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19Abstract

20Major palaeoenvironmental and palaeoceanographic changes occurred during the late
21Pliensbachian to early Toarcian (Early Jurassic) leading to the Toarcian Oceanic Anoxic Event
22(T-OAE) and the perturbation of the global carbon cycle that seriously affected marine
23ecosystems. The sequence of successive steps of environmental change and regional
24differences in the unfolding of T-OAE are not yet fully understood, and organic-walled
25phytoplankton and other palynomorphs are well-suited but underexplored for such studies.
26Based on the quantitative palynological analyses of thirty-three samples from a black shale-
27bearing succession in the Réka Valley, Mecsek Mountains, southwest Hungary, five
28distinctive assemblages are distinguished. These define major shifts in the organic-walled
29phytoplankton communities and were driven by palaeoenvironmental changes. Palynofacies
30analysis was also carried out in order to detect changes in the composition of sedimentary

3lorganic matter and estimate the terrestrial input.

32The lowermost Assemblage 1 is characterized by a moderately diverse phytoplankton
33community and high levels of terrestrial palynomorphs. In Assemblage 2 a significant peak of
34the euryhaline dinoflagellate cyst Nannoceratopsis is present. This is followed by a
35dominance of highly opportunistic prasinophytes, coinciding with the temporary
36disappearance of all dinoflagellate cyst taxa (Assemblage 3). This phytoplankton crisis was
37followed by a prolonged repopulation phase with low diversity phytoplankton assemblages

38(Assemblages 4 and 5) and intermittently high levels of terrestrially-derived palynomorphs.

39The successive disappearance of individual phytoplankton taxa and the gradual takeover by
40opportunistic euryhaline species at the onset of the early Toarcian environmental perturbations

41were related to the establishment of a reduced salinity layer in the surface water, a stable



42pycnocline and deterioration of nutrient recycling followed by oxygen deficiency in the water
43column. The palaeoenvironmental shifts were driven by early Toarcian global warming, which
44enhanced the hydrological cycle leading to intense runoff and freshwater input into the
45sedimentary basin of the Mecsek Mountains as evidenced by the high amount of terrestrially-

46derived palynodebris in the palynofacies.

47Comparison with coeval European successions reveals that the palaeoenvironmental changes
48during the T-OAE were not entirely synchronous, and local factors played a crucial role in
49influencing phytoplankton communities. Because the Réka Valley section was located in the
50northwest European epicontinental realm during the Early Jurassic, regional freshening of the
51surface waters and increased terrestrial input due to the proximity of the hinterland had a
52greater influence on phytoplankton communities compared to the open oceanic setting of the

53Tethyan Realm.
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64 1. Introduction

65The early Toarcian (Early Jurassic, ~182—178 Ma) was a time of severe palaeoenvironmental
66perturbations: global warming, sea level rise and the associated geochemical changes in the
670cean-atmosphere system created a compound stress of palaeoenvironmental changes which
68seriously stressed the biosphere and caused biological turnovers. Marine transgression, carbon
69isotope excursions, other geochemical anomalies and widespread deposition of organic rich
70sediments are associated with the Toarcian Oceanic Anoxic Event (T-OAE) (e.g. Jenkyns,
711988; McArthur et al., 2000; Schouten et al., 2000; Jenkyns et al., 2002; Bailey et al., 2003;
72van de Schootbrugge et al., 2005a; Hesselbo et al., 2007; Suan et al., 2008; Littler et al., 2009;
73Hermoso et al., 2013; Korte & Hesselbo, 2011). A plausible proximal triggering mechanism
74for the palaeoenvironmental perturbation is methane hydrate dissociation (Hesselbo et al.,
752000, 2007), whereas the most likely (and less debated) first-order driver of the
76paleoenvironmental changes is the emplacement of the Karoo-Ferrar igneous province (e.g.
77Palfy & Smith, 2000; McElwain et al., 2005; Svensen et al., 2007; Suan et al., 2008; Burgess
78et al., 2015). The T-OAE is associated with a second order mass extinction in several
79taxonomic groups (e.g. Harries & Little, 1999; Pélfy & Smith, 2000; Wignall, 2001; Caruthers
80et al. 2013; Caswell & Coe, 2013; Danise et al., 2013). Many of these environmental
81perturbations such as the increased terrestrial input due to enhanced weathering and riverine
82influx, stratification of the water column and subsequently anoxia in water colum, or
83acidification of ocean water represent serious stress for many phytoplankton groups. The
84effects of the oceanic anoxic events on phytoplankton assemblages have been discussed
85recently (e.g. Bucefalo Palliani et al., 1998, 2002; Bucefalo Palliani & Riding 1999a; Erba,
862004; Mattioli et al., 2004, 2009; van de Schootbrugge et al., 2005b, 2013). Dinoflagellate
87cysts are one of the major groups of fossilisable phytoplankton groups during Early Jurassic
88(Stover et al., 1996). They are unicellular algae with two distinct stages in their life cycle.
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89During the motile stage of the life cycle they inhabit the photic zone and their distribution is
90affected mostly by surface water temperature, salinity, nutrient availability and light
91penetration in the photic zone (e.g. Marret & Zonneveld, 2003). Cyst-producing
92dinoflagellates are very sensitive to the ecological conditions, especially oxygen availability
93in the bottom waters due to the benthic habitat of their cysts (Anderson et al., 1987).
94Therefore, due to the planktonic and benthic stages in their life cycle, dinoflagellate cysts
95provide information on the ecological conditions and physico-chemical properties of both the

96surface and bottom waters.

