxxx/xxxx) (Figure 6.7c), represents a basal-

median part of a cone including a petiole. The petiole part is rather purely preserved 
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displaying no features of previously attached leaves. The massive petiole is about 20 mm in 

diameter but could be somewhat flattened and about 42 mm long. The cone itself measures 

130 mm in length and 74 mm in width. 8 cone portions are preserved, the basalmost being 

somewhat higher than the remaining (10.5-15 mm). Individual cone portions display 2-3 

rows of microsporophylls, likely in zig-zack arrangements. Considering the cone 

dimensions, the microsporophylls are approximately 15-20 mm long. Some 

microsporophylls from the basalmost cone portions are detached showing the “naked” cone 

axis with densely arranged rhomboid scares, likely in helical phyllotaxis. 

 

These specimens are grouped with the cone portions based on the overall size similarity, 

the shape and size of the sporophylls. The arrangement of the cone into groups or portions 

explains the cone portions described above.  
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Figure 6.3. Araripestrobus resinosus  gen. et sp. nov. cone (MB.Pb.1997/1246) from the Crato 

Formation with in situ pollen and amber present. a Apically compressed cone portion with central 

axis (dark central oval) and the remains of microsporophylls (arrowheads). b Yellow, orange and 

light brown amber pieces within the darker brown plant tissue remains. c Amber canals infilled with 

fossil resin within the plant tissue remains (3 stacked images). d–f Microsporophylls with amber 

and various outlines (e 9 stacked images, f 5 stacked images). 
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Figure 6.4. Araripestrobus resinosus  gen. et sp. nov. in situ pollen. a–d scanning electron 

micrographs, e–f light micrographs. a–b Pollen grains embedded in the cone tissue, arrowheads 

indicate areas of preserved amber. c Pollen grains in different orientations showing typical main 

colpus with rounded ends (white arrowheads) and lateral pseudocolpi with sharp ends (black 

arrowheads). d Amber-embedded pollen grain showing a lateral colpus and the finely scabrate, 

punctate ornamentation; e–f Pollen grains adhered to microsporangial surface showing the colpi 

with rounded ends (arrowhead). 
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Figure 6.5. Individually prepared pollen grains from Araripestrobus resinosus  gen. et sp. nov. 

under SEM. a–c Pollen with view of the sulcus. d Detail of c showing smooth perforate sulcus 

membrane and rounded end. e Pollen grain folded along sulcus showing one pseudosulcus and the 

perforate microrugulate surface. f Detail of pseudosulcus area near rounder end from grain in e. g–h 

pollen orentated on the sulcus with the two pseudosulci visible and variable surface texture. i Detail 

of h showing the microrugulate surface with both microfossulae and perforations. 
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Figure 6.6. Araripestrobus resinosus  gen. et sp. nov. from weathered material (UOP-PAL-

MC0004) a. Apically compressed cone portion with central axis (dark central oval) and the remains 

of sporophylls. b. Sporophyll remains radiating from the central axis (upper left side). c. Better 

preserved sporophylls at the edge of the cone portion. d. Detail of a thick sporophyll with now 

empty resin canals seen in oblique view as oval voids (arrowheads). e. Scanning electron 

micrograph of a sporophyll showing resin (arrowhead) inside a canal. 
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Figure 6.7. Complete cones of Araripestrobus resinosus gen. et  sp. nov., preserved longitudinally. 

a. MB.Pb.1997/1350. b. SM.B 16594, and c. MB.Pb. xxxx/xxxx, rubber cast  

 

6.3.2. Fourier-transform infrared (FTIR) analysis of Crato Formation ambers 

The FTIR spectra of both the extracted in situ Crato Formation ambers and that of in situ 

amber from the leaves of a Brachyphyllum (UERJ 15-P1) specimen from the Crato 

Formation (Figure 6.8) are typical for fossil resins. There is a strong similarity in the 

spectra between Cratostrobus gen. nov. and Brachyphyllum, but the Araripestrobus gen. 

nov. spectrum is quite distinct from both these two. The main features of the spectra are 

reported in Table 6.1. 

The broad absorption band with maximum near 3400 cm-1 in Araripestrobus gen. nov is 

due to stretching motions of O-H bonds, in part explained by atmospheric moisture 

absorbed by the sample during the preparation for the analytical procedure, or as result of 

oxidation by atmospheric oxygen (Beck et al., 1965). In all spectra, the strong band at 2930 

cm-1 is due to the stretching of aliphatic carbon-hydrogen bonds (Langenheim and Beck, 

1968) and is considered diagnostic of resinous structures (Broughton, 1974). Bending of 

the same bonds produces the absorption peaks at around 1450 cm-1 and 1380 cm-1 

(Langenheim and Beck, 1968). Another absorption band is at around 1700 cm-1, the so- 
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called “carbonyl band” (Langenheim and Beck, 1968), also a feature typical of all fossil 

resins, caused by stretching of carbon-oxygen double bonds. 

Table 6.1. Main absorption peaks in the FTIR spectra of ambers extracted from plant fossils from 

the Crato Formation. 

 

The above described absorption bands are found in all fossil resins, and therefore are not of 

particular diagnostic interest, but confirm the occurrence of a fossil resin. The upper part of 

the infrared spectrum, higher than 1250 cm-1, is difficult to interpret in terms of chemical 

structure (Langenheim and Beck, 1968), but it is more useful than the lower region of the 

spectrum because it varies among different resins. In the FTIR spectra of the fossil resins, 
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the region between 1250-1000 cm-1 shows absorption bands caused by carbon-oxygen 

single bonds (Langenheim and Beck, 1968; Vavra and Vycudilik, 1976). The vibrations of 

these bonds are influenced by the carbon skeleton of the whole molecule, and so it is 

difficult to assign the absorption bands of this region to a specific structure. However, the 

region from 1250-625 cm-1 is particularly useful as a “fingerprint” of any fossil resin 

(Langenheim and Beck, 1968). 

An additional weak band at (1654 cm-1), due to stretching of double carbon-carbon bonds 

was found in Araripestrobus gen. nov, but appears as a shoulder on the peak at 1690 cm-1in 

the other two ambers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. FTIR spectra of extracted in situ Crato ambers from Cratostrobus gen. nov., 

Araripestrobus gen. nov. and Brachyphyllum obesum. Upper: full FTIR spectra, lower: detail of the 

fingerprint region of the spectra. 
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Another very weak absorption band was found at 878 cm-1 in Araripestrobus gen. nov. and 

in situ Brachyphyllum ambers, but is absent from the Cratostrobus gen. nov. amber This 

band, compatible with the 11.3 µm band described by Langenheim and Beck (1965, 1968), 

is due to out-of-plane bending movements of two hydrogen atoms in a terminal methylene 

group, as a feature of resin acids. This band is typically lacking or weak in older resins, but 

can be also due to rapid oxidation of the methylene group after exposure to atmospheric 

oxygen (Langenheim and Beck, 1965, 1968). 

 

6.3.3. Pyrolysis gas chromatography mass spectroscopy of in situ amber from 

Araripestrobus resinosus gen. et sp. nov.  

The fossil resin is a mature class Ib amber, which is has a regular polylabdanoid structure 

lacking succinic acid, with minor amounts of various fatty acid products also present, but 

no palaeobotanically-useful biomarkers (Figure 6.9). The fossil resin is fairly devoid of 

volatiles which suggests that it has experienced a moderate degree of thermal stress during 

its history. 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Pyrolysis-GC-MS of in situ Crato Fm. amber from Araripestrobus resinosus gen. et sp. 

nov 
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6.4. Discussion 

6.4.1. Pollen cone morphological affinities 

The pollen cones are evidence of two further gymnospermous plants within the Crato 

Formation; however, the affinities of the cones from solely their morphology was unclear. 

Previous studies of the Crato Formation flora have shown the presence of gnetaleans, 

cycadophytes and conifers.  

Many gnetalean remains have been described from the Crato Formation; those described 

with reproductive structures have opposite-decussate scaled small, slender pollen strobili, 

e.g. Welwitschiostrobus murili (Dilcher et al., 2005). The two putative gnetaleans from the 

Crato Formation are clearly distinct from the cones described here. Cearania heterophylla 

also has small slender pollen strobili (Kunzmann et al., 2009), and Cariria 

orbiculiconiformis has a pair of bract-like leaves covering a basket-like structure 

(Kunzmann et al., 2011). It is clear that a gnetalean affinity can be ruled out based on: the 

distinct cone shape, structure, and lack of preserved in situ gnetalean amber in the Crato 

Formation. The recovered in situ pollen also has no known gnetalean affinities. 

Cycadophyte remains are rare in the Crato Formation flora, but bennettitalean ovulate 

cones are present, 8 cm long and about 6 cm in diameter, possibly referable to Williamsonia 

(Mohr et al., 2007). Other plants with less clear, but still likely gymnospermous affinity 

have also been described from the Crato Formation flora such as Novaolindia dubia 

(Kunzmann et al., 2007), which as yet has no microsporangiate organs described. A sole 

seed fern is thought to have affinity to the Caytoniales as it has multiovulate cupules, but 

microsporangiate organs are also not known (Mohr et al. 2007). In situ amber has not been 

reported from Crato Formation cycadophytes and the distinctive in situ pollen suggests that 

it does not belong to the plants listed above. 

Among the conifers described from the Crato Formation are the Araucariaceae (Araucaria 

and Brachyphyllum; Kunzmann et al., 2004; Batista et al. 2017), and the Cheirolepidiaceae 

(Kunzmann et al., 2006; Batista et al. 2017), and other taxa of uncertain affinity, such as 

Lindleycladus (Kunzmann et al., 2004). Martill et al. (2005) figured an araucarian pollen 

cone with preserved resin canals with in situ fossil resin (Plate 2, Figures 1-2 of Martill et 

al. 2005) and a putative female araucarian cone (Plate 2, Figures 3-5 of Martill et al. 2005) 
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from the Crato Formation. What is striking when comparing our pollen cones to those of 

Martill et al. (2005) is that all three have amber infilling the resin canals, but 

morphologically they are very distinct. Cratostrobus gen. nov. has long upcurving 

mircosporophylls that do not terminate in a hexagonal apex, Araripestrobus gen. nov., 

despite being preserved in a different orientation, and more usually as portions of a larger 

structure, also has differing microsporophylls that are far smaller blunt-tipped. 

Podocarpalean pollen has also been recovered from the Crato Formation. (Mohr et al. 

2007), but the male cones of these conifers are far smaller than our cone, and no 

podocarpalean macroremains have been recorded from the Crato Formation to date.  

 

6.4.2. In situ pollen affinities  

In both new taxa we extracted in situ pollen that is comparable to the Eucommiidites 

Potonié, 1958 type, placing them within the Erdtmanithecales, a group known only from 

isolated reproductive organs, but whose affinities with other seed plants remains unclear 

(Friis and Pedersen, 1996). Batten (2007) noted the presence of dispersed Eucommiidites 

pollen in the mudstones of the Crato Formation, along with a diverse palynoflora including 

representatives of araucarian and cheirolepidialean conifers, gnetaleans, cycads, 

bennettitaleans, angiosperms, horsetails, ferns, and freshwater algae.  

Eucommiidites pollen has been reported in situ in cones with peltate microsporophylls 

(Erdtmanitheca texensis from the Cretaceous of North America, Pedersen et al., 1989; 

Erdtmanitheca portucalensis from the Early Cretaceous of Portugal, Mendes et al., 2010; 

Eucommiitheca hirsuta from the Early Cretaceous of Portugal, Friis and Pedersen, 1996; 

Friis et al., 2009; and Bayeritheca hughesii from the Cenomanian of Bohemia in Central 

Europe, Kvaček & Pacltová, 2001), and within Erdtmanispermum seeds (Pederson et al., 

1989; Friis and Pedersen, 1996). From this Friis and Pederson (1996) recognized the 

Erdtmanithecales, an extinct gymnosperm group that is recognised solely from 

reproductive parts to date. Our two taxa do not completely agree with the stalked peltate 

microsporangiate unit diagnosis, but the presence of the in situ Eucommiidites pollen 

indicates that the order is broader than originally thought. This is also the first evidence of 

members of the Erdtmanithecales in the Crato Formation. Given the presence of this group 
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in the Early Cretaceous of North America and Europe, it is now possible to extend the 

range of this group to South America. 

Eucommiidites pollen is ‘trisulcate’ with a broad distal sulcus and two narrower additional 

‘sulci’ about 120° away from the sulcus (Halbritter et al., 2018), here termed pseudosulci. 

In the original descriptions the terms colpus and pseudocolpus were used, but we update 

the terminology to sulcus and pseudosulcus as this is correct when dealing with 

gymnospermous pollen. A sulcus is an elongated aperture distally located, whereas a colpus 

is an equatorial elongated aperture and in some descriptions the main ‘colpus’ is described 

as distal. In all species the sulcus membrane has clearly rounded ends, however, the surface 

of the pollen varies among species. The in situ pollen recovered from the two cone types 

have some differences. In Cratostrobus resinosus gen. et sp. nov. the pollen surface shows 

some variation, from completely psilate to very finely granulate away from the sulcus, and 

lacks perforations, whereas pollen from Araripestrobus resinosus gen. et sp. nov. is finely 

perforate varying from smooth to almost microrugulate between the perforations; 

occasionally micro-fossulae are seen. The variation in these pollen surfaces is different to 

all other Eucommiidites pollen. 

The in situ pollen are most similar in length to, although slightly larger than, in situ pollen 

of Erdtmanitheca portucalensis, but in width to in situ pollen found inside Erdtmanitheca 

texensis. In situ pollen of Erdtmanitheca texensis measure 20-25 µm long and 15-19 µm 

wide, and have lateral pseudosulci that are shorter than the main sulcus. The pollen surface 

is mainly psilate but with a few prominent granules and associated pits (Pedersen et al. 

1989). In situ pollen of Erdtmanitheca portucalensis measures 16.0– 27.2 μm × 11.9–16.4 

μm and has a well-defined sulcus, with slightly expanded rounded ends. Two slit-like 

lateral pseudosulci, longer than the sulcus, are present more or less in the equatorial plane. 

Margins of the apertures are irregular and the aperture membrane is verrucate-granular. The 

pollen wall is psilate, although puncta are seen in some specimens (Mendes et al., 2010). 

The pollen inside Eucommiitheca hirsuta are elliptical in equatorial outline, about 15-20 

µm long and 10-12 µm wide, typically pointed or truncate at the ends, with three parallel 

and almost equal length sulci, and a smooth and faintly foveolate pollen wall (Friis and 

Pedersen, 1996).  
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Bayeritheca hughesii is a single elongate cone that has in situ Eucommiidites pollen in 

synangia, not sporangia, unlike Erdtmanitheca and Eucommiitheca (Kvaček and Pacltová, 

2001). The pollen has one normally straight sulcus that does not reach the equator, 

commonly with rounded ends. The two pseudosulci are usually curved, occasionally joined 

at one end to form a single ring furrow, unlike other in situ Eucommiidites pollen, including 

that reported here. The distal half of the grains is more flattened than the proximal half, 

which is convex. The pollen are psilate in light microscopy, and finely granulate with 

protruding globular elements [0.1–(0.3) 0.4 µm] under SEM. The pollen are 14-16 (15.2) 

µm long; 10-13 (11.2) µm wide, smaller than the pollen reported here. Interestingly, the 

macerated microsporangiate units have small resin bodies (40–65 µm in diameter) present 

(Kvaček & Pacltová, 2001). 

