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'Departamento de Geologia, Facultad de Ciencias Experimentales, Universidad de
Huelva, Campus de El Carmen, 21071, Huelva, Spain; *Departamento de Ingenieria
Minera, Mecénica y Energética. Escuela Técnica Superior de Ingenieria, Universidad de

Huelva, Campus de la Rabida, 21071, Huelva, Spain.
Abstract

Coal and surrounding siliciclastic beds from the Pefiarroya-Belmez-Espiel coalfield, a
strike-slip basin at the southern Iberian Variscan realm, has been analyzed
palynologically. The coal seams, generated in different depositional environments,
provide quantitatively different palynological assemblages. Lacustrine coals are
dominated by lycopsids, distal alluvial plain/marginal lacustrine coals by sphenophytes
and tree ferns, and middle alluvial fan coals by sphenophytes, tree ferns and lycopsids.
The dualism between vegetation distribution and sedimentary environment in the
Pefiarroya-Belmez-Espiel Basin suggests that tectonic was the major factor controlling
the occurrence and distribution of flora in coal forming environments. This hypothesis
is thought to offer an explanation to the variability in the composition of coals from
tectonically active basins like the strike-slip basin analyzed here. The biostratigraphic

analysis of the reported palynoflora supports a Duckmantian age.
Introduction

In coal-bearing environments, the best preserved macroflora does not occur inside coal

beds but within surrounding siliciclastic deposits, because the original plant material is
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destroyed during coal maturation. In consequence, the analysis of coal-forming
vegetation is based on (1) plant remains of early diagenetic permineralized concretions
occurring within coal beds (coal ball), (2) dispersed spores and pollen grains correlated
with their respective parent plant, (3) remains of the last inhabitants of swamps
accumulated in fine-grained strata above coals, also named roof-shale floras, and, in
minor extent, (4) in situ peat-forming macrofloras buried by tuff beds (Rahmani and

Flores, 1984; Scott, 1987; Diessel, 1992).

The vegetation structure and composition of Pennsylvanian coal-bearing environments
has been deeply analyzed in the literature using these four methods (see, for example,
Schopf, 1938, 1939; Winslow, 1959; Peppers, 1970; Mahaffy, 1985; Wagner, 1989;
Eble and Grady, 1990; Gastaldo et al., 1995; Eble and Greb, 1997; Eble, 2002, Oplustil
et al., 2007, 2009). Despite their own limitations and inherent biases (see comment by
Scott, 1977; Phillips et al., 1985; DiMichele et al., 1991), they all agree that lycopsids
dominated Lower and Middle Pennsylvanian coal-forming environments and filicopsids
replaced these since the Middle - Late Pennsylvanian transition onward (Phillips et a!.,
1974, 1985; DiMichele and Phillips, 1996; DiMichele et al., 2001). Climate change, and
more specifically, the influence of climate on the hydrologic regime controlling the
wetland ecology has been suggested as the most likely factor favoring this vegetational
shift (Phillips and Peppers, 1984; Cecil, 1990; Winston, 1990; DiMichele and Phillips,
1996). The climatic factor has been also alluded as responsible for the vegetational
variations detected within a given coal bed (DiMichele et al., 1988). This pattern of
vegetation structure and composition of Pennsylvanian coal-forming environments is
mostly based on, and applies to, large paralic basins. In continental, tectonically active
settings, such pattern is more difficult to apply. The co-occurrence of coal-swamps

dominated by significantly different plant assemblages or/and the existence of drastic
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floristic changes within a single coal deposit (Coquel, 1976; Nowak and Goreka-
Nowak, 1999. Oplusti et al., 1999, 2007) require additional explanation. The interaction
between tectonic uplift and subsidence, understood as the relationship between
accommodation, denudation and sedimentation rates, produces in these basins a highly
variable stratigraphic architecture characterized by a fragile equilibrium between
aggradation, progradation and retrogradation of depositional devices. This produces the
permanent spread and retreat of alluvial, fluvial and lacustrine sedimentary
environments and the consequential shift in the extent and location of areas suitable for

peat accumulation.