97Many studies on Early Jurassic dinoflagellate cyst assemblages have focused on their

98taxonomy, biostratigraphy and palaeobiogeography (e.g. Gocht, 1964; Davies, 1985; Prauss,

991989; Feist-Burkhardt & Wille, 1992; Riding & Thomas, 1992; Bucefalo Palliani & Riding
1002003a). The palynological aspects of the T-OAE were first discussed by Bucefalo Palliani et
101al. (1998; 2002); Bucefalo Palliani & Riding (1999a) and van de Schootbrugge et al. (2005b;
1022013). These works aimed at the reconstruction of the palaeoenvironmental changes
103associated to the T-OAE and were based mainly on dinoflagellate cysts, other organic walled
104microplankton groups and calcareous nannoplankton. The environmental stress that
105accompanied the T-OAE caused turnovers among dinoflagellate communities (Bucefalo
106Palliani & Riding 1999b, Bucefalo Palliani et al., 2002). The genus Luehndea and many
107species either became extinct or temporarily disappeared. The genus Umbriadinium probably

108lost its ability to make fossilisable cysts (Bucefalo Palliani & Riding, 2003b).

109The objective of this study is to analyse the changes in organic walled phytoplankton groups
110(dinoflagellate cysts and prasinophytes) together with changes in the input of terrestrially-
111derived material, on the basis of palynological investigation and palynofacies analysis of a

112black shale-bearing sequence in the Mecsek Mountains of southwest Hungary. Our aim is to
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113reconstruct the pattern of biotic turnover associated with the T-OAE. Comparing
114microplankton turnover patterns from other localities from the Boreal (Germany, UK) and
115Tethyan (central Italy) realms, we attempt to elucidate the regional and the global trends in
1160rganic walled phytoplankton community change and to assess the overprint on regional
117palaeogeographical setting on global phenomena. In addition, we record the changes in
118palynofacies patterns in the T-OAE (Dybkjer, 1991; Tyson 1993, 1995; Feist-Burkhardt et al.,

1192008; Gotz et al., 2008).

120

121 2. Geological setting

122The Mecsek Mountains are situated in the southwestern part of the Pannonian Basin in
123Hungary (Fig. 1A). They form the only exposed part of the Mecsek Zone structural unit that
124belongs to the Tisza Mega-unit (e.g. Csontos & Voros, 2004; Haas & Péro, 2004) (Fig. 1B).
125The latter consists of tectonic blocks of the European continental plate that were accreted
126during the Variscan orogeny and broke off the southern margin of the European Platform (Fig.
1272). The Tisza Mega-unit reached its present-day position after a series of drifting and rotation
128events during the Palaeogene and Neogene (e.g. Csontos et al., 1992; 2002).

129During the Triassic and Early Jurassic, the Mecsek Basin was located east of the Bohemian
130Massif and was an epicontinental depocentre (e.g. Haas & Péro, 2004) (Fig. 2). The Mecsek
131Basin was situated close to the continental margin and was therefore exposed to significant
132terrigeneous influence (e.g. Bleahu et al., 1994).

133The Upper Triassic to lowermost Jurassic succession is characterised by fluvial, lacustrine,
134coal-bearing swamp and deltaic deposits of the Mecsek Coal Formation (e.g. Szente, 2012)
135(Fig. 3). The early Sinemurian eustatic sea level rise coincided with rapid subsidence of the

136Mecsek Basin and led to a decrease of terrigenous input and deepening of the depositional
11 6
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137environment, reflected by the Vasas Marl Formation (e.g. Csaszar et al., 2007; Raucsik,
1382012a) (Fig. 3). During the late Sinemurian and Pliensbachian, terrigeneous material mixed
139with biogenic carbonate was deposited in this open marine, deep basin and formed an
140intensely bioturbated lithofacies, assigned to the Hossztihetény Calcareous Marl Formation
141(Fig. 3). This unit is informally known as spotted marl, and it is the equivalent of
142“Fleckenmergel” or “Allgdu” facies known elsewhere in the European margin of the
143Neotethys (e.g. Adamek, 2005; Horvath & Galacz, 2006; Raucsik, 2012b). Interbeddded
144turbiditic sandstone, bituminous limestone and crinoidal limestone occur within the
145monotonous upper Pliensbachian hemipelagic spotted marl series, suggesting variable control
1460f tectonism, sea level fluctuations and climate change (e.g. Raucsik & Varga, 2008a). The
147organic-rich silty and clayey marls of the lower Toarcian Rékavolgy Siltstone Formation mark
148the establishment of suboxic/anoxic conditions in the Mecsek Basin (Raucsik, 2012c) (Fig. 3).
149The T-OAE is represented by a ~12 m thick black shale succession (Dulai et al., 1992;
150Raucsik, 2008, 2012c). Overlying the black shales, sedimentation of the “spotted marl”
151recommenced and continued to the latest Bajocian (the Koml6 Calcareous Marl Formation)
152(Raucsik, 2012d) (Fig. 3). Marked changes took place in the sedimentation in the Mecsek
153Basin during the Middle Jurassic. The amount of terrigeneous input dramatically decreased;
154and together with the accelerated subsidence, it led to the formation of a deep pelagic basin
155(Horvath & Galacz, 2006) related to the separation of the Tisza Mega-unit from the European

156plate due to the opening of the Penninic oceanic branch.

157 3. Stratigraphy of the Réka Valley section

158Jurassic strata are exposed only in the eastern part of the Mecsek syncline (Némedi Varga,
1591998) (Fig. 1A, B). The section studied is located near the NE-SW trending Réka Valley,
160south of Obanya (Fig. 4). The ~12 m thick black shale succession crops out in a small
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161tributary ravine. The section was described in detail by Galacz (1991), Dulai et al. (1992) and
162Raucsik &Varga (2008a, b). The lower part of the section exposes the alternating series of
163intensely bioturbated calcareous and clayey marl beds (“spotted marl”) with intercalations of
164mixed carbonate-siliciclastic lenses (Fig. 5). The “spotted marl” succession is followed by the
165black shale beds consisting of light brown to dark grey bituminous shale and greyish clayey
166marl layers with distinct lamination at some levels (Raucsik, 2008). In the upper part of the
167black shale interval, intercalations of calcareous-siliciclastic turbidite beds occur. In the black
168shale beds, pyrite moulds, framboids, fish remains, bivalves and fragmentary plant remains
169are common (Dulai et al., 1992; Raucsik, 2008). Above the black shale “spotted marl”
170deposition resumed (Fig. 5).