Pollen grains resembling Eucommiidites were also found in situ in cones of Hastyostrobus 

muirii from the Middle Jurassic of Yorkshire, England (Van Konijnenburg-van Cittert, 

1972). Based on the wall ultrastructure, Tekleva et al. (2006) considered that the pollen 

were assignable to Eucommiidites, but this was doubted by Mendes et al. (2010). 

Our in situ pollen from either cone then cannot be assigned to any currently described 

Eucommiidites species. We refrain from giving our in situ pollen names as the cones 

themselves are named. It is interesting to note that although we have pollen assignable to 

Eucommiidites, the reproductive structures are both different from all other structures 

bearing Eucommiidites type pollen, and from each other. Additionally, the new taxa both 

share resin canals (although a slightly different resin chemistry), a feature not described for 

other members of the Erdtmanithecales. This unusual feature, along with the differences in 

cone morphologies may indicate either that the poorly known Erdtmanithecales 

encompasses more diversity than originally thought, or that more than one plant group 

produced Eucommiidites type pollen. 

 

6.4.3. FTIR spectra of Crato Formation ambers 

The similarity of the Cratostrobus gen. nov. and Brachyphyllum (UERJ 15-P1) amber 

spectra is unexpected. Brachyphyllum is a conifer, previously assigned to Cheirolepidiaceae 

and now Araucariaceae (Kunzmann et al., 2004). This would at first view suggest that 
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Cratostrobus gen. nov. is in fact a conifer, but the pollen extracted from it is distinctly 

different from both the Araucariacites-type pollen from araucarian plants, and the 

Classopollis-type pollen from cheirolepidiacean ones, thus ruling out affinities with either 

group. However, it has been noted that ‘araucarian-type’ ambers (which often include 

cheirolepidiacean affinities) commonly occur in the fossil record, and many Early 

Cretaceous ambers are thought to be derived from araucarian and/or cheirolepidacean 

conifers (see Seyfullah et al. 2018 table 1). This apparent confusion is due to a basic 

labdane resin chemistry and a lack of specific biomarkers in this fossil resin type. It is 

therefore possible that either specific biomarkers are lost during resin maturation, or that 

this more basic labdane resin chemistry was present in more plant groups than has been 

previously recognized. 

Amber from Araripestrobus gen. nov. is similar to the two other ambers measured here in 

its general spectrum, but a key difference is the lack of a strong peak at 1690 cm-1, but a 

peak at 1645 cm-1, which appears as a shoulder to the large peak at 1690 cm-1 present in 

Cratostrobus gen. nov. and Brachyphyllum. This suggests that there is a slight difference in 

the amber chemistry, but it is not clear if this has resulted from differences in the original 

resin chemistries between the plants, or differences in maturation or weathering. 

Maturational differences are unlikely since all the plants are from the Nova Olinda 

Member, weathering differences are a possibility since different quarries at different 

locations in the Araripe Basin operate to retrieve the limestones, and different specimens 

may have been also exposed after collection for different durations. The process of resin 

maturation (Anderson et al., 1992), also named amberization, causes changes in the 

chemical composition of fossil resins, and the rate of this phenomenon depends on several 

variables, such as temperature, age and thermal history of the sample. Resins with similar 

palaeobotanical origin may present different compositions, as indicated by infrared 

spectroscopy, as a consequence of several taphonomic variables. These results from FTIR 

spectra can be further confirmed by pyr-GC-MS analysis which can give a more specific 

assignment of chemical structures of the fossil resin (Figure 6.9). 

The in situ Crato Formation amber spectrum, with a biphasic weak absorption band 

between 1240 cm-1 and 1015 cm-1 is also partially similar to that of New Zealand amber 

(thought to originate from the Araucarian genus Agathis, see Seyfullah et al., 2015), and of 

extant kauri (Agathis australis) resin (Langenheim and Beck, 1968; Langenheim, 1969; 
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Tappert et al., 2011; Seyfullah et al., 2015). Conversely, the fingerprint region appears 

different from that of present-day Pinus resin (Langenheim, 1969; Tappert et al., 2011). 

Further comparisons can be done with spectra from other fossil resins, considering the 

fingerprint region, where absorption caused by carbon-oxygen single bonds, as well as 

aromatic ethers and phenols occurs. This region from the in situ Crato Formation amber 

spectrum shows a pattern similar to that of Cedar Lake (Manitoba, Canada) Cretaceous 

amber and also to that of Atlantic Coastal Plain fossil resin (Langenheim and Beck, 1968, 

page 89 and plates XIV, XVI), attributed to the Araucariaceae family. However, recent 

FTIR analyses of the Grassy Lake ambers, along with fossil plant fragments found within 

the ambers, showed a closer relationship to Cupressaceae (McKellar and Wolfe, 2010). 

Grimaldi and Nascimbene (2010) clarified that the Atlantic Coastal Plain or Raritan (New 

Jersey) amber originated from the Cupressaceae, with additional chemical evidence 

provided using Py-GC/MS (Anderson, 2006). 

Our amber spectra appear to have strong affinities with those of other Cretaceous presumed 

araucarian-derived ambers, including Cretaceous ambers from Spain (Alonso et al., 2000), 

and Cretaceous ambers from France (Nohra et al., 2015). IR analyses of amber have been 

previously interpreted to give differing results in some cases; however, Tappert et al. 

(2011), using micro-FTIR, showed that conifer resins can effectively be classified into two 

groups: ‘pinaceous resins’ from Pinaceae, which consist mainly of abietane/pimarane 

diterpenes, and ‘cupressaceous resins’, which they associate with Cupressaceae, 

Sciadopityaceae, Araucariaceae, and Podocarpaceae, and consist mainly of labdanoid 

diterpenes. Our ambers would fall in to ‘cupressaceous resins’ group identified by Tappert 

et al. (2011), which may have an araucarian or cupressacean affinity. Notably, no ambers 

from other gymnosperm groups were known until now, so this grouping may have to be 

expanded to include fossil resins from the enigmatic erdtmanithecalean plants. 

 

6.4.4. Pyrolysis gas chromatography mass spectroscopy of in situ amber from 

Araripestrobus resinosus gen nov. et sp. and other ambers 

The in situ amber belongs to the class Ib group of resins, which is the most common form 

of amber in the geosphere (Lambert et al., 2008). Class Ib ambers are formed by 
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copolymers of regular labdanoid diterpenes, especially communic acid, communol and 

biformenes. Therefore an affinity to the Pinaceae can be excluded as their resins are rich 

mostly in abietane and pimarane diterpenic acids (see also Tappert et al., 2011), but we 

cannot exclude an affinity with the Araucariaceae or Cupressaceae, which are rich in 

labdanes, such as communic acid and agathic acid, nor the Podocarpaceae, and 

Taxodiaceae. There are minor amounts of fatty acids, but no biomarkers present meaning 

that a closer identity of the source plant is not possible. 

The assignment of the amber to class Ib excludes an affinity with the highly resinous 

angiosperm Hymenaea, which forms class Ic ambers, which are linked to the relatively 

common, but much younger Dominican and Mexican ambers. Class Ia ambers are Baltic 

ambers which have succinic acid present, which is clearly absent from the amber analysed 

here. Interestingly, the amber has similarity with a Mesozoic amber found in an 

archaeological context in South America (Anderson & Bray, 2006), but the palaeobotanical 

affinitiesof this are unknown. 

Taken together, the FTIR analysis and the py-GC-MC indicate that there is no clear way to 

pinpoint to which botanical group the resin from Araripestrobus gen. nov. can be 

chemically placed, only which groups (Pinaceae, Hymenaea) can be excluded. The 

presence of the in situ pollen showing an erdtmanithecalean affinity suggests that other 

gymnosperm source plants of amber have not been detected until now. 

 

6.5. Conclusions 

Multiple lines of evidence were used to understand the botanical affinity of cones with in 

situ amber, and to understand the potential amber sources of the Crato Formation flora, 

beyond the araucarian source plants already known. The in situ pollen shows that both taxa 

have a gymnospermous affinity, although the macromorphology of the cones is unlike that 

of any other pollen cone assigned to the gymnosperms from the Crato Formation to date. 

Based on the presence of in situ Eucommiidites type pollen, both cones, Cratostrobus gen. 

nov. and Araripestrobus gen. nov. are placed in the order Erdtmanithecales, but based on 

differences in the cone morphologies they cannot be placed within the family 

Erdthmanithicaceae.  The FTIR analyses of both in situ resins imply affinities with conifers 
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(araucarian or cupressacean), and amber from Cratostrobus gen. nov. bears a strong 

resemblance to in situ amber from Brachyphyllum (Araucariaceae). The py-GC-MS 

analyses of the in situ resin from Araripestrobus gen. nov. show it to be a class Ib resin that 

has undergone some thermal maturation. It is clear that these new erdtmanithecalean genera 

produced a resin that has matured to an amber very similar to the labdane-based resins and 

ambers thought to derive from some conifer groups, particularly araucarians, 

Cheirolepidiaceae, and cuppressaceans.  

 

6.6. Supplementary information 

 

 

Supplementary Figure 6.1 Additional cone portions attributed to Araripestrobus resinosus gen. nov 

et sp. nov. from the Crato Fm. a. LPU1442 . b. XX. c. MB.Pb.1999/1440. 
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Chapter 7. Cretaceous gnetalean yields first preserved plant gum 

Emily A. Roberts, Leyla J. Seyfullah, Robert F. Loveridge, Paul Garside & David M. 

Martill 

 

Some liquid plant exudates (e.g. resin) can be found preserved in the fossil record. 

However, due to their high solubility, gums have been assumed to dissolve before 

fossilisation. The visual appearance of gums (water-soluble polysaccharides) is so similar 

to other plant exudates, particularly resin, that chemical testing is essential to differentiate 

them. Remarkably, Welwitschiophyllum leaves from Early Cretaceous, Brazil provide the 

first chemical confirmation of a preserved gum. This is despite the leaves being exposed to 

water twice, during deposition and subsequent weathering of the Crato Formation. The 

Welwitschiophyllum plant shares the presence of gum ducts inside leaves with its extant 

relative the gnetalean Welwitschia. This fossil gum presents a chemical signature 

remarkably similar to the gum in extant Welwitschia and is distinct from those of fossil 

resins.  With exceptional preservation, we show that a water-soluble plant exudate can be 

preserved in the fossil record, potentially allowing us to recognise further biomolecules 

thought to be lost during the fossilisation process.  

 

7.1. Introduction 

A wide variety of vascular plants produce fluid exudates (Langenheim, 2003), e.g. resins 

and gums, with each group differing in chemical definitions (Table 7.1). Due to similarity 

in physical appearance, distinguishing exudates based on chemistry is vital, for example 

gums and resins are visually similar resulting in these terms being used interchangeably 

(Langenheim, 2003; Pickford, 2005). However, their chemical definitions are very different 

(Table 7.1); resins are composed of lipid-soluble terpenoids (Langenheim, 1994; 

Langenheim, 2003), while gums are complex, highly branched (non-starch) water-soluble 

polysaccharides (BeMiller, 2014). A common example of this misunderstanding is the 

Eucalyptus tree, which is known as a gum tree, but nuclear magnetic resonance analysis of 

the Eucalyptus exudate shows its composition to be polyphenolic and is therefore actually a 

kino (Lambert et al., 2010) (Table 7.1). Differences between gum and resin can also be 
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seen in the functional roles within the plant. The main roles of resins are to respond to 

wounding, as a defence against pathogens and to dissuade herbivory by insects and other 

organisms (Henwood, 1993; Langenheim, 1994; Lagenheim, 1995). Gum is involved in 

food storage, structural support, and also used for wound sealing, but there is no common 

role across taxa (BeMiller, 2014). Further confusion arises as some plants, e.g. Boswellia 

and Commiphora species, even produce exudates with a mixture of polysaccharide and 

resin components (the gum-resins, myrrh, and frankincense respectively) (Langenheim, 

2003). 

 

Table 7.1. Appearance, chemistry and preservation potential of plant exudates. 
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Until now only fossilised plant resin (ambers) (Lambert et al., 2008; Ross, 2010) and latex 

filaments have been reported preserved in the fossil record (Mahlberg et al., 1984; Call and 

Dilcher, 1997; Simoneit et al., 2003).  While the fossilisation of fluid exudates might seem 

unlikely, the fossilisation of resin is relatively common, and extends back some 320 million 

years to the Carboniferous (Bray and Anderson, 2009; Grimaldi, 2009), but chemically 

confirmed gums have never been reported. 

The Early Cretaceous (~120 million year old) Crato Formation (Batten, 2007) of north-east 

Brazil (Supplementary Figure 7.1) is a well-known laminated limestone deposit that yields 

exceptionally preserved vertebrates, arthropods, and plants from the Nova Olinda Member 

(Martill et al., 2007). Amber has also previously been reported from the Crato Formation 

Lagerstätte, inside fossil plant remains and as isolated clasts (Martill et al., 2005; Pereira et 

al., 2009; Batista et al., 2017), and is attributed to conifers (Martill et al., 2005; Pereira et 

al., 2009). The fossils (both plant and animal derived) found in the unweathered limestone 

are normally preserved as black iron monosulfide replacements and can show remarkable 

microstructural preservation. This can be seen particularly in the insects where genitalia, 

gill structures, and muscle fibres, all of which are expected to decay in hours, have been 

preserved (Barling et al., 2015).  

The discovery of microstructural-level preservation found inside insects from the Crato 

Formation led us to search for similar preservation in the plant fossils. The fossil leaves 

occur as compressions (showing at least some three-dimensionality) (Supplementary Figure 

7.2). An amber-coloured substance is visible in the fossil leaves of Welwitschiophyllum 

brasiliense Dilcher et al., 2005 from the Crato Formation.  

Welwitschiophyllum is considered a relative of the extant gymnosperm Welwitschia 

mirabilis Hooker, 1863, the sole member of this gnetalean genus (Dilcher et al., 2005). The 

Welwitschiaceae have a sparse macrofossil record, fossils assigned to this family, including 

Welwitschiophyllum, derive from the Crato Formation (Dilcher et al., 2005). However, the 

pollen record shows that Welwitschiaceae were once a diverse and prevalent group (Crane, 

1996) that saw a decline evidenced buy increasing proportion of angiosperm pollen (Crane 

and Lidgard, 1990). Today, Welwitschia is restricted to the Namib Desert in Namibia and 

Southern Angola and has chemically confirmed gum in both the cone and in abaxial ducts 

within leaves (Sykes, 1911; Rodin, 1958).  
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We investigated this amber-coloured substance inside fossil Welwitschiophyllum leaves to 

test whether Welwitschiophyllum produced gum, like its extant relative Welwitschia, using 

Fourier-transform infrared spectroscopy (FTIR) and attentuated total reflectance (ATR) 

spectroscopy. We test the hypothesis that the proposed hypersalinity of the depositional 

environment of the Crato Formation (Martill et al., 2007) was key to the survival of this 

biomolecule inside the fossil leaves.  