In this study we focus on three coal beds from the Pefiarroya-Belmez-Espiel (PBE)
coalfield, a Pennsylvanian strike-slip basin to the SE of the Iberian Variscan Massif.
The palynological analysis of these three coal beds, generated in different sedimentary
sub-environments, and their respective floor and roof siliciclastic beds, provides
information on the response of the coal-forming vegetation to changing environmental
settings. Additionally, the biostratigraphic analysis of the palynoflora recovered sheds
light on previous debate concerning the age of the PBE Basin (see, for example,

Alvarez-Vazquez, 1999; Coquel, 2005).
Setting

The convergence tectonic process that resulted in the Upper Palacozoic Pangea
amalgamation affected the Iberian Variscan Massif since Devonian times (Matte, 1986).
In the latest stages, the convergence process derived in a transtensional tectonic regime
that mostly affected the bordering terranes of the two mega-continents involved
(Stampfli and Borel, 2002). In the southern Iberian Vaiscan Massif this tectonic

scenario produced strike-slip basins aligned with the main Variscan structures. These
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basins, of Pennsylvanian to Early Permian age, laid over different basements according
to their respective location, and are all filled with continental deposits of alluvial, fluvial
or/and lacustrine facies (Figs. 1, 2). Intercalated within the sedimentary pile, some of
them also include volcanic rocks of different nature, interpreted in relation to the very
early stages of the Pangea break-up (Quesada et al., 1990; Arche and Lopez-Gomez,

1996; Colmenero et al., 2002).

The PBE strike-slip basin is a Pennsylvanian trough 50 km long, 1 km wide, controlled
by two major NW-SE Variscan faults (Gabaldon and Quesada, 1986; Wagner, 1999). Its
location is related to the Badajoz-Cdérdoba shear zone, the major suture bounding the
Central Iberian (CIZ) and Ossa-Morena (OMZ) zones. The basin is bordered to the NE
by autochtonous early Paleozoic rocks of the CIZ, and is thrusted to the SW by
alloctonous Viséan-Serpoukovian rocks of the Guadiato Basin, indistinctly assigned to

OMZ or CIZ (Fig. 1).

The stratigraphic record of the PBE Basin consists of a multiple repetition of alluvial,
lacustrine and coal seam deposits, all commonly showing evidences of frequent and
abrupt facies and thickness changes. When complete, the alluvial fan sequences include
a base with breccias, conglomerates and sandstones that evolve to fine conglomerates
and scarce coarse sandstones of the medial alluvial fan. Toward the top, the fine-grained
distal alluvial fans deposits pass distally into lutite-rich sequences of the floodplain and
lacustrine environments (Quesada, 1983; Andreis and Wagner, 1983; Gabaldon and
Quesada, 1986). The largest and more efficient alluvial fan systems occurred at the NE
margin of the basin. Their distal facies interfingered with small, subsidiary alluvial fans
fringed at the opposite margin. Between both alluvial fan systems narrow, very shallow,

weather-dependent lakes occurred (Wagner, 2004).
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The PBE coal seams occur intercalated in lacustrine facies or within alluvial plain
flooded deposits, and also embedded into middle fan sequences. The coal rank varies
from bituminous in the SE sector to per-bituminous and anthracitic in the NW sector of
the basin. Reasons explaining the overheating of the NW coals are yet to be known, but
they are more likely related to the effect of a yet unknown thermal focus (Wagner,

2004).

The mining activity in the PBE Basin commenced in the second half of the X VIII
century, and was active until 2012. During this time coal has been extracted from
several underground and open-pits mines scattered throughout the basin. The last
operating mine was the La Ballesta open-pit, located at the southeasternmost end of the

coalfield (Fig. 1). The samples analyzed in this study are from this mine.

The palaeobotanical record of the PBE Basin is abundant and has been studied in detail
by Alvarez-Vazquez (1995, 1999) and Wagner and Alvarez-Vazquez (2010). These
authors proposed a Langsettian-late Duckmantian age for the NW sector (anthracitic
coals) and a late Duckmantian-early Bosovian? age for the SE sector (bituminous
coals). In a palynological analysis conducted at the San Antonio open-pit (SE sector)
Coquel in Quesada and Garrote (1983) and Coquel (2005) suggested a Langsetian—early

Duckmantian age.

The coal beds analyzed in this study are named 9, 14 and 15 according to the mine
nomenclature. They are representative of lacustrine (coal bed 9), distal alluvial plain /
marginal lacustrine (cola bed 14) and middle fan (coal bed 15) environments. The
palacogeographic model and palaconvironmetal reconstruction in Figure 3 shows the

location of the coal beds analyzed.