171 Ammonites (Hildaites cf. siemensi, H. cf. levisoni, H. cf. gyralis) from the black shales, as
172well as Harpoceras cf. exaratum found directly above the topmost black shale layers, indicate
173the lower Toarcian Harpoceras falciferum ammonite biozone (Galacz, 1991). However, due to
174the sporadic occurrence of index species, especially ammonites, the base of the Toarcian is not
175well defined and the exact position of the boundary between the H. falciferum and
176Dactilyoceras tenuicostatum ammonite biozone remains controversial (Galacz, 1991; Dulai et
177al., 1992; Baldanza et al., 1995; Varga et al., 2009). Based on calcareous nannoplankton,
178Baldanza et al. (1995) placed the boundary between the H. falciferum and D. tenuicostatum
179ammonite biozones several metres above the base of the black shales (Fig. 5) In sample BS 15
180(1 m below sample BS 16), Mattioli (pers. comm.) found the calcareous nannoplankton
181Carinolithus poulnabronei, which often occurs together with C. superbus in early Toarcian
182assemblages and correlates with the D. tenuicostatum ammonite biozone. Sample BS 59 (1 m
183above sample BS 58) yielded Watznaueria fossacincta and W. colacicchii. The first

184appearance of these species is usually coincident with the first occurrence of Discorhabdus
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185striatus, suggesting correlation with the topmost part of the H. falciferum ammonite biozone
186(Mattioli & Erba, 1999).

187Previously, dinoflagellate cyst assemblages of the Réka Valley section were investigated by
188Baldanza et al. (1995) and Bucefalo Palliani et al. (1997). Their work focused mainly on the
189taxonomy, biostratigraphy and palaeogeographical implications of the dinoflagellate cysts.
190The species Luehndea cirilliae and Luehndea microreticulata were first described from the
191Réka Valley section (Bucefalo Palliani et al., 1997). The total organic carbon (TOC) values of
192the sediments vary from 3.89 to 8.12% in the oil shales, and 2.14-3.29% in the clayey marl
193beds (Varga et al., 2007). Investigation of samples from the lower 5 m of the black shale
194succession show that the organic particles are almost exclusively composed of liptinite formed
195mainly from marine material, especially algae (Varga et al., 2007). The carbon isotopic
196composition of the kerogen fraction ranges from -30.9%o to -28.6%o relative to V-PDB (Varga
197et al., 2007). These values are slightly less negative than in other Toarcian organic-rich
198formations (e.g. Schistes Carton, Posidonia Shale, Jet Rock) during the carbon isotope
199excursion of the T-OAE, but sampling here was of low resolution and pre- and post-excursion
200background levels from the underlying and overlying strata are subject of ongoing high-
201resolution studies. The carbon and oxygen isotopic composition of the carbonate fraction has
202been altered by diagenesis; therefore they cannot be used in palaeoenvironmental
203interpretations (Varga et al., 2007). The clay mineralogical composition of the black shales is
204dominated by kaolinite (Raucsik & Varga, 2008a, b), which is typical of strongly leached soils
205that become progressively enriched in aluminium (van de Schootbrugge et al., 2009)
206indicating extreme continental weathering rates in the source area related to a humid, tropical-

207subtropical climate conditions (Branski, 2010).

17 9
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208 4. Material and methods
209Thirty-three samples from the Réka Valley outcrop were analysed herein (Fig. 5).

210Palynomorphs from the black shale sequence were extracted from the same samples (labelled
211BS 2-58) collected by Varga et al. (2007) and Raucsik & Varga (2008a, b). Additional
212palynology samples were collected from strata below and above the black shale (labelled RV
2131-20). All the samples were prepared using standard palynological processing techniques,
214including 36% HCI and concentrated HF for the dissolution of carbonate and silicate minerals
215respectively (Wood et al., 1996). For density separation, ZnCl, (density 2.2 g/cm®) was used.
216In order to reduce the amount of amorphous organic matter (AOM), the black shale samples
217were oxidised using either NaOH, a mixture of NaOH and HNOs, or Schulze’s solution (a
218mixture of the aqueous solution of KClO; and concentrated HNOj3). The microscope slides
219were mounted in glycerine jelly. The relative percentage of palynomorphs is based on
220counting approximately 200 grains in 2 to 4 microscope slides. Sample RV 5 proved barren,
221and samples BS 48, BS 46, BS 44, RV 17, RV 19 and RV 20 were sparse, i.e. less than 30
222specimens were recovered. Dinoflagellate cysts were reasonably diverse and moderately well
223preserved. By contrast, terrestrial palynomorphs were highly diverse and generally well-
224preserved with a colour index of 1-2 on the thermal alteration scale of Batten (2002). The
225relative abundance of palynomorphs was calculated and plotted using the Tilia/TiliaGraph
226computer program (Grimm, 1991-2001). Palynomorph assemblages were defined with
227constrained cluster analysis using CONISS (Grimm, 1987) within Tilia (Fig. 6). Palynofacies
228analysis was performed in order to determine the type and preservational state of the
229sedimentary organic matter, plus the amount of terrigenous input. The subdivision of the
230palynofacies groups and their terminology was done using the method of Oboh-Ikuenobe &
231de Villiers (2003) (Table 1). Four palynofacies parameters were calculated on the basis of
232counting ~400 organic particles per slide: the ratio of terrestrial to marine palynomorphs

233(t/m), the ratio of spores to bisccate pollen grains (sp/bs), the ratio of opaque to translucent
19 10

20



234phytoclasts (op/tr) and the ratio of bladder or lath-shaped to equidimensional opaque
235phytoclasts (bl/eq) after Tyson (1993), Pittet & Gorin (1997), Feist-Burkhardt et al. (2008),
236and Gotz et al. (2008) (Table 1) (Fig. 7).