We report the first geochemical and physical evidence for fossilised gum preserved inside 

Welwitschiophyllum leaves, and suggest how a ~120 million year old gum survived. 

 

7.2. Results  

7.2.1. Welwitschiophyllum leaves 

Welwitschiophyllum occurs in the Crato Formation as long detached leaves (Figure 7.1a 

and Supplementary Figure 7.2a) (up to 850 mm in length) with thin bands of an amber-like 

substance visible, particularly where the fossil surface has been abraded or removed 

(Figure 7.1b). This substance in the Welwitschiophyllum leaves resembles amber in ducts, 

running parallel to the long axis of the leaves (Figure 7.1b). These ducts are inferred here as 

adaxial (upper leaf surface) due to the curvature of the leaf base. However, the absence of 

preserved cuticle and anatomical features, means that their precise orientation cannot be 

confirmed. This constituent arrangement contrasts with the traumatic formation of gum in 

its presumed relative Welwitschia. Slight compaction of the specimens gives these ducts an 

ellipsoidal cross section, (Figure 7.1c and Supplementary Figure 7.3) but they appear to 

have a repeating pattern showing a principal duct followed by a secondary duct ranging in 

diameter from 75 µm to 200 µm (Figure 7.1d).  
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Figure 7.1. Fossil Welwitschiophyllum leaves with gum ducts from the Crato Formation, Brazil. (a) 

Complete elongate fossil leaf (UERJ 13-P1) showing a curved base and degraded fibrous apex, with 

a partially abraded surface (lighter part of fossil) exposing the internal leaf tissue and linear gum 

duct arrangement. (b) Detail from (a) (UERJ 13-P1) where the gum ducts appear as amber-brown 

structures within Welwitschiophyllum leaf tissue. (c) Transverse thin section through the fossil leaf 

(UERJ 14-P1) with arrowheads indicating the orange coloured gum ducts within the brown leaf 

tissue. The black line of tissue may be compressed remains of vascular tissue (below the leaf is the 

preserving sediment). (d) An oblique thin section of the leaf (UERJ 14-P1) showing the repeating 

pattern of the amber-coloured gum ducts. Scale bars, (a) 20 mm (b) 3 mm, (c) and (d) 500 m. 
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7.2.2. Spectroscopy 

Analysis using FTIR and ATR is commonly undertaken on both living and fossil plants 

showing that complex biomolecules survive and are identifiable in the fossil record 

(Tappert et al., 2011; Seyfullah et al., 2015; Vajda et al., 2017). FTIR analyses compare 

living and fossil resin and gum samples (Supplementary Figure 7.4). Additionally, ATR 

confirms that the amber-coloured substance in the fossil leaves, which was extracted and 

purified for testing, generated a spectrum closely matching those of published gum 

signatures (Tappert et al., 2011) and is very similar to that of Welwitschia gum (Figure 

7.2a). The ‘noise’ seen in the preserved gum spectrum (spectral line ‘waviness’ over the 

broader signal detected) was generated due to the very small amount of material available 

for analysis, but despite the noise, the key features of the spectrum are visible. The 

diagnostic features of gums are a very large hydroxyl peak at ~3400 cm-1, peak absence at 

1516 cm-1  and a very strong peak at 1077 cm-1 (Tappert et al., 2011). Using ATR these 

peaks can be seen both in the fossil Welwitschiophyllum and the extant Welwitschia with 

the peak at 1077 cm-1 appearing as a shoulder on a strong O-H stretch peak in 

Welwitschiophyllum (Figure 7.2).  

 

7.2.3. Gum solubility 

The discovery of in situ preserved plant gum is unusual because of its solubility in water. 

This is particularly striking in a formation thought to be deposited in a hypersaline lake 

setting. Solubility experiments were undertaken on Welwitschia gum to determine whether 

the increased salinity of the lagoon affected the solubility of the gum (Supplementary Table 

7.1). In the freshwater, brackish, normal marine, and hypersaline water tests the extracted 

gum dissolved within 49-59 minutes, showing that salinity does not affect solubility, and 

therefore the preservation (or not) of exposed gum. 
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Figure 7.2. ATR spectra of the fossil gum extracted from Welwitschiophyllum (UERJ 13-P1) leaf 

and gum from extant Welwitschia. (a) Overview of the ATR spectra with chemical bonds indicated. 
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7.3. Discussion  

Due to the soluble nature of gum, its preservation in the fossil record is very unexpected. 

This is particularly notable here as the leaves containing gum were firstly deposited in a 

hypersaline lagoon, then later this deposit was exposed (Martill et al., 2005). So water 

featured in both the formation and weathering of the Crato Formation, yet the gum 

persisted.  

The gum solubility experiments showed that in each case of differing salinities the 

extracted Welwitschia gum dissolved, suggesting that the preservation of the gum was more 

likely due to the nature of the leaf surrounding it, rather than the depositional environment.  

We infer that the unusual preservation of the gum is likely due to: the coriaceous nature of 

the fossil leaves; and/or the gum having two water-resistant layers, the surrounding duct 

tissue and the large amount of resistant embedding leaf tissues, both providing protection 

from dissolution in water. In extant Welwitschia the outer walls of the epidermal cells are 

specialised with three layers, thickening and strengthening the epidermis (Sykes, 1911), but 

the preservation of the fossil leaves prohibits epidermal comparison. The regular 

arrangement of ducts in Welwitschiophyllum suggests that they were formed through duct 

initiation (Venkaiah, 1992), i.e. constituent, as opposed to the stress initiated response 

known as gummosis (Fah, 1979). Their formation was likely to be used for food storage or 

structural support, signifying that the hydrophilic gum was constituent within the fossil 

leaves.  

Our analyses of the Crato amber-coloured gum in Welwitschiophyllum leaves shows a 

distinct chemical spectrum that differs from those of ambers and resins (Martill et al., 2005; 

Pereira et al., 2009) (compare Supplementary Figure 7.4 Brachyphyllum). The chemically 

confirmed presence of gum in ducts in two separate fossil leaves (Figure 7.1 and 

Supplementary Figure 7.3) confirms that this is not an isolated occurrence within these 

gnetalean fossils from the Crato Formation.  

Interestingly, the better preserved insects and plants from the Crato Formation are normally 

preserved as goethite (iron oxide) mineral replacements (Martill et al., 2007). However, 

insects with tissue-level preservation show replacement by apatite minerals (Barling et al., 
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2015). Despite this, the gum in the ducts inside the leaves was not lost or replaced. This is 

then the first report of a highly labile biomolecule recovered from the Crato Formation. 

Despite the very low preservation potential of a highly water-soluble exudate, the first 

preserved gum was recovered from the Early Cretaceous. This fossil gum presents a 

chemical signature remarkably similar to gum in extant Welwitschia and distinct from those 

of fossil resins. This shows that gum production in plants extends back into the fossil 

record by at least ~120 million years. Furthermore, fossilised plants with observed internal 

'resins' should be chemically confirmed in case further instances of gums or other types of 

plant exudate can be identified from the fossil record. 

 

7.4. Materials and Methods 

Image processing 

Macro images were taken using Canon EOS 1100D. Images were made into combined 

figures using Inkscape. 

Petrographic thin sections 

To examine the fossil plant histology petrographic thin sections were made using standard 

procedures and examined using a Leica DM750P microscope. 

 

Fossil material extraction and comparison samples 

The fossil material for both FTIR and ATR analysis (from Specimen UERJ 13-P1 and 

UERJ-15-P1) was mechanically extracted from the matrix using sterile scalpel blades and 

dental picks from leaf ducts under a binocular microscope using a Leica EZ4W 

stereomicroscope. The extracted samples were washed in absolute alcohol to minimise 

contamination. 

For comparative purposes analyses were performed on recent exudate from the extant 

gnetalean Welwitschia mirabilis Hooker, 1863 from the gardens of the South African 

National Biodiversity Institute, Pretoria (SANBI), and a commercial sample of sandarac 

resin was obtained. Reference samples (of sandarac) were washed in isopropanol. 
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Spectral analyses 

Analysis on gums and resins was performed using FTIR spectroscopy on a PerkinElmer 

‘Spectrum 400’ spectrometer, fitted with an ATR sampling accessory (range 4000-550 cm-

1, 4 accumulations, 4 cm-1 resolution). The spectrographs were analysed using Spectragryph 

1.2.10 software. Of the FTIR spectra in analysed using Spectragryph, only UERJ 13-P1 

was averaged from four scans, the other samples (Welwitschia, Brachyphyllum, sandarac 

and limestone) had only 1 scan and the peaks were normalised. The ATR scans for UERJ 

13-P1 and Welwitschia were one scan each and peaks were normalised. A baseline 

correction with reference points at 3715 and 1800 cm-1 was performed. 

To confirm the results from the averaged multiple FTIR scans and provide more sensitive 

data, some samples were further assessed by hot aqueous extraction. For ATR analyses (on 

Welwitschia and Welwitschiophyllum) a small amount of the sample was placed in 0.5 ml 

of water, which was heated to approximately 90°C for 10 minutes.  A drop of the residual 

liquid was placed on the ATR crystal, and the water allowed to evaporate, leaving a film of 

the extracted material on the crystal surface.  A spectrum was recorded using the 

aforementioned condition (with 32 accumulations, to improve the quality of the data, due to 

the very small amount of material under analysis).  

Solubility experiments 

These were completed using a Gallen Kamp magnetic stirrer regulator set at speed 4, 

Welwitschia gum was placed in fresh water (water-62.5 ml, gum weight-0.08 g), brackish 

(water- 62.5 ml,1.25 ppt, gum weight-0.08 g), normal marine (water-62.5 ml, 2.18 ppt, gum 

weight-0.08 g) and hypersaline (water-62.5 ml, 3.12 ppt, gum weight-0.08 g) water. 

CITES Permit 

Analysis of extant Welwitschia mirabilis gum was performed on samples obtained on 

CITES permit No. 152606. 

Data availability 

The fossil material from the Crato Formation examined here comprises three isolated 

leaves of Welwitschiophyllum brasiliense Dilcher et al., 2005 (Specimens UERJ 13-P1, 

UERJ 14-P1, and UOP-PAL-MC0002) and one specimen of Brachyphyllum obesum Heer, 
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1875. (UERJ 15-P1). Specimens UERJ 13-P1, UERJ 14-P1 and UERJ 15-P1 are 

accessioned at Rio Janeiro State University and UOP-PAL-MC0002 is accessioned at the 

University of Portsmouth. All data generated or analysed during this study are included in 

this published article (and its Supplementary Information files). 
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7.5. Supplementary information 

 

Supplementary Figure 7.1. Stratigraphy of the Crato Formation. Stratigraphy of the Araripe Basin 

indicating the fossil bearing laminated limestones of the Nova Olinda Member of the Crato 

Formation. Stratigraphy modified from Martill et al., 2012 

? 
? 



 

122 
 

 

Supplementary Figure 7.2. Fossil Welwitschiophyllum leaves from the Crato Formation, Brazil 

showing three-dimensional preservation. (a) Complete Welwitschiophyllum leaf (UOP-PAL-

MC0002). Showing three dimensionality. (b) A magnified view of Welwitschiophyllum (UERJ 14-

P1) showing that the leaf is preserved three dimensionally with distinct parallel leaf tissues. Scale 

bars, (a) 10 mm (b) 5 mm. 
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Supplementary Figure 7.3. Thin section of a Welwitschiophyllum leaf. Thin section through the 

fossil leaf (UERJ 13-P1) showing amber-coloured gum ducts within brown leaf tissue. Scale bar, 

500 m. 
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Supplementary Figure 7.4. FTIR spectra comparing fossil Welwitschiophyllum gum to resin, 

limestone, and gum. (a) Crato limestone, Welwitschiophyllum gum (UERJ 13-P1), Welwitschia, 

sandarac (Tetraclinis articulata), and Brachyphyllum amber samples (UERJ 15-Pl). The two peaks 

present at 2922 cm-1 and 2853 cm-1 in the Welwitschiophyllum spectra are not considered 

diagnostically important. The sandarac ‘gum’ and Brachyphyllum have spectra consistent with 

cupressaceous-type resin; with diagnostic peaks at 1091 cm-1, 1030 cm-1, 886-889 cm-1 and 790-791 

cm-1). (b) Fingerprint region in detail showing Crato limestone matrix, Welwitschiophyllum, and 

Welwitschia. The dashed lines show sharp inorganic peaks at 873 cm-1 and 712 cm-1 present in both 



 

125 
 

Welwitschiophyllum and the limestone matrix that surrounds the fossil, indicating only slight 

contamination of the fossil gum sample by the matrix. Welwitschiophyllum and Welwitschia share a 

diagnostic peak (1077 cm-1). 

 

 

Supplementary Table 7.1. Solubility experiments. 
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Chapter 8. Reinvestigating the fossil leaf Welwitschiophyllum brasiliense Dilcher et al., 

2005, from the Early Cretaceous Crato Formation of Brazil 

Emily A. Roberts, Robert F. Loveridge, Jörg Weiß, David M. Martill & Leyla J. Seyfullah 

 

The Early Cretaceous Crato Formation of north-east Brazil yields a diverse plant 

assemblage. It has yielded many macrofossils thought to be related to the enigmatic 

gymnosperm group Gnetales, including the long leaf Welwitschiophyllum brasiliense 

Dilcher et al., 2005. This fossil plant is considered to be related to the extant gnetalean 

Welwitschia mirabilis Hooker, 1863, despite lacking many gnetalean characteristics. 

Presently this macrophyte fossil is known only from detached leaves and much anatomical 

information is currently unavailable. The relationship of Welwitschiophyllum to 

Welwitschia is based on an association with reproductive structures in the Crato Formation 

also thought to belong to Welwitschiaceae and several key morphological features of the 

leaves, including: isobilateral leaf form, triangular elongated leaf shape with a wide base, 

longitudinal splitting from a frayed leaf apex, numerous parallel veins and possible 

thickening of the epidermis. However, many of these characteristics also occur in many 

other macrophytes, perhaps as a result of convergence. Anatomical and morphological data 

described here from fossil Welwitschiophyllum leaves are compared with extant 

Welwitschia. Our results do not confirm Welwitschiophyllum as gnetalean, however, it 

likely belongs to an undescribed/unknown plant group from the Crato Formation. 

 

8.1. Introduction 

Early Cretaceous floras typically have a higher abundance of gymnosperms than seen in 

many floras today, where angiosperms (flowering plants) have become dominant following 

the Cretaceous Terrestrial Revolution (Lloyd et al., 2008). One gymnosperm group in 

particular that flourished during the Mesozoic was the Gnetales (Crane, 1996), today 

represented only by three genera that vary significantly in morphological appearance and 

habitat: Ephedra Linnaeus 1753a a shrub like plant with ~50 species and distributed in 

subtropical, arid and temperate environments (Kubitzki, 1990b), Gnetum Linnaeus, 1767 

with ~74 species inhabiting sub-tropical to tropical environments including trees, shrubs 
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and lianas (Ickert-Bond and Renner, 2016), and Welwitschia mirabilis Hooker 1863, a large 

two leaved plant restricted to the Namib Desert. The single species of Welwitschia 

mirabilis is sometimes divided into the subspecies W. mirabilis mirabilis and W. mirabilis 

namibiana (Leuenberger, 2001).  