Methodology
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The selected coal samples were disaggregated and oxidized with fuming nitric acid for
4, 10 and 25 minutes. The siliciclastic samples were processed at laboratory following
the standard techniques described by Wood et al. (1996), which include reaction with
cold hydrochloric acid (36%) for removal of carbonates, hot hydrofluoric acid (40%) to
dissolve silicates and hot hydrochloric acid (36%) to eliminate fluorides and remains of
carbonates. The resultant residue was oxidized with fuming nitric acid for the same time
intervals employed with the coal samples. Coal and silisiclastic residues were
neutralized and mounted in slides using Cellosize as dispersing agent and Elvacite as

mounting medium.

The biostratigraphic analysis was based on the biozonal scheme by Clayton et al.
(1977). The quantitative palynological analysis was performed with those slides
mounting the residue oxidized for 10 minutes, as they proved to contain the lowest
proportion of non- and over-oxidized material. Relative abundances of spore/pollen taxa
were determined on the basis of counts of 250 specimens per slide. The species
identified were assigned at generic scale to major parent plant groups according to the
information and compilations provided by Smith and Butterworth (1967), Balme
(1995), Dimitrova et al. (2005, 2010), Traverse (2008). Where assignment to a specific

parent plant group resulted problematic, the affinity was scored as “unknown”.

Palynological data

The coal and siliciclastic samples collected at the La Ballesta open-pit have provided
well to very-well preserved palynological assemblages consisting of miospores, pollen
grains, phytoclasts and amorphous organic matter (AOM), in addition to reworked but
generally well preserved miospores and acritarchs. A total of 40 miospore species, in 28

genera, and 4 pollen grain species, in 2 genera, have been identified. The spore/pollen
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assemblages are dominated by Lower-Middle Pennsylvanian species characterized by
disparate stratigraphic ranges. Assignation of the reported taxa to their respective parent
plants, permits identification of four major taxonomic groups: lycopsids, sphenopsids,
ferns and gymnosperms (Table 1). Selected miospore and pollen taxa are illustrated in

Figure 4.
Discussion

In biostratigraphic terms, the samples analyzed can be assigned to the Duckmantian NJ
miospore biozone of Clayton et al. (1977) given the co-occurrence of the index species
Microreticulatisporites nobilis and Florinites junior in the lowermost assemblage, the
abundance of Crassispora kosankei in the subsequent samples, and the absence of
characteristic Bolsovian taxa (Fig. 5). This age assignment is compatible with the latest
Duckmantian macrofloral-based age proposed by Alvarez-Vazquez (1995, 1999), but
partially disagrees with the palynological determinations from the San Antonio open-pit
(Coquel in Quesada and Garrote, 1983; Coquel, 2005). Based on the occurrence of
Sinusporites sinuatus (as Punctatisporites sinuatus) and Felixites playfordii (as
Chaetosphaerites pollenisimilis), two species that apparently disappear near de
Langseian-Duckmantian boundary, this author suggested a late Langsetian—early
Duckmantian age. However, this assemblage, as occurs with the palynoflora studied
herein, commonly includes reworked Viséan - Namurian miospores whose preservation
and color are similar to that of the “hosting” assemblage. Considering that the first
appearance of these two species are in accord with the age of the reworked material, and
that the two index species of the NJ Biozone were also recovered in the San Antonio
open-pit, it is possible to assume a Duckmantian age for this assemblage. In
consequence, palynological and macrofossils data from the SE sector of the PBE Basin

are entirely compatible.
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The analysis of the ranges of abundance of the four major taxonomic groups reported in
the La Ballesta open-pit reveals drastic differences between coals seams and
surrounding beds, with no clear pattern of occurrence (Fig. 6). This, and the absence of
palynological correlation also detected between the floor and roof of a given coal seems,
can be interpreted in sedimentological terms. Palynomorphs from the surrounding beds
represent allochthonous particles supplied by the sediment flows that precede and
follow peat accumulation. The allochtonous character of these palynomorphs, and more
specifically, of those from the roof beds, works against the idea that roof floras can
provide information about plant communities growing in peat-forming environments
(Jenning, 1986; Teichmiiller, 1989). The caution advised by Scott (1977, 1978),
DiMichele et al. (1991) or DiMichele and Phillips (1994) in relating roof floras and
mire environments, must be particularly taken into account when studying basins
governed by highly variable environmental conditions, like the tectonically dominated

PBE Basin.