237Despite multiple cycles of oxidation treatment, the black shale samples yielded large amounts
238of AOM that made the identification of palynomorphs and phytoclasts difficult or impossible.
239A0M was analysed under fluorescent light to evaluate the preservation state of sedimentary
240organic matter and to distinguish the palynomorphs and phytoclasts that are masked by the
241A0M in light microscopy. However, fluorescent microscopy was not a suitable method for
242analysing palynomorphs from the black shale samples, because of the intense
243autofluorescence of the mounting medium. Furthermore, the intense fluorescent light melts
244the mounting material and damages the slides. For these reasons, meaningful palynofacies
245analyses could only be carried out on the underlying and overlying units; results from the
246black shale succession would not be reliable and comparable to the other samples. Optical
247microscopy was performed in the Department of Palaeontology, E6tvos Lorand University,
248Budapest, Hungary using a Nikon Eclipse E600 microscope. The fluorescence microscopy
249was undertaken at the Department of Botany, Hungarian Natural History Museum with a
250Nikon Eclipse E600 equipped with a fluorescent light source. All samples, residues and
251microscope slides, including the figured specimens (Plates I-III), are curated at the
252Department of Palaeontology, E6tvos Lorand University.

253Data analysis and the calculation of the diversity indices were carried out using the PAST
254software package 3.01 (Hammer et al, 2001). Samples containing <30 specimens were
255excluded from the data analyses. For each sample, the diversity of the marine phytoplankton
256was measured using the Simpson Diversity Index (1-D). This is a suitable method for
257assessing diversity changes throughout the section, because the abundance of palynomorphs is

258heterogenous. The Simpson Diversity Index takes into account the number of taxa present. It
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259ranges between zero for monospecific assemblages and 1 where all taxa are equally dominant.
260The index assesses the probability that two individuals randomly selected from a sample will
261belong to a different taxon and the greater the 1-D value, the greater the diversity (Danise et
262al. 2013). The Simpson Diversity Index was calculated only for marine taxa, because the
263reconstruction of changes in terrestrial vegetation pattern was beyond the scope of this study.
264Detrended correspondence analysis (DCA) performed with PAST (Hammer et al., 2001) was
265used in order to determine similarities between the samples studied (Hill & Gauch, 1980). The
266aim was to detect relationships between the different palynomorph groups, with special
267emphasis on co-occurrences of different algal groups in the organic-walled microplankton
268community and to characterize palaeoecological changes (Correa-Meitro et al., 2014). A taxon
269abundance matrix was used for the input of data. The advantage of DCA compared to other
270ordination methods is the elimination of the arch effect (Hill & Gauch, 1980; Hammer et al.,
2712001), and that the analysis is less affected by smaller differences in sample size (i.e

272palynomorph counts) or diversity (De Toledo et al., 2009).

273 5. Results

2745.1 Palynomorph assemblages, Simpson Diversity Index and
275 palynofacies

276Dinoflagellate cysts dominate the marine palynomorphs (Plate I). Acritarchs occur throughout
277the succession, although in low abundance and diversity; they are represented by only three
278genera. Four taxa are of prasinophytes were distinguished. These include small (10-15 pm
279diameter), thin walled, spherical palynomorphs, commonly referred to as sphaeromorphs, and
280which are characteristic of the black shale samples (Palte III). The terrigenous fraction
281contains trilete spores, bisaccate pollen, non-saccate gymnosperm pollen grains and
282Classopollis sp. The spores (Plate II) belong to ferns, lycopods and mosses; the 21 taxa

283identified belong to 19 genera, and 15 taxa were determined at the species level. Smooth

23 12
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284trilete spores assigned to the ferns (Cyathidites spp.) are predominant. Ornamented forms are
285less frequent, although Ischyosporites variegatus and Manumia delcourtii are common in
286some samples. Gymnosperms (Plate II) are represented by four taxa of bisaccate pollen grains
287(Alisporites robostus, Alisporites cf. thomasii, Pytiosporites sp. and Vitreisporites pallidus).
288Non-saccate pollen grains (Cerebropollenites sp., Chasmatosporites spp., Monosulcites spp.
289and Spheripollenites psilatus) were recorded sporadically. The general aspect of the
290sporomorphs is characteristic of the late Pliensbachian to early Toarcian of Europe (van Erve,
2911977; Lund & Pedersen, 1984; Guy-Ohlson, 1986; Dybkjer, 1991; Bucefalo Palliani, 1997).
2920n the basis of changes in the diversity and composition of palynomorphs in the section
293studied, the following five successive assemblages were distinguished in the cluster analysis

294(Fig. 6), each of them is also characterised by their distinctive palynofacies.

295

2965.1.1 Assemblage 1

297In samples RV 1 to RV 7, marine palynomorphs are present in higher proportions than spores
298and pollen grains, the t/m index is <1 except in RV 6, where its value reaches 1.69 (Figs 6, 7).
299Species of the genus Luehndea are predominant among the dinoflagellate cysts. Luehndea
300spinosa (Plate I, Fig. 12) and L. cirilliae are frequent, whereas L. microreticulata (Plate I, Figs
3019-10) is rare. Other dinoflagellate cyst taxa, e.g. Mancodinium semitabulatum,
302Mendicodinium spp., Umbriadinium mediterranense and Valvaeodinium spp. and
303indeterminate dinoflagellate cysts are rerelatively rare. Prasinophyte phycomas and the
304sphaeromorphs are only minor constituents of the palynomorph assemblage (3—6%). The
305Simpson Diversity Index is around 0.8 in Assemblage 1 indicating that the phytoplankton
306communites have a relatively even species distribution (Fig. 6). Within the terrestrial fraction,
307gymnosperm pollen grains are dominant. The palynomacerals comprise sedimentary organic
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308matter of mixed terrestrial and marine origin (Plate III, Fig. 5), opaque phytoclasts form the

309dominant fraction (82.5% on average), palynomorphs are subordinate (Fig. 7).