The Gnetales of the Mesozoic display a rich diversity not reflected in the extant genera 

(Rydin et al., 2006; Crane, 1996). This diversity is well documented in the Early 

Cretaceous Crato Formation of north-east Brazil, where eight genera have been named to 

date, and many more plants identified as gnetalean are yet to be described (Rydin et al., 

2003; Dilcher et al., 2005; Martill et al., 2007; Kunzmann et al., 2009, 2011; Ricardi-

Branco et al., 2013; Löwe et al., 2013). Four of these Crato Formation plant fossils are 

considered to be relatives of Welwitschia: the cotyledon Cratonia cotyledon Rydin et al., 

2003, the young paired cotyledon Welwitschiella austroamericana Dilcher et al., 2005, the 

male reproductive strobili Welwitschiostrobus murili Dilcher et al., 2005, and the leaf taxon 

Welwitschiophyllum brasiliense Dilcher et al., 2005. The diversity of these macro remains 

associated with Welwitschia are especially interesting as its history is chiefly represented 

by pollen in the fossil record.  

Other macro remains with possible Welwitschiaceae affinities are known from several 

other Early Cretaceous localities (United States, China, Mongolia, Russia, Europe). These 

fossils include the reproductive structures Gurvanella dictyoptera Krassilov, 1982 

(=Chaoyangia liangii Duan, 1998; Rydin et al., 2006), Heerala antiqua (Heer) Krassilov 

and Bugdaeva, 1988, Angarolepis odorata Krassilov and Bugdaeva, 1988, and Eoantha 

zherikhinii Krassilov, 1986. Drewria potomacensis Crane and Upchurch, 1987 and 

Conospermites hakeaefolius Ettinghausen, 1867 are the only confirmed foliar remains of 

Welwitschiaceae found outside the Crato Formation. 

Welwitschiophyllum is a rare occurrence of a non-cotyledonous foliar fossil assigned to 

Welwitschiaceae. They occur as distinctive detached leaves reaching up to ~850 mm in 

length. In order to better understand the relationship between these two taxa, which 

previously was based only on morphological comparisons, we provide and review the 

Welwitschiophyllum anatomy based on thin sections and compare its histology to that of 

extant Welwitschia. 
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8.2. Geological setting 

The Early Cretaceous (~120 million years old) Crato Formation of north-east Brazil 

outcrops on the flanks of the Chapada do Araripe, in the Araripe Basin, mainly in the states 

of Ceará and Pernambuco (Batten, 2007) (Figure 8.1). The best exposures are artificial 

(stone quarries) in the neighbourhood of Nova Olinda and Santana do Cariri in southern 

Ceará, and all the fossils described here come from the numerous quarries in this region. 

The formation comprises a heterolithic sequence of clays, silts and sands with conspicuous 

finely laminated limestones (Martill et al., 2007). The main fossil-bearing horizon, the 

Nova Olinda Member, is a finely laminated limestone yielding a diverse and exceptionally 

preserved vertebrate, insect and plant assemblage (Martill et al., 2007). When found in the 

weathered limestone the plant fossils are preserved as orange-brown goethite compressions, 

but when found in the unweathered limestone they appear black, in both three-

dimensionality can be seen. The depositional environment is that of a saline lake with fresh 

water input with surrounding semi-arid to arid areas (Martill et al., 2007). Aridity is 

supported by the xeric adaptations of some of the flora (Mohr et al., 2006; Kunzmann et al., 

2009; Mohr et al., 2015). 

 

Figure 8.1. Locality map. (A) Showing the Crato Formation (north-east Brazil) in relation to South 

America. (B) A detailed view of the Chapada do Araripe, showing the Araripe Group (comprising 

of Ipubi, Crato and Rio da Batateiras formations) and the Nova Olinda Member (the fossil-bearing 

horizon of the Crato Formation). Labelled circles indicate towns. 
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8.3. Materials and methods 

Fossil repositories: The fossil material from the Crato Formation examined here comprises 

three isolated leaves of Welwitschiophyllum brasiliense Dilcher et al. 2005 (Specimens 

UERJ 13-P1, UERJ 14-P1, and UOP-PAL-MC0003). Specimens UERJ 13-P1, UERJ 14-

P1 are accessioned at Rio Janeiro State University and UOP-PAL-MC0003 is accessioned 

at the University of Portsmouth. 

CITES Permit: Analysis of extant Welwitschia mirabilis was performed on samples 

obtained on CITES permit No. 152606. 

Petrographic thin sections: To examine the fossil plant histology petrographic thin sections 

were made using procedures modified from Buehler (2015) and were examined using Leica 

DM750P and Zeiss Ax10 microscopes. 

Botanical thin sections: Sections of Welwitschia mirabilis were fixed using AFE (Ethanol 

70%, Formaldehyde 36% and acetic acid 99% - 90:5:5), 50 µm sections with Jung cylinder 

microtome, staining W3Asim II and examination with Leica DMLS microscope (Müller et 

al., 2011; Weiβ, 2015).  

Paraffin sections: Sections of Welwitschia mirabilis were fixed using ethanol (50%), 

formaldehyde (10%), glacial acetic acid (5%) and distilled water (35%) and then embedded 

in paraffin wax.  

Scanning electron microscopy:  SEM on fossil samples was undertaken on a Zeiss Evo 

Series NA10. Extant Welwitschia mirabilis samples were examined under variable 

pressure. 

Image processing: Images were captured taken using Canon EOS 80D and made into 

combined figures using Inkscape. Figures 8.3A, 8.4A and 8.4B were stitched together to 

create an overview of the section. Figures 8.5C (three images) and 8.5D (five images) were 

stacked using Helicon Focus. Figure 8.5B was stacked using Zerene Stacker from 30 single 

pictures taken with a Panasonic GX7. 
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8.4. Comparing Welwitschiophyllum and Welwitschia 

8.4.1. Morphology and anatomy of fossil Welwitschiophyllum leaves 

Welwitschiophyllum brasiliense Dilcher et al., 2005 is a relatively common fossil leaf 

found in the Crato Formation. They are long (up to to ~850 mm in length), lanceolate, 

detached leaves that taper to an acute apex and have a curved base (Figure 8.2A). Where 

preserved, the leaves have a dense parallel venation (9-15 veins per cm). A single specimen 

comprising two apparently basally attached leaves that may be inferred as forming part of a 

rosette or other structure, was not available for study (Martill et al., 2007, pl. 27d). In some 

specimens the apex can appear frayed (Figure 8.2B). Welwitschiophyllum has also been 

recorded in association with the pterosaur Ludodactylus (Frey et al., 2003). It was first 

thought that the rigid and sharp leaf pierced the gular of the pterosaur leading to its 

eventual death (Frey et al., 2003; Martill et al., 2007, Figure 17.4). However, an alternative 

theory is that this is in fact an abiotic association, due to the hyoid apparatus being 

preserved on top of the Welwitschiophyllum leaf, rather than wrapping around either side of 

the leaf (Witton, 2017), which we deem less likely given the positioning of the leaf inside 

the mandibular apparatus.  

Three specimens were available for detailed morphological and anatomical investigation 

for this study. Specimen UERJ 13-P1 (Figure 8.2B) is an entire leaf that is 279 mm in 

length, has a maximum width of 44 mm at its base, gently tapers to the apex, which is 

frayed and the specimen is black in colour (as it is found in the unweathered limestone). 

Specimen UERJ 14-P1 (Figure 8.2C ) is also unweathered and is partly covered by the 

limestone matrix. The leaf is incomplete, thus the total length is unknown, the length of the 

portion remaining is 482 mm, with a maximum width of 52.5 mm at its base. Specimen 

UOP-PAL-MC0003 (Figure 8.2D) is an incomplete, red-brown coloured, weathered leaf, 

where the base of the leaf is folded into the limestone. It has a maximum length of 37 mm 

and a maximum width of 32.5 mm. 
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Figure 8.2.The fossil leaf taxon Welwitschiophyllum brasiliense. (A) Specimens of 

Welwitschiophyllum leaves displaying a range of sizes. (B) Unweathered Welwitschiophyllum 

specimen with frayed apex (UERJ 13-P1). (C) An incomplete, unweathered Welwitschiophyllum 

that has been partially covered in sediment (UERJ 14-P1). (D) Incomplete weathered 

Welwitschiophyllum specimen that has folded over in the sediment (UOP-PAL-MC0003). Scale bar 

represents 80 mm (A) and 20 mm (B, C, D).  

 

As the whole plant is unknown for Welwitschiophyllum, and considerable anatomical 

information is unavailable, adaxial and abaxial surfaces are inferred from the curvature of 

the leaf base. The inferred adaxial surface here is defined as the surface on the incurved 

side of the leaf and the abaxial the opposite surface. Welwitschiophyllum sections display 

differences between the inferred adaxial and abaxial surfaces (Figure 8.3A and B). The 

abaxial surface possesses flask shaped pits at regular intervals with spacing of 380 µm, and 

depth of 125 µm. In UOP-PAL-MC0003, these pits are infilled with sediment (Figure 

8.3B). Although no stomata are seen, these regular pits are interpreted as possible stomatal 

crypts on the basis of their size and regular distribution throughout the abaxial leaf surface. 

Between the stomatal crypts raised sections of the leaf are highly fibrous (Figure 8.3B); 

however, in all cases the cuticle and upper epidermis is not preserved. 
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Figure 8.3. Thin section and SEM images from a folded Welwitschiophyllum specimen (UOP-PAL-

MC0003). (A) Thin section overview (B) Thin section showing the anatomy preserved: SC, 

stomatal crypts; V, degraded vascular tissue; GD, weathered out gum duct; HF, hypodermal fibres. 

(C) SEM image of connecting tracheids (tracheids indicated using white arrow heads). (D) SEM 

image showing the typical way in which tracheids connect (tracheids indicated using white arrow 

heads). (E) SEM of the pits on a tracheid. Scale bars represent 2 mm (A), 500 µm (B), 100 µm (C), 

30 µm (D), and 10 µm (E). 
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The adaxial leaf surface lacks the stomatal crypts seen in the abaxial surface, and has thick 

fibres in bundles throughout the surface (Figure 8.3B). These are interpreted as hypodermal 

fibres due to their positioning and thick (20 µm), fibrous nature. No definite vascular 

tissues have been identified in any of the specimens, but 250 µm wide voids (Figure 8.3A 

and B) are here interpreted as the lacunae left by degraded vascular bundles. Neither 

accessory vascular bundles or lacunae of vascular bundles were identified. 

Scanning electron microscopy (SEM) of the Welwitschiophyllum specimens revealed little 

detail as the leaf surfaces have been heavily mineralised and/or weathered away. However, 

one fossil leaf (UOP-PAL-MC0003) did retain some paradermal details (Figure 8.3C and 

D). These include tube shaped structures that taper at the ends, connecting to each other 

(Figure 8.3C and 3D) with holes perforating the structure (Figure 8.3E). We interpret these 

structures as tracheids due to the tapering spindle shape of the connecting structures and 

also possible pits present (Figure 8.3D and E). 

Transverse thin sections through the leaf show the variable amounts of anatomical details 

preserved in different leaves (Figures 8.3A, 8.4A and B) and encroaching pyrite decay. 

Two thin sections of fossil Welwitschiophyllum leaves (UERJ 13-P1 and UERJ 14-P1) 

show adaxial amber-coloured ducts ranging in diameter from 75 µm to 200 µm (Figure 

8.4C and D). When analysed using FTIR they show a gum signal remarkably similar to that 

of extant Welwitschia gum (see Chapter 7). In specimen UOP-PAL-MC0003 there are no 

physical remains of gum present, however, regular voids infilled with crystals towards the 

adaxial surface may represent ducts where the gum has been dissolved and infilled (Fig 

8.3B). The arrangement of these regular ducts indicates that these were constituent within 

the leaf. 
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Figure 8.4. Thin sections from two specimens of Welwitschiophyllum (UERJ 13-P1 and UERJ 14-

P1). (A) Overview thin section of UERJ 13-P1. (B) Overview thin section of UERJ 14-P1. (C) 

Detailed view of UERJ 13-P1 showing stomatal crypts (SC) and gum ducts (GD). (D) Detailed 

view of UERJ 14-P1 gum ducts with gum still present inside. Scale bars represent 2 mm (A, B) and 

200 µm (C, D). 

 

8.4.2. Morphology and anatomy of leaves of extant Welwitschia 

Despite Welwitschia’s appearance of having many leaves it has only two perennial paired 

leaves (Figure 8.5A) where the apices fray into ‘thongs’ (Hooker, 1863). The leaves are 

long, broad and coriaceous, and often split, giving the impression of separate leaves 

(Bornman et al., 1972). The parallel veined leaves can reach over 6 m in length (Hooker, 

1863) and insert into a thick stem that has a robust corrugated periderm under the apex, 
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which in mature specimens forms a distinctive 'terminal groove' (Hooker, 1863; Bornman 

et al., 1972). These two leaves are often strongly adaxially recurved. Below the leaves the 

robust fibrous stem sits above the soil, and below it forms a massive root. Welwitschia are 

dioecious, where one plant bears either mega- or micro-strobili. Usually, although not 

always, these are adaxial to the leaves developing from the stem meristem (Bornman et al., 

1972). 

When thin sectioned, notable features of Welwitschia leaves (Figure 8.5B) are sunken 

stomata, hypodermal fibres and sclerenchymous fibres, all appearing both adaxially and 

abaxially. Thin sections of Welwitschia investigated here did not reveal evidence of gum 

ducts, but paraffin sections show an orange-brown coloured amorphous mass that lacks any 

cellular detail (Figure 8.5C and D). The only instance of gum in the thin sections was found 

in a callus, again seemingly amorphous (Figure 8.5E). We interpret these instances as 

traumatic gum production formed lysigenously. 

 

 

Figure 8.5. Welwitschia mirabilis overview, thin sections and paraffin sections. (A) The 

Welwitschia plant in the Namib Desert. Photo credit to Drs Christa Hofmann and Hugh Rice. (B) 
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Stained thin section of Welwitschia mature leaf showing anatomy: Ep & C, epidermis and cuticle; 

St, stomata; PP, palisade parenchyma; HF, hypodermal fibres; S, sclerids; VB, vascular bundle; 

AVB, accessory vascular bundle; X, xylem; P, phloem. (C) Paraffin section of mature leaf with 

black arrow indicating traumatic formation of gum. (D) Detailed view of (C) with black arrow head 

indicating of the traumatic gum showing its amorphous nature. (E) Traumatic gum formation 

indicated by a black arrow in a callus of Welwitschia. Scale bars represent 200 µm (B), 500 µm (C) 

100 µm (D) and 200 µm (E). 

 

8.5. Discussion 

Welwitschiophyllum was originally placed in the Welwitschiaceae based on the isobilateral 

form of the leaves, possible thickening of the epidermis, triangular elongated leaf shape 

with a wide base, parallel equidistant first-order veins that are convergent near the apex, 

with some veins disappearing into the margin, plus longitudinal splitting from a frayed leaf 

apex, and somewhat thickened or creased mid-leaf area (Dilcher et al., 2005). We observed 

some of these features but not any possible thickening of the epidermis, as the preservation 

did not allow this. We also could not observe any thickened or creased mid-leaf area. The 

folded leaf specimen (UOP-PAL-MC0003) may have folded that way into the sediment due 

to a creased mid leaf area, but this is not evident in the thin sections. 