The palynological content of the three coal beds studied is also heterogeneous, being
particularly noteworthy the variations in the abundance of lycopsids spores (Fig. 6).
Analyzing the palynofacies of these coal beds in terms of sedimentary environments we
detected correlation between the reported and expected flora (Fig. 3). The lacustrine
assemblage, coal bed 9, is dominated by flooding-tolerant lycopsid trees, well adapted
to waterlogged peat mires (Phillips, 1979; DiMichele and Phillips, 1988). Coal bed 14,
containing sphenophytes and, in minor extent, tree ferns as principal component, was
deposited in a distal alluvial plain or marginal lacustrine setting. Both environments are
better drained and hardly colonizable habitats for lycopsids, but more prone to be filled
by sphenophytes and tree ferns (Martin-Closas and Galtier, 2005). Finally, coal bed 15,

a thin clastic-rich coal resting on a sandstone bed of the alluvial fan, is co-dominated by

Page 8 of 27
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sphenophytes, tree ferns and lycopsids, including also a considerable abundance of
small ferns. A middle alluvial fan subject to intermittent flooding from active channels
would give rise to such floral assemblage, which involves the partial colonization by

lycopsids.

Interestingly, the changing floral assemblages reported represent not only vegetation
from different environments within a continental basin, but vegetation dominating coal
seems developed in different setting. This is in clear contrast to large paralic basins,
floristically much more monotonous. There, lycopsids dominate virtually all peat-
forming environments (DiMichele and Phillips, 1994; DiMichele et al., 2001). Reasons
explaining this discrepancy may be related to the degree of environmental instability,
which largely depends on the type of basin and tectonic regime. In strike-slip basins
such the PBE Basin, pulsating tectonic activity constantly produce the establishment of
conditions suitable for coal generation in different part of the basin, i.e., in different
depositional environments, but each one with a distinct levels of sediment supply and
water table. The composition and structure of vegetation in each of these cases must be

necessarily different.

Conclusions

Coals from the PBE strike-slip basin were generated in different depositional settings,
accumulating different floral remains. Those from lacustrine environments were
dominated by lycopsids, those from the distal alluvial plain or marginal lacustrine
settings include sphenophytes and tree ferns as principal components, and those
generated in middle alluvial fan areas were co-dominated by sphenophytes, tree ferns

and lycopsids (Figs. 3, 6).
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The qualitative and quantitative analysis of the palynoflora recovered from coal beds of
the La Ballesta open-pit suggests that nature of vegetation was not the critical factor in
the generation of the PBE coals. When conditions favorable for peat accumulation were
reached, peat accumulated regardless of the nature of the available flora, contrary to
what occurs in large Lower/Middle Pennsylvanian paralic basins, dominated almost

invariably by lycopsid trees.

In tectonically active basins, like the PBE, the climate factor plays a secondary role in
the coal generation processes. For strike-slip basins we propose tectonic as the major
factor controlling the origin of coal. Tectonic governed the generation and location of
coal-forming environments, and hence the nature, distribution and availability of the

coal-forming flora.

Additionally, the biostratigraphic analysis of the palynoflora reported here provides a
Duckmantian age for the coals from La Ballesta open-pit compatible with previous

macrofloral findings.
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Figure captions

Figure 1: Geological sketch of the southern Iberian Variscan Massif showing the
location of Carboniferous and Lower Permian outcrops, and detail of the Pefiaroya-
Belmez-Espiel Basin indicating the sample collecting site. Numbers and Abbreviations:
1, Viar Basin; 2, Villanueva del Rio y Minas Basin; 3, Pefiaroya-Belmez-Espiel Basin;
4, Sierra de San Pedro Basin; 5, Guadalcanal Basin; 6, Puertollano Basin; CIZ, Central
Iberian Zone; OMZ, Ossa Morena Zone; SPZ, South Portuguese Zone. Modified from

Colmenero et al. (2002).