310

3115.1.2 Assemblage 2

312Samples RV 8 and RV 9 are distinguished by a greatly increased proportion of
313Nannoceratopsis (Fig. 6). This genus represents 99% of the dinoflagellate cyst association and
31466% of the total palynomorph spectrum. The diversity falls to 0.3 suggesting community
315changes among organic walled phytoplankton (Fig. 6). Nannoceratopsis gracilis includes
316many different morphotypes including many with well-defined dorsal antapical horns and
317strongly reduced ventral antapical horns. Morphotypes 13 and 17 of Gocht (1964) are
318common. These forms (Plate I, figs 4-5) are similiar to N. gracilis subsp. obsoleta, which is
319characteristic in the early Toarcian of Germany. Some specimens are close to N. magnicornus
320(Plate I, fig. 11). A few forms with characteristic rectangular outlines, prominent dorsal
321antapical horns and reduced ventral antapical horns occur (Plate I, fig. 6). Specimens with
322antapical horns of equal length are less frequent. Luehndea spinosa is recorded in RV 9, this is
323the highest occurrence of the species in the section investigated. The stratigraphical range of
324this species is late Pliensbachian to earliest Toarcian, from the Pleuroceras spinatum to the D.
325tenuicostatum ammonite biozone (Bucefalo Palliani et al., 1997). The ratio of the
326sphaeromorphs increased. The t/m index is low, 0.06 and 0.25 respectively, but in the
327terrestrial fraction the ratio of spores to bisaccate pollen is higher compared to assemblage 1
328(2.75 and 1.00 respectively) (Fig. 7). The relative proportion of trilete spores and Classopollis
329sp. to the bisaccate pollen grains is higher than in Assemblage 1. In the palynofacies (Plate III,

330fig. 6) opaque phyoclasts are dominant, but there is no consistency in the shape and size
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331distribution of opaque phytoclasts. Equidimensional and lath-shaped particles are both present

332(Fig. 7). Amorphous organic matter is absent in these samples.

333

3345.1.3 Assemblage 3

335In the samples from the black shale, the abundance of all palynomorph groups abruptly drops,
336with the exception of the sphaeromorphs that are the major constituents of this assemblage
337(Fig. 6). The severe crisis is reflected in the extremely low 1-D values ranging between 0.04
338and 0.33. Sample BS 32 with relatively high 1-D values is marked by a moderately high
339diversity of prasinophytes, where different species of Tasmanites and sphaeromorphs are
340present. The sphaeromorphs occur as single grains, in clusters, or in chains (Plate III, figs 1-
3412). Dinoflagellate cysts are virtually absent in this assemblage. Prasinophytes are represented
342by several taxa (Cymathiosphaera pachytheca, Leiosphaeridia sp., Pleurozonaria polyporosa
343and Tasmanites sp.). In sample, BS 2 a few dinoflagellate cysts also occur, although the poor
344preservation of these specimens prohibited their accurate determination. The percentage of
345each palynomorph group is 1-3%, except for the sphaeromorphs, which make up 93% of the
346total palynomorph assemblage. Sedimentary organic matter is represented mostly by AOM
347(Plate III, figs 3-4). This amorphous material is homogenous in light microscopy, although
348fluorescent light reveals that the amorphous clusters mask prasinophytes, phytoclasts
349sphaeromophs and sporomorphs (Plate III, fig. 3). The fluorescence of the AOM is very weak,
350from pale brown to yellowish green, in contrast to the palynomorphs and phytoclasts that are
351brightly fluorescent. The fluorescence colours of both palynomorphs and phytoclasts are

352yellow to green (Plate III, figs 3-4).

353
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3545.1.4 Assemblage 4

355The terrestrial fraction of Assemblage 4 abruptly increased in the beds overlying the black
356shale. In samples RV 11 to RV 15, the ratio of trilete spores (e.g. Cibotiumspora jurienensis,
357Concavisporites mesozoicus, Cyathidites spp., Dictyophyllidites harrisii and Ischyosporites
358variegatus) significantly increased, associated with a high levels of terrestrial phytoclasts
359(Figs 6, 7). The spores/bisaccate pollen ratio is between 5.0 and 5.5. The reappearing
360microplankton assemblages are very poor, dinoflagellate cysts and acritarchs are rare. Their
361scarcity may be due to the diluting effect of sporomorphs and phytoclasts. Dinoflagellate
362cysts are represented only by a few specimens of Nannoceratopsis senex (Plate 1, fig. 1).
363Prasinophycean algae are common, and the sphaeromorphs still occur in significant numbers
364(average 83%), but they show a decreasing trend in samples from RV 10 to RV 12 and they
365never form clusters or chains. The t/m index still remains low, as the sphaeromorphs are still
366common. Small aggregates of AOM are present in samples RV 13 to RV 15, but in the rest of
367the samples, no AOM was recorded. In the palynofacies, the translucent phytoclasts are
368dominant, which exhibit great variety in colour, shape and size (Fig. 7).

369

3705.1.5 Assemblage 5

371The dominance of the terrestrial fraction characterises the palynomorph assemblages in
372samples RV 16 to RV 20; the marine fraction is still impoverished (Fig. 6). Dinoflagellate
373cysts consitute around 4% of the marine palynomorphs in each sample. The first occurrence
3740f Nannoceratopsis spiculata (Plate I, fig. 13) is recorded in sample RV 20, which already
375indicates the Hildoceras bifrons ammonite biozone (Riding & Thomas, 1992). The proportion
3760f acritarchs (6%) is higher than in Assemblage 4. The Simpson Diversity Index of the

377phytoplankton assemblages do not reach the values that were characteristic before the event
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378(Fig. 6). Prasinophyte phycomas occur in significant numbers (21%), but the sphaeromorphs
379are absent. The sporomorphs are the dominant fraction of the palynomorph assemblages, with
380spores being most abundant. The sporomorphs from Assemblages 4 and 5 do not show
381marked compositional changes in comparison. Although the ratio of bisaccate pollen to trilete
382spores is higher in comparison to Assemblage 4 (Figs 6, 7). Despite the similar composition of
383palynomorph assemblages, the differences in the palynofacies allow the differentiation of the
384two assemblages. An increase of opaque, equidimensional phytoclasts is documented in this
385part of the section and the total absence of AOM (Plate III, Fig. 8) (Fig. 7). The marine
386fraction is somewhat higher than in Assemblage 4, but the t/m index is also still high with an
387average of 4.31 due to the impoverished phytoplankton communities.