 

8.5.1. Comparative anatomy of Welwitschiophyllum and Welwitschia leaves 

The general morphology of Welwitschiophyllum leaves differs from that of the extant 

Welwitschia in a number of respects: they are smaller, have a lanceolate outline and a 

concave leaf base. Welwitschiophyllum is found only as detached leaves, and thus it is not 

possible to determine the leaf arrangement for the fossil taxon and compare it to the two-

leaf arrangement of Welwitschia (Figures 8.2 and 8.5). It is possible that the 

Welwitschiophyllum leaves were abscised or, as suggested by Dilcher et al. (2005), that 

they were wrapped around a stem. Welwitschiophyllum leaves have distinct bases, whereas 

the very long, strap shaped, perennial leaves of Welwitschia originate inside the stem and 

are not abscised. Despite these clear differences in general morphology, the plants do share 

some similarities in their long, thick leaves (growing to a considerable size) with first order 

parallel venation.  
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The parallel venation of Welwitschiophyllum is not, however, a convincing character to 

assign this fossil taxon leaf to Welwitschiaceae. Other fossil non-cotyledonous leaves (e.g. 

Drewria and Conospermites) assigned to Welwitschiaceae display two vein orders: first 

order parallel veins, plus a second order cross-venation with a chevron arrangement 

(Ettinghausen, 1867; Crane and Upchurch, 1987). This more typical welwitschioid leaf 

venation is highly conspicuous in Drewria and Conospermites without the need for thin 

sectioning, unlike Welwitschiophyllum that clearly lacks accessory veins. 

In the original description of Welwitschiophyllum the distinctive fraying of the leaf’s apex 

was also considered to ally this fossil leaf to the extant Welwitschia (Dilcher et al., 2005) 

(Figure 8.2B). Fraying of the leaf in extant Welwitschia is often attributed to the wind 

(Bornman et al., 1972; Dilcher et al., 2005; Maneveldt and Seydlitz, 2007), but the 

phenomenon also occurs in glasshouse cultivated specimens where wind does not impact 

on the plant’s development. Rather, it is thought that this fraying and damaged apices is a 

result of sun damage (Martens, 1971; Norbert Lehrl, Vienna Palm House pers. comm., 

2019, pers. obs., EAR, LJS). As discussed by Dilcher et al. (2005) fraying seen in the fossil 

Welwitschiophyllum could have been a consequence of prolonged transport prior to 

deposition. Additionally, many extant leaves with a similar elongate-lanceolate 

morphology also display fraying at their apices e.g. Yucca, palms, Cordyline, etc. 

Therefore, fraying of the leaf apex in Welwitschiophyllum cannot be considered a reliable 

characteristic allying it with Welwitschia. 

 

8.5.2. Internal anatomy of Welwitschiophyllum and Welwitschia leaves 

Unlike Welwitschia, thin sections of Welwitschiophyllum display significant differences in 

structure of the adaxial and abaxial surfaces, despite the limits of preservation shown in the 

prepared materials presented here. Welwitschia has sunken stomata and bands of 

hypodermal fibres both adaxially and abaxially (Figure 8.5B). Welwitschiophyllum has 

instead stomatal crypts abaxially, with gum ducts and bands of hypodermal fibres adaxially 

(Figures 8.2C, 8.2D and 8.3B). These fibres have been interpreted as palisade cells by 

Biemann (2012). However, hypodermal fibres are more likely to be preserved than the 

palisade cells due to their dense fibrous nature that strengthens the leaf. The continuous 

fibres throughout the adaxial surface indicate that the leaf was quite rigid.  
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In Dilcher et al.’s (2005) original discussion (but not their description) of 

Welwitschiophyllum it was suggested that the leaves may have had a thickened cuticle. No 

evidence for this is seen in our sections, but the epidermis and cuticle are not preserved in 

the specimens examined here. 

In the sole transverse thin section illustrated by Biemann (2012, Figures V.7, V.8, and 

V12a), it is clear that the specimens studied have a similar level of preservation to our 

specimen UOP-PAL-MC0003, due to their similar weathered appearance and the reduced 

level of anatomical detail preserved. Biemann (2012) interpreted what we believe to be 

stomatal crypts as stomatal cavities, then later (Figure V.12) marked one cavity as a bundle 

of hypodermic fibres. Biemann (2012) also interpreted the placement of vascular bundles, 

epidermis, and mesophyll, however, these structures are not obvious in the section 

illustrated, so we do not consider that the interpretation is completely supported by the 

images presented (see Biemann, 2012: Figures V.7, V8 and V.12a). Despite this, we do 

consider that the likely degraded remains of vascular bundles are in a similar position to the 

lacunae present in our sections, represented by what we interpret as degraded vascular 

bundles. Extant Welwitschia has numerous vascular bundles and accompanying accessory 

bundles inside the leaf tissue, (see here Figure 8.5B and Rodin, 1958), these accessory 

bundles are not present in our specimens, nor those described by Biemann (2012).  

There are, however, some similarities in structure between Welwitschiophyllum and 

Welwitschia in thin sections, including the hypodermal fibres, tracheids and sunken 

stomata. The comparisons are limited because clear vascular tissue is not preserved in our 

specimens, nor in the section illustrated by Biemann (2012).  

 

8.5.3. Gum inside Welwitschiophyllum and Welwitschia leaves 

Recently the first example of gum found preserved in the fossil record was discovered in 

the leaves of Welwitschiophyllum (See Chapter 7). FTIR analysis of this gum revealed it to 

be remarkably similar to that present in leaves of Welwitschia (See Chapter 7). The spectra 

generated for the two gums are almost indistinguishable from each other and share key 

features in their spectra (a very large hydroxyl peak at ~3400 cm-1, peak absence at 1516 

cm-1 and a very strong peak at 1077 cm-1 (see Chapter 7). Further characterization of the 
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gum is planned. Elongate, thin gum ducts (lying parallel to the leaf axis) in 

Welwitschiophyllum are constituent within the leaf, i.e. they occur regularly, and even have 

a principal and a secondary duct arrangement (see Chapter 7, Figure 7.1). 

Gum, a water soluble polysaccharide, holds varying functional roles within plants. Its 

constituent presence in Welwitschiophyllum could be for food storage, structural support, 

wound sealing (to prevent water loss) or as a result of a pathology (e.g. fungal infection - 

gum ducts formed during injury followed immediately by fungal infection can form several 

tangential rows: Nair et al., 1980; Nussinovitch, 2010; BeMiller, 2014), although we regard 

the number of ducts more likely to indicate a structural, storage or sealing role. In cases of 

traumatic gum formation, the gum appears unstructured and only very irregularly present 

(Fahn, 1988; Yamada, 2001). This is due to the different way the gum is initiated. In 

traumatic gum formation (gummosis) the cell wall (which forms the gum) breaks down and 

the subsequent amorphous gum appears at the point of the trauma. This is markedly 

different from constituent gum that is instead found organised into consistently placed 

ducts. 

Different modes of production of Welwitschia leaf sections allowed us to visualise both the 

anatomy and any potential gum. Our work shows that in all sections examined, regardless 

of sectioning/treatment method, gum ducts are absent. The only potential example of any 

kind of leaf gum we found is presented in Figure 8.5C, which we have interpreted as a 

potential traumatic occurrence. 

Historically, Welwitschia was thought to have constituent gum in both its leaves and stem 

(Sykes, 1911; Rodin, 1958). However, published accounts reveal conflicting reports of leaf 

gum in Welwitschia (Table 1: Bertrand, 1875; Sykes, 1911). It is clear from careful analysis 

of the images and text of the descriptions within these early studies that, in some cases, the 

likely erroneous interpretation from Sykes (1911) and perhaps a misunderstanding of the 

description in Bertrand (1875) was both accepted and propagated by subsequent authors 

(e.g. Takeda, 1913; Feustal, 1921; Rodin, 1958; Martens, 1971). Most illustrations and 

images of Welwitschia leaves lack gum ducts even when they are mentioned within the text 

(Table 1, and see Feustal, 1921; Rodin, 1958; Martens, 1971). The only two images 

detailing gum ducts are an incomplete drawing of a root with a ‘resinous gland’ half drawn 

at the edge of the section by Bertrand (1875, Plate 1, Figure 2) and another in a leaf section 
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by Sykes (1911, Plate 17, Figure 1). We consider that the drawing by Sykes (1911, Plate 

17, Figure 1), is the source of this confusion. Sykes’ illustration shows a cell-lined structure 

with the gum inside. However, we cannot verify the presence, neither from our sections nor 

from the remaining literature, of a secretory duct or blister in the leaves of Welwitschia. We 

believe that the interpretation of constituent gum in Welwitschia by Sykes (1911) could 

instead be due to sectioning through a bleb of traumatically-formed gum, and mistaking or 

assuming that the shape was contained within a cell-lined structure. 
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Table 8.1. Citations and descriptions in the literature regarding Welwitschia gum. 

 

8.5.4. Limits of preservation in Welwitschiophyllum 

The preservation of Welwitschiophyllum impacts what can be observed. The best 

anatomical preservation comes counter-intuitively from a weathered specimen UOP-PAL-

MC0003, whereas the specimens (UERJ 13-P1 and UERJ 14- P1) that contain gum are 

found as unweathered specimens and appear to lack anatomical detail due to slight 

compaction and pyritisation. That gum is preserved in the unweathered material is more 

likely because it has undergone significantly less (or even no) meteoric weathering. 

Clearly, the unweathered specimens still had surrounding tissue intact protecting the highly 

water soluble gum. However, we cannot yet satisfactorily explain why the apparent better 

anatomical preservation occurs in weathered material, although we have been only 

permitted to section a few leaves. 

The lack of vascular tissue present in the thin sections could be due to the high water 

content of the vessels, which are easily pyritised and thus the definition of the vascular 

tissue was lost due to mineral overgrowth. Conversely, hypodermal fibres are more likely 

to be preserved due to their dense fibrous nature. Despite the absence of xylem elements in 

thin sections under SEM, tracheids with pits can be seen (Figure 8.3C, D and E). This 

preservation could be due to tracheids having a heavily lignified, three-layered secondary 

cell wall that is resistant to degradation, allowing their survival even though they are water 

conducting (Friedman and Cook, 2000). 
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8.5.5. Possible convergent features of Welwitschiophyllum and Welwitschia leaves 

While Welwitschiophyllum shares some morphological and anatomical characteristics with 

Welwitschia leaves, these also occur in many other arid-adapted plants. In particular, 

stomatal crypts are often found in arid-adapted plants, where it is thought they facilitate 

diffusion of CO2 from the abaxial surface to the adaxial surface in thicker leaves, and 

lessen the exposure of the stomata to environmental conditions (Hassiotou et al., 2009). 

Welwitschiophyllum was a coriaceous leaf and the plant is thought to have lived in an arid 

habitat, where stomatal crypts would be beneficial by reducing the distance of CO2 

diffusion to the adaxial surface of the leaf. Many plants with stomatal crypts carry them on 

the abaxial surface of the leaf (Hassitou et al., 2009; Roth-Nebelsick et al., 2009; 

Goldenberg et al., 2013), thus supporting our identification of abaxial and adaxial surfaces 

in Welwitschiophyllum.  

Other features of Welwitschiophyllum that could be considered convergent include: 

coriaceous leaves, parallel venation, and a curved base. These can be seen in various fossil 

leaves: Dracaena tayfunii Denk et al., 2014, Desmiophyllum gothanii Florin, 1936, 

Protoyucca shadishii Tidwell and Parker, 1990, Paracordyline Conran and Christophel, 

1998, Pandanites Tuzson, 1913, Doryanthites Berry, 1914, as well as numerous extant 

flora. The morphological similarity of Welwitschiophyllum to many other fossil leaves 

requires further investigation to determine botanical affinity. 

Parallel leaf venation (without a midrib) as seen in Welwitschiophyllum is relatively 

common today in some monocots such as the Agavoidieae (e.g., Agave, Yucca) and across 

some Poales (which includes the Bromeliaceae and Poaceae). Monocots are reported from 

the Crato Formation, but are quite distinct in their leaf shape and venation: Spixiarum 

Coiffard et al., 2013, Cratolirion bognerianum Coiffard et al., 2019, both having two vein 

orders.  

Based on our new data we suggest that the affinity of the plant to which 

Welwitschiophyllum leaves belong is still unclear, since morphologically and anatomically 

many features observed could have resulted from convergence. There are some key 

differences including likely abscised, smaller fossil leaves, compared to the perennial and 

ever-growing Welwitschia leaves and the differentiation between the abaxial and adaxial 

sides of the fossil leaf, but not in Welwitschia leaves. What is striking, however, is the 
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presence of gum in both plants. However, even here there are clear differences. There are 

the regularly occurring gum ducts in Welwitschiophyllum, but possibly only traumatic gum 

blebs found in Welwitschia leaves. Based on the balance of the evidence so far, and until a 

whole plant can be fully reconstructed, we are still tentative with regard to the definitive 

placement of Welwitschiophyllum in the Gnetales. 

 

8.6. Conclusion 

The original description (Dilcher et al., 2005) of Welwitschiophyllum related it to 

Welwitschia using the following characteristics: the isobilateral form of the leaves, possible 

thickening of the epidermis, triangular elongated leaf shape with a wide base, longitudinal 

splitting from a frayed leaf apex and numerous parallel veins. This study has shown that 

Welwitschiophyllum shares some key features with extant Welwitschia, i.e., having long, 

coriaceous, parallel veined leaves that produce gum and the presence of hypodermal fibres. 

However, there are some notable differences such as in the abaxial placement of stomatal 

crypts and solely adaxial hypodermal fibres seen in the fossil, whereas the extant plant has 

these on both sides of the leaf. There is no preserved evidence of epidermal thickening in 

the fossil leaves examined here, unlike that in Welwitschia. The method of gum production 

also differs between the two taxa, with Welwitschiophyllum having constituent gum ducts 

and Welwitschia amorphous traumatic gum formation. The frayed apex, present in many 

leaf species, is not considered a dependable character. These characteristics used to define 

the botanical affinity of Welwitschiophyllum to Welwitschia must be used with caution, as 

they could be the result of convergence. Whilst the new anatomical data of 

Welwitschiophyllum revealed more detail than previously known and strengthens the 

likelihood of this plant having lived in an arid environment, it cannot yet definitively 

determine the relationship of Welwitschiophyllum to Welwitschia.  
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Chapter 9. Phytogeographical implications of the probable occurrence of the 

gnetalean plant Welwitschiophyllum in the Late Cretaceous (Cenomanian) of Africa 

Emily A. Roberts, David M. Martill, & Robert F. Loveridge 

 

A new fossil plant specimen, identified as a probable leaf of Welwitschiophyllum Dilcher et 

al., 2005 is reported from the Gara Sbaa Member of the ?Lower Cenomanian to Turonian 

Akrabou Formation of south east Morocco. Previously Welwitschiophyllum was only 

known from the Early Cretaceous of Brazil, and this discovery considerably extends its 

temporal and geographical ranges. It is identified on account of its characteristic elongate 

shape, entire margins, parallel venation and an arcuate margin of the base.  The new 

specimen expands our knowledge of the poorly-known Gara Sbaa florule, and is the first 

possible gnetophyte recorded from this locality, adding crucial knowledge to African 

Cretaceous floral diversity. Comparison with similar leaf types from the ?Aptian-aged 

Nova Olinda Member of the Crato Formation of north-east Brazil hint at a xerophytic or 

perhaps halophilic floral province in equatorial Gondwana prior to the opening of the South 

Atlantic Ocean. This province is at least 3500 km from north to south. 