Figure 2: Chronostratigraphic chart showing the distribution and types of
Carboniferous and Lower Permian deposits from the southern Iberian Variscan Massif.
Basin numbers as for Fig. 1. Legend abbreviations: A, Devonian; B, Continental
deposits; C, Volcanic rocks; D, Limestones and calcareous sandstones; E, Shales; F,
Sulfides; G, Conglomerates; H, Coal; I, Coastal deposits; J, Graywackes and shales

(Culm); K, Erosion and/or no deposition. Modified from Colmenero ef al. (2002).

Figure 3: Three-dimensional reconstruction of the PBE Basin indicating the distribution

of the major floristic groups and the theoretical location of the coal beds analyzed.
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Figure 4: Selected palynomorphs from the coal and siliciclastic samples of the La
Ballesta open-pit. Sample/slide codes and England Finder microscope coordinates are
cited in brackets. England finder coordinates were determined with the software
England Finder Calculator (Gonzalez, 2012). 1, 2. Calamospora microrugosa
(Ibrahim) Schopf, Wilson and Bentall 1944 (Coal14/a-0O66/0 and Coal14/c-B34/4). 3.
Granulatisporites granulatus Ibrahim 1933 (Roof15/b- W50/1). 4, 5. Crassispora
konsankei (Potonié and Kremp) Smith and Butterworth 1967 (Coal14/d-W36/4 and
Coall4/a-F61/2). 6. Verrucosisporites cerosus (Hoffmeister, Staplin and Malloy)
Butterworth and Williams 1958 (Coal14/b- M65/2). 7. Raistrickia saetosa (Loose)
Schopf, Wilson and Bentall 1944 (Floor9/b-M59/2). 8, 9. Savatrisporites nux (
Butterworth and Williams) Smith and Butterworth 1967 (Floor9/b-L.46/3 and Roof15/b-
066/6). 10. Cirratriradites saturni (Ibrahim) Schopf, Wilson and Bentall 1944
(Roof15/b-V61/0). 11, 12. Densosporites annulatus (Loose) Smith and Butterworth
1967 (Coal14/b-U44/4 and Coall4/c-Y63/2). 13. Vestispora tortuosa (Balme) Spode
1967 (Coal15/d-X49/1). 14. Endosporites ornatus Wilson and Coe 1940 (Coal14/b-
X36/4). 15. Laevigatosporites minor Loose 1934 (Coall4/d- C45/3). 16.
Laevigatosporites vulgaris Ibrahim 1933 (Coall4/d —-C44/4). 17. Lycospora pusilla
(Ibrahim) Schopf, Wilson and Bentall 1944 (Coall4/d-F35/1). 18. Florinites junior
Potonié and Kremp 1954 (Roof15/b-R61/0). 19. Florinites mediapudens (Loose)
Potonié and Kremp 1956 (Roof15/b-U38/0). 20. Florinites pumicosus (Ibrahim) Schopf,

Wilson and Bentall 1944 (Roof15/4b-G64/0).

Figure 5: Vertical ranges of sellected miospore and pollen species recorded from the La
Ballesta coal and siliciclastic samples, with reference to the biozonal sequence of
Clayton ef al. (1977). The orange interval indicates the age range indicated by the

miospore and pollen content.
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Figure 6: Quantitative distribution of major floristic groups indicated by the
palynomorphs recovered from the La Ballesta coal beds and their floor and roof

siliciclastic beds. Scale bars = 1 m.

Table 1: Occurrence of spore and pollen species in the coal and siliciclastic samples
from the La Ballesta open-pit grouped according to the affiliation of their respective
parent plant. Relative abundances of individual species are denoted as follows: r, rare,
<1%; v, uncommon, >1-5%; ¢, common, >5-10%; a, abundant, >10-25%; v, very