388

3895.2 Multivariate data analysis
390To further test the palaeoecological signal of the palynomorph groups investigated, a

391multivariate method, detrended correspondence analysis (DCA) was applied to the taxon
392abundance distribution matrix (Fig. 8). In the DCA scatter plot, four major groups of samples
393are distinguished (Fig. 8). This grouping compares well with the previously established
394palynomorph assemblages, except that Assemblage 3 and 4 could not be separated using DCA
395due to the predominance of the sphaeromorphs in both assemblages. Assemblages 3-4 and 1
396display a strong polarisation along Axis 1 (Fig. 8): Assemblages 3-4 were placed on the left
397side, whereas Assemblage 1 on the far right side of the field (Fig. 8). Similarity of
398Assemblages 1 and 5 is manifested in their close placement in the DCA plot, but they are
399clearly separated from the samples of Assemblage 2 (RV 8, RV 9), which plot to the upper
400right field with high values along Axis 2, owing to high proportions of Nannoceratopsis
401compared to the rest of the sample population. In DCA analyses, the elimination of the arch
402effect by the division of the ordination into segments distorts the variance fractions and the
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403eigenvalues of the different axes cannot be interpreted as variance fractions (Hill & Gauch,
4041980; Legendre & Legendre, 1998). The eigenvalues, by contrast, reflect the relative
405importance of the different axes (Legendre & Legendre, 1998; Correa-Metrio et al., 2014), in
406this case the eigenvalue of Axis 1 is 0.7088, that of Axis 2 is 0.3481. Changes along Axis 1
407account for the majority of the variance within the data. Sphaeromorphs and prasinophytes are
408characterized by low scores, in contrast to dinoflagellate cysts and terrestrial palynomorphs
409which show high values along Axis 1 (Fig. 8). On Axis 2, sphaeromorphs and
410Nannoceratopsis have very high positive values, whereas all other dinoflagellate cyst taxa, the
411terrestrial palynomorphs (except spores) and the acritarchs scored negative values. Comparing
412row scores, samples from Assemblage 1 have very high values on Axis 1 and low values on
413Axis 2. Axis 1 values decrease towards Assemblage 2 and reach their minimum in the samples

414from Assemblage 3 (Fig. 8).

415 6. Discussion
416The phytoplankton communities responded to the palaeoenvironmental stress associated with

417the T-OAE with successive replacement of characteristic assemblages. The succession is
418divided into five palynomorph assemblages (Fig. 6) that represent different intervals in the
419progression of palaeoenvironmental perturbation, driven by changes in oxygen level, salinity
420and nutrient supply in the water column. These intervals reflect changes in the
421paleocommunities that can be interpreted using the framework of four successive stages
422recognized in modern ecosystems affected by anoxia: (1) undisturbed, climax communities,
423(2) transitional communities, (3) disturbed communities and (4) severely disturbed
424communities (Danise et al., 2013). Three of these communities (2 to 4, see above) are

425unequivocally present in the Réka Valley succession.

426
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4276.1 Phytoplankton community changes

428Interval 1 (samples RV 1-RV 7)

429Strong terrestrial influence and presumably eutrophic conditions are inferred from the
430palynofacies and the palynomorph distribution in Interval 1. The most abundant dinoflagellate
431cysts Luehndea spinosa and Nannoceratopsis gracilis are deemed to be opportunistic species,
432which may have favoured higher nutrient levels from high terrigenous input (Bucefalo
433Palliani & Riding 1997a, b; 2000). This assemblage has the highest Simpson Diversity Index
434values (0.7-0.85) within the succession (Fig. 6). Assemblage 1 represents a transition from an
435undisturbed, climax community to a disturbed association (Assemblage 2), which is
436manifested in the increased number of opportunistic species and higher bioproductivity. It is
437assumed that a true undisturbed climax community was not recorded in the succession
438studied, as all assemblages were characterised by moderate to low diversities, but high
439abundance values.

440Warm, humid palaeoclimate and significant riverine influx are inferred from the presence of
441spores (e.g. Cibotiumspora juriensis, Cyathidites spp., Dictyophyllidites harrisii,
442]schyosporites. variegatus, Manumia delcourtii, Neoraistrickia sp. and Uvaesporites
443argentaeformis) in the terrestrial fraction of the palynomorphs. The strong heterogeneity of
444phytoclasts in terms of particle type (i.e. brown wood, charcoal, cortex, cuticle fragments and
445membranous tissues), shape and size (Fig. 7) is also explained by intense riverine input
446resulting from enhanced runoff from the hinterland (Dybkjer, 1991). This scenario is
447consistent with the general global warming and humid climate, intensification of continental
448weathering and enhanced runoff from the hinterland during the early Toarcian (e.g. McElwain
449et al., 2005; Dera et al., 2009). Increased weathering is also supported by the high kaolinite

450content in the clay mineral spectrum of the section (Raucsik & Varga, 2008a, b). The absence
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451of AOM in these samples indicates ventilated, well-oxygenated bottom conditions and an
452unstable water column with vertical mixing of nutrients.