 

9.1. Introduction 

Although Africa is well known for its Palaeozoic and early Mesozoic floras, especially 

those of South Africa, studies of its late Mesozoic, and especially Cretaceous floras, are in 

their infancy (Anderson et al., 2007). Considering the immense size of the African 

continent, there are very few reported fossil plant localities for the Jurassic or Cretaceous 

periods. Of those few localities that have been studied, authors often report on the poor 

quality of preservation and the paucity of specimens (e.g. Anderson et al., 2007). 

In Morocco the Gara Sbaa Member of the Akrabou Formation is a Konservat Lagerstätte of 

limited extent. It crops out at the summit of two mesa-like hills on the margins of the Kem 

Kem plateau in the south east of the country (Figure 9.1). Although only recently 

discovered, this horizon has begun to yield a diverse assemblage of fossil plants, as well as 

a fauna of osteichthyan fishes, small arthropods and rare tetrapods (Martill et al., 2011). 

The flora was only briefly mentioned by Martill et al. (2011), but was discussed in more 
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detail by Krassilov and Bacchia (2013) who reported the presence of pteridophytes, 

gymnosperms and angiosperms, including an aquatic form Garasbahia flexuosa thought to 

be endemic to the locality. Here we report the occurrence of a previously undescribed 

macrophyte from the Gara Sbaa locality, which can be assigned to the form genus 

Welwitschiophyllum Dilcher, Bernardes-de-Oliveira, Pons and Lott, 2005, known 

previously only from the Nova Olinda Member of the Crato Formation of north east Brazil. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1. A locality map showing the Gara Sbaa outcrop (based on Martill et al. 2011, Fig. 1). 

 

9.2. Locality and geological setting 

The new specimen described here was obtained from a commercial fossil dealer based at 

Tahiri Museum, near Rissani, in south east Morocco. The specimen was said to have come 

from the Gara Sbaa locality, and the matrix and style of preservation is wholly consistent 

with this provenance. We note that the lamination, texture and colour are directly 

comparable, as is the style of preservation of phytodebris. The Gara Sbaa locality 

comprises two small mesas with an elevation of ~970 m adjacent to the Kem Kem plateau. 

It forms the southern border of the Tafilalt region and adjacent Mader Basin close to the 
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frontier with neighbouring Algeria at 30˚ 30’28.41” N; 4˚ 50’33.93” W. Fossils were 

excavated in a series of small quarries bordering the edge of the mesa, especially during the 

period 2000 to 2014. Since then border security has been intensified and it is now difficult 

to obtain permission to visit this site. 

The sedimentary sequence of Gara Sbaa comprises a series of red beds of medium and fine 

sandstones overlain by variegated (red and green) mudstones of the Kem Kem beds, which 

in turn are overlain by carbonates of the Akrabou Formation (Ettachfini and Andreu, 2004). 

The Akrabou Formation at Gara Sbaa comprises a lower series of marly limestones 

overlain by approximately 4-5 metres of laminated micrites. They constitute the Lagerstätte 

and are called the Gara Sbaa Member by Martill et al. (2011). The top of the Gara Sbaa 

Member is not seen due to removal by erosion of the upper beds (Figure 9.2) and dating 

hinges on two ammonite localities which indicate a maximum age for the Gara Sbaa 

Member of early Late Cenomanian (Cavin et al., 2010).  Slightly further north, higher parts 

of the Akrabou Formation are rich in ammonite genera indicating an Early Turonian age 

(Kennedy et al., 2008).  Thus the Gara Sbaa Lagerstätte is likely Late Cenomanian age.  

The fossiliferous horizons within the Gara Sbaa Member appear to be limited to just two or 

three thin laminae. Vertebrates and arthropods occur as articulated skeletons, whereas 

plants occur mainly as fragments of stems with leaves, or as isolated and fragmentary 

leaves, presumably due to their allochthonous nature. All of the fossil plant material is 

preserved in brown or orange-brown iron oxide.  

The flora comprises eight species and is a mixed assemblage with pteridophytes, 

gymnosperms and angiosperms (Krassilov and Bacchia, 2013). Pteridophytes are 

represented by Dicksonia mamiyai Kryshtofovich, 1918, which is the sterile foliage of 

Coniopteris Brongniart, 1849; gymnosperms comprise Pseudotorellia Florin, 1936, 

Frenelopsis Schenk, 1869 and Sulcatocladus robustus Watson and Harrison, 1998, 

comparable with the Wealden Flora of Europe (Krassilov and Bacchia, 2013). The 

angiosperms represent the most diverse group of the assemblage with four species: 

Cocculophyllum furcinerve Krassilov, 1979; Dryophyllum subcretaceum Debey ex Saporta, 

1868 Barykovia tschukotica Moiseeva, 2012, and the aquatic Garasbahia flexuosa 

Krassilov and Bacchia, 2013. Neither spores nor pollen have been reported. 
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Figure 9.2. Stratigraphic scheme showing the Gara Sbaa limestones (based on Martill et al. 2011, 

Fig. 4). 
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9.3. Materials and methods  

The new Moroccan specimen (part and counterpart) described here is deposited in the 

collection of the Natural History Museum, London, accession numbers NHMUK V65089a 

(part) and V65089b + V65089c (counterpart). Brazilian examples of Welwitschiophyllum 

from the Crato Formation have been available for comparison and help in making our 

attribution of the Moroccan specimen to this genus.  Specimen UERJ 13-Pl (Figs 3C and 

4C, D) is accessioned in the collection of the Universidade Estado do Rio de 

Janeiro.  Specimen UOP-PAL-MC0001 (Fig. 3D) is in the University of Portsmouth 

collection. Specimens have been examined using incident light microscopy and images 

were taken using a Leica EZ4W stereomicroscope. Unfortunately, the poor preservation of 

the specimen precludes analysis by scanning electron microscopy. 

 

9.4. Systematic palaeontology 

Gymnospermae? 

Gnetales? 

Welwitschiaceae? 

Welwitschiophyllum Dilcher, Bernardes-de-Oliviera, Pons and Lott, 2005 

Welwitschiophyllum sp. 

Material: Single specimen comprising part and counterpart of laminated limestone 

displaying partial leaf with base, but lacking apical portion. NHMUK V65089a and 

V65089b + V65089c preserved on three slabs (the counterpart has broken into two pieces). 

Description: The leaf is an isolated specimen preserved as a mineralised replacement, 

though much is visible as an external mould with a maximum length of 259 mm, showing 

the basal portion, as the apex is not preserved (Fig. 3A and B). The maximum width 

measurement is found approaching the apex of the plant at 51 mm and the minimum width 

measurement is found in the middle of the specimen at 36 mm. The isolated leaf is linear 

with entire margins, parallel vascular bundles with a spacing of 0.125 mm between them. 

The base of the leaf is 49 mm in width (Fig. 4A). The upper portion of the leaf is very 
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poorly preserved and the apex is not present. There are many cracks between 0.5-2 mm 

seen throughout the specimen lying perpendicular to the venation (Fig. 4B), and are 

considered to be a taphonomic/diagenetic feature. 

 

Figure 9.3. Welwitschiophyllum leaves. A, Part of the Moroccan specimen NHMUK V65089b (c) 

showing the incomplete leaf. B, Counterpart of the Moroccan specimen NHMUK V65089a 

showing the incomplete leaf. C, Brazilian specimen UERJ 13-PI showing the whole leaf with 

shredded apex. D, Brazilian specimen UOP-PAL-MC0001 showing the variability in size and 

evidence of shredding in Welwitschiphyllum leaf.  Scale bars 10 mm.   
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9.5. Comparisons 

We have compared the Moroccan fossil leaf with a considerable number of plants, both 

fossil and living (or both extinct and extant), in those groups with members displaying this 

particular leaf morphology.  These embrace a variety of strap-shaped leaves of unknown 

affinity described from the Triassic onwards, often based on evidence of gross morphology 

alone.  Angiosperms, especially monocotyledons such as grasses, palms and other similar-

leaved flowering plants have also been considered but the paucity of such fossil plants 

before the latest Cretaceous, combined with the lack of diagnostic features in the Moroccan 

leaf, has produced no positive identification.  Within the gymnosperms described from the 

Cretaceous the fossil leaf genus Welwitschiophyllum Dilcher et al. (2005), assigned to the 

Order Gnetales, presents the most convincing similarity to the Moroccan leaf and this 

identification is discussed below.         

 

9.5.1. Comparison to Gnetales 

Placement of Welwitschiophyllum in the Gnetales by Dilcher et al. (2005) has been 

disputed (Biemann, 2012) but the occurrence of other undisputed welwitschiacean plants in 

the Crato Formation, including evidence from cotyledon leaves and cones, strongly support 

the attribution.  The Crato specimens of this leaf genus (e.g. Fig. 3C) are closely similar in 

morphology and venation to the single extant species in the Welwitschiaceae, Welwitschia 

mirabilis.  In particular, the leaf in figure 3C shows the curved base and also the apical 

shredding so typical of Welwitschia.  The Moroccan leaf (Figs 3A, B) has a closely similar 

base (Fig. 4A) and venation (Fig. 4B) but with its incomplete length this specimen shows 

no sign of shredding.  It should be noted, however, that the width and length of the leaf in 

Welwitschia are of no diagnostic significance since the two leaves continue to grow in both 

length and width throughout the extremely long life of the plant. The shredding also 

continues until the leaf is divided into numerous long strap-shaped sections (Figure 9.5). 

Thus the fossil leaves described and illustrated here could be either young leaves or older 

leaf strips.    

In discussing the gnetalean fossil record, Crane (1996) has mentioned Desmiophyllum-like 

leaves from the Crato Formation figured by Maisey (1991, p. 429) as large parallel-veined, 
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reed-like leaves of uncertain affinity. These appear to be Welwitschiophyllum leaves, based 

on their strap-like shape, parallel veins, large size (in excess of 350 mm in length), and an 

enrolled base.  

With regard to the other two genera of extant Gnetales the leaves of Welwitschiophyllum 

and Welwitschia bear no morphological resemblance to either, those of Gnetum having 

reticulate venation and of Ephedra being scale-like.  

 

Figure 9.4. A, The base of the Moroccan specimen NHMUK V65089a showing general 

morphology, Scale bar 10 mm. B, Vascular bundles present on the Moroccan specimen and the 

taphonomic cracks, Scale bar 1.63 mm. C, Brazilian specimen UERJ 13-PI showing the general 

morphology of the base, Scale bar 10mm. D, Vascular bundles in the Brazilian Welwitschiophyllum 

UERJ 13-PI, Scale bar 5 mm. 
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Figure 9.5. A live example of Welwitschia mirabilis in Namibia. This relatively young example 

already displays some fraying of the leaf tips. Photo courtesy of Carol Hewitt. 

 

9.5.2. Palaeobiogeographical implications 

Although the Gara Sbaa locality has yielded only a few plant fossils and is considered to be 

a florule, some phytogeographical implications are, nonetheless, apparent. Its similarity to 

the Cenomanian florule of Nammoura, Lebanon has been noted (Krassilov and Bacchia, 

2000, 2013) and also to the English and German Wealden (Lower Cretaceous) flora 

(Watson and Alvin, 1996) interpreted as having a seasonal climate with wet and dry 

seasons, with the latter causing wildfires (Austen and Batten, 2011). Of the Nammoura 

florule only Pseudotorellia is present in both (Table 1). The Gara Sbaa florule overall is 

thought to be ecologically similar to that of Nammoura due to the inclusion of xeromorphic 

taxa such as Pseudotorellia and small serrate angiosperm leaves (Krassilov and Bacchia, 

2013).  Conversely, the older Wealden flora is also comparable due to the presence of 

Coniopteris and Sulcatocladus, the latter thought perhaps to be congeneric with, or very 
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close to Pseudotorellia, found in both the Gara Sbaa and Nammoura florules (Krassilov 

and Bacchia, 2013). When the Gara Sbaa florule is compared to the ?Aptian Crato 

Formation of northeast Brazil, conifer Frenelopsis and, as described here, the gnetophyte 

Welwitschiophyllum are present in both. 

 

Table 9.1. Comparison of Early Cretaceous plant taxa from Gara Sbaa, Morocco; Crato Formation, 

Brazil; Wealden Group, southern England and Merbah el Asfer, Tunisia. 

 

The Crato flora is also similar to the Gara Sbaa florule compositionally as both are mixed 

assemblages that include aquatic angiosperms and xerophytes (Mohr et al., 2007). The 

Wealden assemblage also shares similarities to the Crato flora with Brachyphyllum obesum 

Heer, 1875, Pseudofrenelopsis sp., Ruffordia goeppertii Seward, 1913 and Williamsonia sp. 

present in both (Mohr et al., 2007); however, these are not present in the Gara Sbaa florule; 

given the reduced floral diversity of the younger florule, this is not surprising. Interestingly, 

the Early Cretaceous Merbah el Asfer flora of southern Tunisia also shares taxa in common 
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with the Crato Formation of Brazil (Barale and Ouaja, 2002), notably the fern Ruffordia 

goeppertii and the conifer Brachyphyllum, but has no elements in common with the Gara 

Sbaa florule.  

Although there have been no studies on the palaeoclimate of the Gara Sbaa deposits 

themselves, but there is a commentary on the palaeoclimatic setting of the underlying Kem 

Kem beds (?Albian-L. Cenomanian) with regard to the contained vertebrate assemblage, 

particularly the dinosaurs (Russell and Paesler, 2003). These authors note that the Kem 

Kem dinosaur assemblage existed within a greenhouse world, and that the fauna differs 

significantly from that of the slightly older Aptian, non-greenhouse assemblages found 

elsewhere in North Africa. 