abundant, >25%.
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Figure 1: Geological sketch of the southern Iberian Variscan Massif showing the location of Carboniferous
and Lower Permian outcrops, and detail of the Pefiaroya-Belmez-Espiel Basin indicating the sample
collecting site. Numbers and Abbreviations: 1, Viar Basin; 2, Villanueva del Rio y Minas Basin; 3, Pefiaroya-
Belmez-Espiel Basin; 4, Sierra de San Pedro Basin; 5, Guadalcanal Basin; 6, Puertollano Basin; CIZ, Central
Iberian Zone; OMZ, Ossa Morena Zone; SPZ, South Portuguese Zone. Modified from Colmenero et al.
(2002).
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Figure 2: Chronostratigraphic chart showing the distribution and types of Carboniferous and Lower Permian
deposits from the southern Iberian Variscan Massif. Basin numbers as for Fig. 1. Legend abbreviations: A,
Devonian; B, Continental deposits; C, Volcanic rocks; D, Limestones and calcareous sandstones; E, Shales;
F, Sulfides; G, Conglomerates; H, Coal; I, Coastal deposits; J, Graywackes and shales (Culm); K, Erosion
and/or no deposition. Modified from Colmenero et al. (2002).
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Figure 3: Three-dimensional reconstruction of the PBE Basin indicating the distribution of the major floristic
groups and the theoretical location of the coal beds analyzed.
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Figure 4: Selected palynomorphs from the coal and siliciclastic samples of the La Ballesta open-pit.
Sample/slide codes and England Finder microscope coordinates are cited in brackets. England finder
coordinates were determined with the software England Finder Calculator (Gonzalez, 2012). 1, 2.
Calamospora microrugosa (Ibrahim) Schopf, Wilson and Bentall 1944 (Coal14/a-066/0 and Coall14/c-
B34/4). 3. Granulatisporites granulatus Ibrahim 1933 (Roof15/b- W50/1). 4, 5. Crassispora konsankei
(Potonié and Kremp) Smith and Butterworth 1967 (Coal14/d-W36/4 and Coal14/a-F61/2). 6.
Verrucosisporites cerosus (Hoffmeister, Staplin and Malloy) Butterworth and Williams 1958 (Coal14/b-
M65/2). 7. Raistrickia saetosa (Loose) Schopf, Wilson and Bentall 1944 (Floor9/b-M59/2). 8, 9.
Savatrisporites nux ( Butterworth and Williams) Smith and Butterworth 1967 (Floor9/b-L46/3 and Roof15/b-
066/6). 10. Cirratriradites saturni (Ibrahim) Schopf, Wilson and Bentall 1944 (Roof15/b-V61/0). 11, 12.
Densosporites annulatus (Loose) Smith and Butterworth 1967 (Coall4/b-U44/4 and Coall14/c-Y63/2). 13.
Vestispora tortuosa (Balme) Spode 1967 (Coall15/d-X49/1). 14. Endosporites ornatus Wilson and Coe 1940
(Coall4/b-X36/4). 15. Laevigatosporites minor Loose 1934 (Coall14/d- C45/3). 16. Laevigatosporites
vulgaris Ibrahim 1933 (Coall14/d -C44/4). 17. Lycospora pusilla (Ibrahim) Schopf, Wilson and Bentall 1944
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(Coall4/d-F35/1). 18. Florinites junior Potonié and Kremp 1954 (Roof15/b-R61/0). 19. Florinites
mediapudens (Loose) Potonié and Kremp 1956 (Roof15/b-U38/0). 20. Florinites pumicosus (Ibrahim)
Schopf, Wilson and Bentall 1944 (Roof15/4b-G64/0).
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Figure 5: Vertical ranges of sellected miospore and pollen species recorded from the La Ballesta coal and
siliciclastic samples, with reference to the biozonal sequence of Clayton et al. (1977). The orange interval

indicates the age range indicated by the miospore and pollen content.

Page 26 of 27



Page 27 of 27 For Review Only

Floor bed Coal Roof bed

Coal bed 15

Coal bed 9

B ool Lycopsids Sphenopsids
[ Herbaceous [ Sub-arborescents [ Arborescents Il Sphenophytes [ Sphenophylls
[ shale
Fems Gymnosperms
[=]sandst Il Uncertain affini
R I Small ferns [l Tree ferns Il Conifers [ Cordaites neertain affinity

Figure 6: Quantitative distribution of major floristic groups indicated by the palynomorphs recovered from
the La Ballesta coal beds and their floor and roof siliciclastic beds. Scale bars = 1 m.
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Table 1: Occurrence of spore and pollen species in the coal and siliciclastic samples from the La Ballesta
open-pit grouped according to the affiliation of their respective parent plant. Relative abundances of
individual species are denoted as follows: r, rare, <1%; u, uncommon, >1-5%; ¢, common, >5-10%; a,
abundant, >10-25%; v, very abundant, >25%. Abbreviations: Arb, Arborescents; Con, Conifers; Her,
Herbaceous; Ste, Sphenophytes.