453

454Interval 2 (samples RV 8-RV 9)

455The abundance of Nannoceratopsis spp. in Interval 2 marks a significant disturbance of the
456phytoplankton communities. Nannoceratopsis is considered to have been an opportunistic,
457euryhaline dinoflagellate cyst genus (e.g. Riding, 1983; 1984; 1985; 1987) that could readily
458adapt to lower salinity conditions in the surface waters caused by the increased freshwater
459input. The low Simpson Diversity Index values (0.3—0.5) (Fig. 6) also suggest that this
460assemblage represents a disturbed community. Several abberant morphotypes of
461Nannoceratopsis gracilis occur in Interval 2. Some of these are similar to N. magnicornus
462(recorded from the Dactylioceras tenuicostatum ammonite biozone in France; Bucefalo
463Palliani & Riding, 1997a), some resemble N. gracilis subsp. obsoleta (Pleuroceras spinatum
464to Hildoceras bifrons ammonite biozones in Germany; Prauss, 1989), yet others exhibit a
465rectangular outline and one prominent dorsal antapical horn (Plate I, fig. 6.). These
466morphotypes are confined to Interval 2; in Interval 1 or higher in the section Nannoceratopsis
467is represented by other taxa. The appearance of these unusual forms is indicative of stressed
468palaeoenvironments and represents the reaction of this genus to lower surface water salinity
469and/or changes in oxygen and nutrient availability. According to Bucefalo Palliani & Riding
470(2000), these unusual morphological features of Nannoceratopsis reflect the differing
471tolerance levels of the species. Nannoceratopsis magnicornus did not survive the anoxic
472phase in England, France and Hungary, whereas N. gracilis and N. senex are still present in
473higher stratigraphical levels at these localities. It is difficult to determine the advantages or
474disadvantages of the morphological features of N. gracilis, N. magnicornus or N. senex. It was

475probably related to the relationship of size, shape and weight of the cysts to the buoyancy and
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476hydrodynamic forces in stratified water bodies. Evitt (1961) pointed out the huge intraspecific
477morphological variability of N. gracilis and we suggest that the abberant specimens or
478variants are all morphotypes of N. gracilis. Additionally, studies on many modern
479dinoflagellates have shown that salinity exerts a strong control on the morphology of their
480cysts (e.g. Ellegaard, 2000; Mertens et al., 2009; Rochon et al., 2009; Verleye et al., 2012).
481Intringuingly, Evitt (1961) and Gocht (1972) pointed out the similarities of the epicystal
482tabulation pattern between peridinoid dinflagellates and Nannoceratopis. Although
483Nannoceratopsis belongs to a separate order of dinoflagellates (Fensome et al., 1993) without
484any modern descendant, it cannot be entirely excluded that they had similar lifestyles to
485modern peridinoid heterotrophic dinoflagellates (Evitt, 1961), thereby explaining their high

486productivity and prevalence in eutrophic water masses.

487

488Interval 3 (samples BS 2—BS 58)

489The increased freshwater supply during Intervals 1 and 2 led to the establishment of a stable
490and stratified water column with dysoxic, or anoxic conditions at the sea bed and in the water
491column. In the palynofacies, the abundance of AOM clearly indicates oxygen deficiency at the
492sediment-water interface and the lack of bioturbation leading to the deposition of finely
493laminated, organic-rich black shales. The kerogen of the black shales consists mainly of
494marine organic material of algal origin (liptinite) with less than 10% terrestrial component
495(vitrinite and intertinite) (Varga et al., 2007). However, fluorescence analysis has revealed that
496the AOM masks many sporomorphs and phytoclasts. The temporary presence of euxinic
497conditions during the deposition of the black shale in the Réka Valley is manifested by the
498presence of micrometre-scale pyrite framboids in the black shale. The episodic return of
499oxygenated conditions is suggested by sparse bivalves at some levels of the black shale
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500(Galacz, 1991). However, based on the estimates of R6hl & Schmid-Réhl (2005) from the

501Posidonia Shale, these episodes could have lasted only few months or years.

502The onset of black shale sedimentation is coeval with a sharp reduction in phytoplankton
503diversity. The low salinity, oxygen deficiency and subsequently oligotrophic conditions were
504only tolerated by some phytoplankton groups. The severe disturbance of the phytoplankton
505communities is also manifested in the low Simpson Diversity Index, which decreased from
5060.3-0.5 to 0.05-0.2 (Fig. 6). The marine palynomorph spectrum mainly comprises
507sphaeromorphs. Previously, these have been proposed to belong to several groups (e.g. pollen
508grains, green algae, bacteria), but their affinity still remains uncertain (Bucefalo Palliani et al.
5092002; van de Schootbrugge et al. 2005b, 2013). According to Prauss & Riegel (1989), their
510affinity probably lies in the Prasinophyceae, a primitive group of Chlorophyta, which is
511corroborated by their common occurrence together with prasinopyte phycomas (van de
512Schootbrugge et al., 2013). The sphaeromorphs, together with other prasinophytes, represent
513the only phytoplankton groups that could survive the significant freshening of surface waters,
514or could withstand periods when dysoxic-anoxic, probably even euxinic conditions reached
515the photic zone. Furthermore, they were better adapted to the reduced recycling of nutrients
516that sank to the bottom, and could not return to the photic zone again due to density

517stratification in the water column (Farrimond et al., 1989; Prauss, 2007).

518The extension of the oxygen minimum zone severely affected the dinoflagellate cyst
519assemblages. Studies on modern dinoflagellates have proved that oxygen availability exerts a
520strong control on the excystment of dinoflagellates, and anoxic conditions completely prohibit
521the successful germination of the cysts (Anderson et al., 1987; Pross, 2001). This led to the

522temporary disappearance of dinoflagellates (the “blackout” event sensu Loh et al., 1986).
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523This characteristic association of high relative abundances of sphaeromorphs, AOM and the
524lack of dinoflagellate cysts is widely recognised the from the lower Toarcian black shale
525facies in northwest Europe (e.g. Wall, 1965; Wille, 1982; Lund & Pedersen, 1984; Prauss &
526Riegel 1989; Dybkjeer, 1991; Prauss et al., 1991; Bucefalo Palliani et al., 2002). The
527dinoflagellate cyst diasappearace extends from the upper part of the D. tenuicostatum to the
528H. falciferum ammonite biozone. The prasinophytes are considered as disaster taxa because of
529their peaks in the near absence of other phytoplankton groups like dinoflagellate cysts (van de
530Schootbrugge et al., 2005b). However, the reasons for their general proliferation during
531anoxic events, and their widespread distribution at the T-OAE, are still controversial. Prauss
532(2007) summarised the probable causes of prasinophyte abundance during anoxic events (e.g.
533the T-OAE and the Cenomanian/Turonian event). He suggested that low salinity of surface
534waters and the extension of the oxygen minimum zone alone cannot account for the recorded
535turnover in the phytoplankton communities and the availability of distinct trace elements such
536as Cu, Fe, Mn, Mo or Zn and nutrients (N, P) may exert a bigger control on different algal
537groups (Falkowski et al, 2004; Katz et al. 2004). The prasinophyte abundance may also be

538connected to the denitrfication of the water column (Jenkyns et al., 2001).