While the similarities between the South America flora and the Gara Sbaa florule hints at a 

northern Gondwana semi-arid floral province, support for such a province comes from just 

a few taxa. Nonetheless, a South American/N W Africa biotic province is well supported 

from vertebrate remains (see Maisey, 2000, 2011; Sereno et al., 2004; Madeiros et al., 

2014; Candeiro, 2015). In southern Morocco, strata underlying the Gara Sbaa Lagerstätte 

of ?Albian to Early Cenomanian Age, the so-called Kem Kem beds, are rich in vertebrates 

that have closely related counterparts in the Crato and Santana formations of the Araripe 

Basin, the Areado Group of the Sanfranciscan Basin, and the Alcantâra Formation of São 

Luís Basin all found in Brazil. Notably, the amiid fish Calamopleurus, the ichthyodectid 

Cladocyclus and the coelacanth Axelrodichthys are congenerics recorded from both sides of 

the Atlantic Ocean (Forey and Grande, 1998; Cavin and Forey, 2004; Leal and Brito, 2004; 

Yabumoto and Uyeno, 2005; Forey and Cavin, 2007; Carvalho and Maisey, 2008; Carnier 

Fragoso et al. 2018). Faunal links are also supported by remains of tetrapods, with the 

spinosaurine theropod dinosaurs Spinosaurus aegyptiacus Stromer, 1915 from Egypt and 

Morocco and Oxalaia quilombensis Kellner et al., (2011) from Brazil being considered as 

sister taxa (Sales and Schultz, 2017). Indeed, so similar is the holotype of Oxalaia (a jaw 

fragment) to the equivalent bones of S. aegyptiacus, they should probably be considered 

conspecific, with O. quilombensis the junior synonym. Thus Spinosaurus aegyptiacus is 

likely the first truly inter-continental dinosaur species. More precise dating of the 

Moroccan Kem Kem beds, as well as those continental deposits of the Brazilian intra 

continental basins is urgently required to provide better resolution on the break-up of this 

region of Gondwana in the mid Cretaceous. 
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9.6. Conclusions 

Although the Crato Formation (?Aptian) (Figure 9.6A) and the Gara Sbaa Member 

(Cenomanian) (Figure 9.6B) differ in age, both faunal and floral assemblages are highly 

comparable. This shows floristic interchange is likely to have occurred before the 

separation of North Africa and South America at 113 Ma, around the Aptian/Albian 

boundary (Heine et al., 2013). In addition, phytogeographical inferences can be made 

between southern Europe and northern Africa because of the similarity of the European 

Wealden flora to the Gara Sbaa florule (Krassilov and Bacchia, 2013). The Wealden flora 

draws comparisons to both the Gara Sbaa florule and, as discussed in this study, the Crato 

flora in its ecology and floristic composition of pteridophytes, gymnosperms and 

angiosperms. 

Despite the overall poor preservation of the Moroccan specimen, the characteristic leaf 

base morphology of Welwitschiophyllum is identifiable and matches the original generic 

diagnosis of Welwitschiophyllum (Dilcher et al., 2005). The only discrepancy is that the 

Moroccan specimen is 2 mm wider towards the apex than its base, whereas in 

Welwitschiophyllum the base has the maximum width.  However, towards the apex of the 

Moroccan specimen poor preservation obscures the morphology of the leaf and therefore 

restricts accurate measurements. Identification of this Moroccan leaf belonging to the genus 

Welwitschiophyllum extends the geographical distribution of this genus to Africa. In 

addition, the Moroccan specimen extends the temporal range from the Early Cretaceous 

(?Aptian) in the Late Cretaceous (Cenomanian), by some ~15-25 million years. 
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Figure 9.6. A, Map showing the location of Morocco and Brazil in the Aptian. B, A map of the 

Cenomanian showing the location of Morocco and Brazil (both maps based on R. Blakely 

https://deeptimemaps.com/).  
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Chapter 10. Discussion and conclusions 

 

Throughout this study, preservation, anatomy and botanical affinity were investigated using 

various microscopic, spectroscopic and palynological techniques. This chapter summarises 

the key results of each chapter and addresses some of the wider issues and potential future 

work. 

10.1. Gnetalean macrofossils with Gnetum-like pollen from the Crato Formation of north-

east Brazil 

Macrofossils with an affinity to Gnetum are rare in the fossil record, with only three 

currently known, all from China: Khitania columnispicata, strobili with verticillate annular 

involucral collars (Guo et al., 2009); Siphonospermum simplex, a bractless reproductive 

shoot (Rydin and Friis, 2010), and Protognetum jurassicum, consisting of linear leaves, 

noded striate stems, and lax verticillate female spikes (Yang et al., 2017). The pollen record 

of Gnetum is unknown (Tekleva, 2015). Gnetum’s similarity to angiosperms, particularly 

with regard to their leaf morphology is thought to make recognition in the fossil record 

difficult (Crane, 1996). 

Auricufolia curvevena from the Crato Formation is likely a gymnospermous plant with 

gnetophyte affinities. It is unusual in sharing characteristics with Gnetum, such as looped 

venation and in situ echinate pollen. Auricufolia extends the distribution of fossil Gnetum-

like plants to Gondwana. Such macrofossils were previously known only from Chinese 

deposits. Auricufolia increases the diversity of the Crato gnetaleans; previously only plants 

with ephedroid and welwitschioid affinities having been recognised. 

10.1.1 Analytical limitations due to quality of preservation  

The in situ pollen recovered from Auricufolia is particularly intriguing as Gnetum-like 

echinate pollen has not been recorded from previously described fossil gnetaleans, likely 

due to misidentification or possibly because of a thin ectexine, which is deemed unlikely to 

survive fossilisation. Only light microscopy was employed in this study due to the nature of 

the slides (permanently sealed mounts, a standard procedure at the University of 

Portsmouth). Unfortunately light microscopy does not provide sufficient information to 
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confirm affinities to Gnetum, as neither the ultrastructure, nor the detailed surface texture is 

seen, both key factors for determining affinities to Gnetum (Tekleva, 2015). Attempts to 

recover more pollen were unsuccessful due mainly to advancing pyrite decay in the 

collected specimens.  

 

10.1.2. Future work 

Future work should involve locating additional specimens of Auricufolia with strobili using 

museum and university collections. In the event that a specimen is located and pollen 

extraction was successful SEM would be employed to examine the surface texture of the 

pollen and TEM to determine the ultrastructure, techniques vital in distinguishing extant 

Gnetum pollen (Tekleva, 2015). 

 

10.2. Revealing the diversity of amber source plants from the Early Cretaceous Crato 

Formation, Brazil 

Amber from the Crato Formation is known primarily from isolated clasts and within fossil 

plant tissues (Martill et al., 2005; Pereira et al., 2009). The primary producers of amber in 

the Crato Formation are thought to be araucarians such as Brachyphyllum (Martill et al., 

2005; Mohr et al., 2007; Pereira et al., 2009). 

Two types of cones with different morphologies from the Crato Formation were described 

with in situ amber and pollen: Cratostrobus resinosus and Araripestrobus resinosus. The 

pollen from both cones, analysed using SEM and light microscopy, mostly resembles 

Eucommiidites, placing the cones within the enigmatic Erdtmanthicales. Eucommiidites 

pollen has previously been found dispersed within Crato Formation rock. These cones 

represent the first macrofossils associated with Erdmanthicales from the formation. Due to 

the distinct cone morphology, it is suggested that at least two Crato gymnosperm groups 

produced Eucommiidites type pollen. 

FTIR spectra of in situ amber from both cones show affinities with araucarian spectra, 

expanding the diversity of potential amber producers in the Crato Formation. GC-MS 

analysis of Araripestrobus indicates a class Ib amber, the first confirmed occurrence of this 

class of amber in the Crato Formation flora. Despite the similarities between the amber of 
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Araripestrobus and Cratostrobus there are still differences between their spectra, indicating 

diversity within Erdtmanthicales.  

10.2.1 Amber/resin characterisation: future work 

Ambers recovered from Crato cones with araucarian affinity show that even between 

groups their resin chemistry is not too dissimilar. Therefore, amber/resin chemical 

signatures may not be a wholly reliable indicator of botanical affinity. However, use of a 

combination of analytical techniques, including FTIR, GC-MS and NMR, may refine 

analyses and allow further characterisation of fossil resins.  

Only FTIR was used to characterise the amber from Cratostrobus, which yielded a similar, 

but not identical spectrum to the araucarian Brachyphyllum; whereas Araripestrobus was 

analysed using GC-MS as well as FTIR. A comparison of all three ambers using both 

techniques could perhaps highlight other differences. Thus, analysis combining data from 

FTIR, GC-MS, and NMR may facilitate more accurate characterisation. 

 

10.3. Cretaceous gnetalean yields first preserved plant gum 

Due to their high solubility in water, gums are assumed to have little to no fossilisation 

potential, whereas visually similar resins commonly fossilise as amber. Amber in the Crato 

Formation occurs relatively frequently, appearing as isolated clasts and in situ within leaves 

and cones. Indeed, fossil leaves of Welwitschiophyllum studied here revealed amber-

coloured material in canals (Chapter 7). Interestingly, extant Welwitschia, considered to be 

a relative of Welwitschiophyllum, produces gum (Hooker, 1862; Dilcher et al., 2005; 

Tappert et al., 2011). In this study, fossil Welwitschiophyllum leaf canals were chemically 

tested for the possibility of gum preservation using FTIR and ATR. 

Remarkably, the amber-coloured material from inside the Welwitschiophyllum leaves 

showed a chemical signature distinct from fossil resins, instead showing a signature similar 

to that of gum from the extant Welwitschia. This provides the first geochemical evidence 

for gum in the fossil record, and extends gum production back ~120 million years. We 

suggest that the unusual preservation of the gum could be due to the coriaceous nature of 

the leaves; and/or the gum having two water-resistant layers, the surrounding duct tissue 

and the large amount of resistant embedding leaf tissues.  
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10.3.2. Fossil gum: preservation vs. existence 

Prior to this study, the absence of a fossil record for gum could be perhaps be attributed to 

misidentification, as gum is visually remarkably similar to resin. Amber-coloured material 

is often assumed to be resin (amber) without chemical confirmation. Interestingly, Zhou 

(2009) describe gingkoalean fossils with resin present (Crane, 2013); yet this has not 

beenchemically tested despite Ginkgo today producing gum. A general absence of fossil 

gum could also be attributed to its high solubility in water. 

It is thought that terpenoids (a component of resin) were present in the charophycean green 

algae that gave rise to land plants (Lange, 2015), whereas, polysaccharides (components of 

gum) were not only present but were also thought to occupy various roles within the algae 

e.g. structure and food storage (Sørensen et al., 2011; Lange, 2015). The first occurrence of 

resin was found from the Carboniferous (~360 ma), yet the first occurrence of gum is ~240 

Ma later from the Early Cretaceous (~120 ma).  

The functional role of resin is defence of the plant (Henwood, 1993; Langenheim, 1994, 

1995), and its primarily terpenoid composition means that it has a comparatively 

complicated chemistry compared to gums, which hold various functional roles and are 

composed of complex polysaccharides (BeMiller, 2014). The presence of various 

polysaccharides in charophycean green algae, the variety of functional roles that gum 

holds, and the relative ease of making gum from cell wall components, makes it likely 

gums would have most likely existed alongside resins in the Carboniferous. However, the 

high water solubility of gum could lead to it being dissolved before, during or at anytime 

after fossilisation. Gums appearing visually similar to resin could result in misidentification 

of fossil gums.  

10.3.1. Further analysis and wider implications 

Further analysis using GC-MS and NMR would allow characterisation of polysaccharides 

present within the preserved gum. Determining the polysaccharides’ chemistry e.g. whether 

they were acidic, the chemical bonds present, etc. may elucidate the gum’s persistence and 

perhaps aid in the identification of its functional role in Welwitschiophyllum. Advancing 
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pyrite decay in the specimens, small size of the gum canals, and sample size required to 

complete these analyses could pose problems. 

The presence of gum in the fossil record has implications as to what other previously 

unrecorded exudates could potentially be preserved, such as pineaceous type resin (thought 

not to preserve due to its high volatile content), kinos and gum-resins (likely misidentified 

as resin). The discovery of preserved gum indicates the preservation possibility not only of 

exudates, but also of other biomolecules thought to be lost during fossilisation.  

 

10.4. Reinvestigating the fossil leaf Welwitschiophyllum brasiliense Dilcher et al., 2005, 

from the Early Cretaceous Crato Formation of Brazil  

Welwitschiophyllum brasiliense from the Crato Formation is attributed to Welwitschiaceae 

based solely on gross morphology, despite lacking many gnetalean characteristics. The 

characters thought to link Welwitschiophyllum to Welwitschia can also occur as a result of 

convergence and can be seen in other macrophytes. Therefore detailed anatomical work is 

required to better understand the relationship of this fossil. 

Anatomical data presented here show that Welwitschiophyllum was an arid adapted plant 

which shares some key features with extant Welwitschia, i.e. having long, coriaceous, 

parallel veined leaves that produce gum and the presence of hypodermal fibres. There are, 

however, some distinct differences; Welwitschiophyllum has abaxial placement of stomatal 

crypts, solely adaxial hypodermal fibres, and constituent gum.  

 

10.4.1. Future work and wider implications 

Whilst the botanical relationship between the taxa Welwitschiophyllum and Welwitschia has 

not been resolved in this study, the addition of anatomical information is important, due to 

the paucity of the Welwitschiaceae macrofossil record. Examining more 

Welwitschiophyllum specimens for their anatomy, particularly from well-preserved fossils 

may prove valuable for understanding fossil Welwitschiaceae. 

This research also reveals a disparity in the literature regarding Welwitschia gum 

formation, some authors stating a constituent origin (Bertrand, 1874; Sykes, 1911; Feustal, 
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1921; Rodin, 1958) and others a traumatic one (Hooker, 1862; Takeda, 1913; de Bary, 

1884; Martens, 1971). The anatomical data from this study suggest that gum is not 

constituent but forms traumatically. Ideally, observing more sections and 

experimentation/chemical analysis on extant Welwitschia plants would provide evidence as 

to how the gum forms and what triggers gum production. 

 

10.5. Phytogeographical implications of the probable occurrence of the gnetalean plant 

Welwitschiophyllum in the Late Cretaceous (Cenomanian) of Africa 

This study describes a probable Welwitschiophyllum leaf from the Gara Sbaa Member of 

the Early Cenomanian-Turonian Akrabou Formation, Morocco. Previously 

Welwitschiophyllum was only known from the Early Cretaceous of Brazil. The 

identification of this plant in Morocco extends its temporal and geographical range. The 

possible Moroccan Welwitschiophyllum potentially expands the palaeoflora of the small 

Gara Sbaa florule, and is the first possible gnetophyte recorded at this locality. 

10.5.1 Limitations  

The poor preservation of the Moroccan specimen does not allow for further comparison 

with the Welwitschiophyllum leaves from Brazil. More specimens from the Gara Sbaa 

Member, with better preservation, might allow for a detailed anatomical comparison and 

clarify the relationship of the Moroccan leaf to those from the Crato Formation. 

A palynological study of the section could also reveal whether gnetalean pollen is present 

within the section, attesting to a Gnetales presence in the Gara Sbaa florule. 
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Appendix A. Data for Figure 3.2. 

 

This appendix includes data of fossil gnetaleans used to create Figure 3.2. 
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Appendix B. Presentation abstracts 

This appendix includes the abstracts for presentations 2014-2018. 

 

1. Oral presentations 

 

1. 1. Linnean Society Palaeobotany Specialist Group Meeting, London, UK (21st of 

November 2018). 

Evidence of plant gum in the fossil record from the (Early Cretaceous, Aptian) Crato 

Formation of north-east Brazil 

Emily A. Roberts, Leyla J. Seyfullah, Robert F. Loveridge, Paul Garside, David M. Martill 

 

The Early Cretaceous (Aptian) Crato Formation of north-east Brazil is well known for its 

diverse and well preserved fossil assemblage, mostly pertaining to its insect and vertebrate 

fauna. However, the formation also yields a diverse flora including Isoetales, 

Polypodiopsida, Bennettitales, Coniferales, Gnetophyta and several enigmatic angiosperms. 

In addition, sedimentary amber clasts and amber within the fossil plants is reported. 

The Crato Formation comprises a heterolithic sequence of clays, fine sandstones and 

laminated limestones, the lowest of which, the Nova Olinda Member, is a fossil Konservat 

Lagerstätte deposited in a saline basin with input from freshwater systems. The flora 

represents an allochthonous assemblage with plants of riparian origin deposited alongside 

vegetation from the lagoonal hinterland and includes several arid adapted species.  

FTIR and ATR analysis of amber-like material within leaf canals of a gymnosperm reveals 

a highly distinctive spectrum, unlike that of any previously described amber, yet 

remarkably similar to that of a gum. Intriguingly, the considered extant relative of the 

gymnosperm produces a gum with similar spectrum. Due the soluble nature of gum its 

preservation in the fossil record is remarkable. 
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1. 2. European Palaeobotany and Palynology Conference, Dublin, Ireland (12th-17th August 

2018).  

Diversity and analysis of amber from the (Aptian) Crato Formation, north-east Brazil 

 

The Early Cretaceous (Aptian) Crato Formation of north-east Brazil is well known for its 

diverse and well preserved fossil assemblage, mostly pertaining to its insect and vertebrate 

fauna. However, the formation also yields a diverse flora including Isoetales, 

Polypodiopsida, Bennettitales, Coniferales, Gnetophyta and several angiosperms. In 

addition, sedimentary amber clasts and amber within the fossil plants has been reported. 

The Crato Formation is a heterolithic sequence of clays, fine sandstones and laminated 

limestones, the lowest of which, the Nova Olinda Member, is a fossil Konservat Lagerstätte 

deposited in a saline basin with input from freshwater systems. The flora represents an 

allochthonous assemblage with plants of riparian origin deposited alongside vegetation 

from the lagoonal hinterland and includes several arid adapted species.  

Many Crato macrophytes contain in situ amber, its location within the plant tissue varying 

between taxa. In the conifer Brachyphyllum obesum amber is located in either the main 

stem or possibly trapped between the stem and leaves. In Lindleycladus, Pseudofrenelopsis 

and Welwitschiophyllum it is situated within the leaves; in canals in Welwitschiophyllum 

and in so-called resin plugs in Pseudofrenelopsis.  In addition, three different cones have in 

situ amber.  

Analysis, including ATR and micro-FTIR on ambers from the cones and from 

Brachyphyllum obseum demonstrates coniferalean affinities. Whereas analysis of the 

‘amber’ in Welwitschiophyllum reveals a highly distinctive spectrum, unlike that of any 

fossil resin. The analysis shows the amber of the Crato Formation is more diverse than 

previously thought. 
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1. 3. SEES Postgraduate Conference 2017, University of Portsmouth, UK.  

The palaeoflora of the Crato Formation north east Brazil: Welwitschiophyllum and its 

associations 

 

This study provides an analysis of some unusual morphological features of 

Welwitschiophyllum leaves, from the Aptian-Albian Crato Formation of north-east Brazil. 

These features are canals filled with a solid material, similar in appearance to resin. 

Intriguingly, Welwitschia (thought to be extant relative of Welwitschiophyllum) has a 

polysaccharide based gum present in the canals within the leaf. There may therefore be an 

opportunity to discover if this fossil material has similar components. Resins have been 

shown to have a greater fossilisation potential than gums as they are water insoluble, 

whereas gums, are water-soluble complex sugars. 

Previous publications have used micro-Fourier Transform Infrared Spectroscopy (micro-

FTIRS) to analyse various gymnosperm exudates, including those from Welwitschia, and 

demonstrated that Welwitschia has a gum exudate rather than a resin or gum-resin. 

Preliminary spectra produced by my micro-FTIRS analysis of the Crato 

Welwitschiophyllum material, together with a selection of extant and fossil resins for 

comparison has shown that polysaccharide peaks are present. 

Future work will include coupling the micro-FTIRS data with pyrolytic gas 

chromatography mass spectrometry, to show the abundance and specific composition of the 

macromolecular components. The morphology of the leaf will be compared to its living 

counterpart using the scanning electron microscope and thin sections. 

 

1. 4. SEES Postgraduate Conference 2016, University of Portsmouth, UK. 

The palaeoflora of the Crato Formation, north-east Brazil: with a focus on gnetophytes and 

gum. 
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The Crato Formation fossil conservation Lagerstätte of north-east Brazil yields an abundant 

and diverse range of palaeoflora. Noteworthy groups present include: pteridosperms, 

pteridophytes, bennetitaleans, angiosperms and gnetophytes. Besides its palaeobotanical 

interest, the Crato Formation also boasts an exceptionally well preserved entomofauna and 

vertebrate fauna, providing a unique window into an Aptian ecosystem. 

The Crato Formation was deposited in a saline basin with freshwater input from rivers. The 

little clastic material present and evaporite deposits elsewhere in the sequence suggest local 

arid environments. The palaeoflora represents an allochthonous assemblage of probable 

riparian vegetation as well as input from the Crato lagoon hinterland. 

Although there have been numerous studies on the diversity and taxonomy of the Crato 

palaeoflora, there have been no integrated studies examining structure, taphonomy and 

preservation. One group of particular interest is that of the gnetophytes, during the 

Cretaceous this group show high diversity and occupied a wide ecological range. However, 

today there are only three surviving genera, this massive decline appears to correlate with 

the rise and diversification of the angiosperms. 

Analysis of the Crato Formation gnetophytes has yielded some unexpected and interesting 

results regarding structures present; including possible gum canals. These are of great 

intrigue due to the polysaccharide nature of gums and the unlikelihood of preservation. 

Analytical techniques used include; Fourier Transform Infra Red Spectroscopy, optical 

microscope and the Scanning Electron Microscope. 

 

1. 5. International Workshop of Plant Taphonomy, Berlin, Germany (27th- 28th November 

2014).  

Pteridosperms of the Crato Formation (Aptian, Lower Cretaceous) of north-east Brazil. 

 

The Crato Formation fossil conservation Lagerstätte of the Araripe Basin in north-east 

Brazil yields a diverse and abundant macrophyte palaeoflora of pteridosperms, quillworts 

ferns, bennetitaleans, gnetaleans, gymnosperms and rare angiosperms. Besides its 
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palaeobotanical interest, the Crato Formation also yields a diverse entomofauna and 

vertebrate fauna, and thus provides a unique window into an Aptian ecosystem. 

Although there have been numerous studies on the diversity and taxonomy of the Crato 

palaeoflora, there have been no integrated studies examining its structure, taphonomy and 

preservation. 

The Crato Formation was deposited in a saline basin with freshwater input from rivers. The 

little clastic material present and evaporite deposits elsewhere in the sequence suggest local 

arid environments. The palaeoflora represents an allochthonous assemblage of probable 

riparian vegetation as well as input from the Crato lagoon hinterland. 

Several of the Crato Formation plants have been interpreted as xeromorphic, notably 

Duartenia arartpensts, Cariria orbiculiconiformis and Schenkeriphyllum glanduliferum. 

This is also the case with some of the arachnids and insects. These would appear to be at 

odds with the presence of Nymphaeales which are usually associated with water 

environments. 

The pteridosperms (seed ferns) are rather poorly represented by a few unnamed taxa. There 

are several enigmatic specimens that have possible cupules and some fronds lacking 

cupules tentatively identified as pteridosperms that lend themselves to further study. 

These specimens are presently under analysis such as, venation density calculations 

whereby pumping capacity can be determined and compared to other Mesozoic seed ferns 

and angiosperms. Some specimens are awaiting micro CT scans to determine if seeds are 

present and if they are 3D. All of the seed fern specimens have been entered into a 

taphonomy table alongside the University of Portsmouth Crato plant collection.  

 

2. Poster presentations 

 

2. 1. International Workshop of Plant Taphonomy, Göttigen, Germany (24th-26th 

November 2017) 

A Cenomanian Welwitschiophyllum-like leaf from south-east Morocco and its 

phytogeographical implications 
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The Gara Sbaa Member of the Late Cretaceous (Cenomanian to Turonian) Akrabou 

Formation is a Konservat Lagerstätte found in south-east Morocco, yielding diverse faunal 

remains and a small floral assemblage. The member is comprised of marly limestones 

overlain by fossiliferous laminated micrites that constitute the Lagerstätte. The flora is 

composed of isolated leaves preserved in iron oxide or as impressions. 

Here we discuss a previously undescribed leaf from the Gara Sbaa Member that resembles 

the long strap-like leaves of Welwitschiophyllum known only from the Aptian Crato 

Formation of north-east Brazil. The incomplete leaf is poorly preserved, and no internal 

anatomical detail remains. However, the gross morphology of the leaf shows an enrolled 

base, parallel venation and entire linear margins, matching the original description of 

Welwitschiophyllum. 

If the Moroccan leaf is correctly referred to the genus Welwitschiophyllum it extends the 

geographical distribution of this genus to Africa. In addition, the Moroccan specimen 

extends the temporal from the Lower Cretaceous (Aptian) in the Upper Cretaceous 

(Cenomanian), extending its range by some ~15-25 million years. 

 

2. 2. International Workshop of Plant Taphonomy, Stuttgart, Germany (26th-27th November 

2015) 

A morphological investigation of Welwitschiophyllum leaves 

 

The Crato Formation fossil conservation Lagerstätte of north-east Brazil yields an abundant 

and diverse range of palaeoflora. The Crato Formation was deposited in a saline basin with 

freshwater input from rivers. The little clastic material present and evaporite deposits 

elsewhere in the sequence suggest local arid environments. The palaeoflora represents an 

allochthonous assemblage of probable riparian vegetation, arid vegetation and water 

dwelling vegetation.  

This study provides an analysis of the morphological features of Welwitschiophyllum 

leaves, particularly canals present on two specimens, which will be compared to modern 
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gymnosperms. These canals are filled with a solid material, similar in appearance to resin. 

Welwitschia (the extant relative of Welwitschiophyllum) has a gum exudate, which is 

mostly polysaccharide based, there maybe an opportunity to discover if this fossil material 

has similar components. The literature has shown that resins have a greater fossilisation 

potential as they are water insoluble; whereas gums, being water-soluble complex sugars, 

have very limited fossilisation potential.  

When researching various exudate analysis methods, micro-Fourier Transform Infrared 

Spectroscopy (micro-FTIRS)  showed that one of the 65 gymnosperm exudates analysed 

was Welwitschia (Tappert et al., 2011). FTIRS analysis of the Welwitschiophyllum 

material, alongside a selection of extant and fossil resins/gums was conducted using the 

same micro-FTIRS conditions as Tappert et al. (2011). Preliminary spectra produced for 

the Welwitschiophyllum material has shown that polysaccharide peaks may be present, 

however, further analysis will be used to validate this preliminary data. 
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Appendix C. Ethical Review 

Certificate of Ethics Review 

Project Title: Palaeobotany of Early Cretaceous Crato Formation gymnosperms, north-east Brazil 

Name: Emily Roberts User ID: 558174 Application Date: 28-May-2019 11:03 ER 

Number: ETHIC-2019-668 

You must download your certificate, print a copy and keep it as a record of this review. 

It is your responsibility to adhere to the University Ethics Policy and any Department/School or 

professional guidelines in the conduct of your study including relevant guidelines regarding health 

and safety of researchers and University Health and Safety Policy. 

It is also your responsibility to follow University guidance on Data Protection Policy: 

General guidance for all data protection issues 

University Data Protection Policy 

You are reminded that as a University of Portsmouth Researcher you are bound by the UKRIO 

Code of Practice for Research; any breach of this code could lead to action being taken following 

the University's Procedure for the Investigation of Allegations of Misconduct in Research. 

Any changes in the answers to the questions reflecting the design, management or conduct of the 

research over the course of the project must be notified to the Faculty Ethics Committee. Any 

changes that affect the answers given in the questionnaire, not reported to the Faculty Ethics 

Committee, will invalidate this certificate. 

This ethical review should not be used to infer any comment on the academic merits or 

methodology of the project. If you have not already done so, you are advised to develop a 

clear protocol/proposal and ensure that it is independently reviewed by peers or others of 

appropriate standing. A favourable ethical opinion should not be perceived as permission to 

proceed with the research; there might be other matters of governance which require further 

consideration including the agreement of any organisation hosting the research. 

(A1) Please briefly describe your project:: Spectral and morphological 

analysis of Crato Formation gymnosperms (A2) What faculty do you 

belong to?: Science  

(A3) I am sure that my project requires ethical review by my Faculty Ethics Committee 

because it includes at least one material ethical issue.: No (A5) Has your project already been 

externally reviewed?: No  

(B1) Is the study likely to involve human participants?: No  

(B2) Are you certain that your project will not involve human subjects or participants?: Yes  

(B4) Will the study involve National Health Service patients or their relatives or carers?: No  

http://bit.ly/192Qk9T
http://bit.ly/UoPEthics-HealthSafety
http://bit.ly/JuFGj3
http://bit.ly/KG4R4y
http://bit.ly/18rXiLp
http://bit.ly/18rXiLp
http://bit.ly/UoPEthics-MisconductPolicy
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(B5) Do human participants/subjects take part in studies without their knowledge/consent at the 

time, or will deception of any sort be involved? (e.g. covert observation of people, especially if in 

a non-public place): No  

(B7) Does the study involve participants who are unable to give informed consent or in are in a 

dependent position (e.g. children, people with learning disabilities, unconscious patients, 

Portsmouth University students)?: No  

(B9) Will financial inducements (other than reasonable expenses and compensation for time) be 

offered to participants?: No  

(C1) Are drugs, placebos or other substances (e.g. food substances, vitamins) to be administered 

to the study participants?: No  

(C2) Will human tissue (essentially anything with cells in it) be used in your project?: No  

(C3) Is pain or more than mild discomfort likely to result from the study?: No  

(C4) Could the study induce psychological stress or 

anxiety in participants or third parties?: No (C5) Will 

the study involve prolonged or repetitive testing?: No  

(C6) Is there any risk to the health & safety of the researcher or members of the research team 

beyond those that have already been risk assessed?: No (D2) Are there risks of damage to 

physical and/or ecological environmental features?: No  

(D4) Are there risks of damage to features of historical or cultural heritage (e.g. impacts of study 

techniques, taking of samples)?: No  

(E1) Will the study involve the investigator and/or any participants in activities that could be 

considered contentious, unacceptable, or illegal, or in any other way harmful to the reputation of 

the University of Portsmouth?: No  

(E2) Are there any potentially socially or culturally sensitive issues involved? 

(e.g. sexual, political, legal/criminal or financial): No (F1) Does the project 

involve animals in any way?: No  

(F2) Could the research outputs potentially be harmful to third parties?: No  

(G1) Please confirm that you have read the University Ethics Policy and have considered the 

implications for your project.: Confirmed  

(G2) Please confirm that you have read the UK RIO Code of Practice for Research and will 

conduct your project in accordance with it.: Confirmed (G3) The University is committed to The 

Concordat to Support Research Integrity.: Confirmed  

(G4) Submitting false or incorrect information is a breach of the University Ethics Policy and may 

be considered as misconduct and be subject to disciplinary action. Please confirm you understand 

this and agree that the information you have entered is correct.: Confirmed  
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