539Intervals 4 and 5 (samples RV 10-RV 20)

540The return of bioturbated sediments (bioturbated marls, calcareous and clayey marls with
541lincreasing carbonate content upsection) in the upper part of the section marks the end of the
542anoxic event, and the re-establishment of an oxygenated water column. However the
543phytoplankton communities did not yet fully recovered, and represent a disturbed, transitional
544community to climax assemblages. The Simpson Diversity Index of the phytoplankton
545continued to remain low (Fig. 6). The Lazarus effect (Wignall & Benton,1999) is a common

546feature among the dinoflagellate cysts returning in this interval, there are many species which
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547reappeared after the event. The adaptation of Nannoceratopsis to a more proximal setting with
548lower salinity may have favoured their survival during the T-OAE. They probably used
549proximal settings as refugia; Prauss (1996) suggested they could thrive in nearshore settings
550due to their euryhaline nature (e.g. Riding, 1983, 1984, 1987).

551This interval is also characterised by an increase of fern spores, whereas other terrestrial
552palynomorphs occur only in low proportions indicating humid and warm palaeoclimatic
553conditions. A few dinoflagellate cysts (e.g. N. senex) and acritarchs occur, and sphaeromorphs
554are still present. The absence of AOM indicates a ventilated, non-stratified water column. The
555palynofacies is dominated by bladed, elongated phytoclasts, plant tissues and cuticles
556indicating either the proximity of the shoreline, intense runoff or both. In Interval 5,
557sphaeromorphs further declined and the palynofacies patterns indicate an unstable water
558column with ventilated conditions. The abundance of predominantly rectangular, small
5590paque phytoclasts indicates a deepening trend in the late Toarcian of the Mecsek Zone which

560is consistent with the geological evolution of this area (Csontos & Voros, 2004).

5616.2 Interpretation of the results of the Detrended Correspondence Analysis

562 (DCA)

563A scatter plot clearly shows the polarisation of samples along both Axis 1 and Axis 2 placing
564samples with sphaeromorphs on the far left and samples dominated by other phytoplankton to
565the right side (Fig. 8). This pattern was caused by the palaeoenvironmental change associated
566with the T-OAE. Samples with high proportion of Luehndea are closer to samples with
567acritarchs, other dinoflagellate cystss, bisaccate pollen and Classopollis, indicating probably
568generally favourable conditions for the phytoplankton with minor to moderate terrestrial input
569that supports a diverse community. This is also suggested by the strong difference in the axes

570scores compared to that of the sphaeromorphs, indicating that the latter group represents
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571serious palaeoenvironmental deterioration. The Nannoceratopsis peak in samples RV 8 and
572RV 9 records a distinct event of very high nutrient input, likely both from marine and
573terrestrial source. Nannoceratopsis attained relatively high values on both axes of the DCA
574indicating that its abundance is not only controlled by nutrient availability, but another factor,
575probably sea surface salinity also exerted significant influence on the group. The position of
576the different groups and the axes scores suggest that Axis 1 largel

577y represents nutrient availability in the water column moving from eutrophic conditions
578(indicated by the terrestrial input and recycling of nutrients) to oligotrophic conditions due to
579the establishment of stratified water column. By contrast, Axis 2 probably represents the
580surface water salinity gradient. Sphaeromorphs are indicative of oligotrophic conditions with
581restricted nutrient recycling due to a stratified water column, with significant freshening of the
582water column. The position of the sphaeromorphs in the DCA diagram corroborates the
583hypothesis of Prauss (2007) that low salinity suface waters and oxygen deficiency in the water
584column alone cannot account for the abundance of the sphaeromorphs during the T-OAE and
585that the availability or lack of distinct nutrients exerted a strong control on phytoplankton
586turnover patterns. The position of Nannoceratopsis and its high score on both axes indicates
587that the peak is associated with the freshening of surface waters and an increase in nutrient
588levels from a terrestrial source leading to eutrophic conditions. Prasinophytes probably mark
589the first stage of the deterioration in nutrient recycling and freshening inferred from intense
590riverine input that could also account for the virtual abundance of spores. Luehndea and other
591dinoflagellate cysts (except Nannoceratopsis), acritarchs and gymnosperms (Classopollis,
592bisaccate pollen grains) are grouped together. This is because they represent normal (or close
593to normal) salinity conditions and explain, with the non-stratified water column and sufficient
594nutrient input, the contradictory scores on both DCA axes compared to the sphaeromorphs.

595
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5966.3 Correlation of phytoplankton turnover events and
597 comparison with other lower Toarcian black shale
598 localities

599To elucidate regional and global trends in biotic turnovers among organic—walled
600phytoplankton communities, four localities have been chosen for comparison with the five
601stage successive floral replacement pattern observed in the Réka Valley section (Table 2). The
602Brown Moor borehole in Yorkshire, UK (Bucefalo Palliani et al. 2002); the
603Bisingen/Zimmern borehole in southwest Germany (Prauss et al., 1991) and the Grimmen
604section in northwest Germany (Prauss, 1996) were chosen from the the northwest European
605Realm. From the Mediterranean Tethyan Realm, successions from the Umbria-Marche Basin
606were selected (Bucefalo Palliani et al., 1998; Bucefalo Palliani & Riding, 1999a). Additinally,
607the Quercy section in southwest France was also chosen for comparison due to its transitional
608position between the northwest European epicontinental areas and the Mediterranean Realm
609(Bucefalo Palliani & Riding, 1997a); this setting is similar to the Mecsek basin. The
610characteristic palynological features and the biotic events at these localities are summarised in

611Table 2.

6126.3.1 Comparison with localities from the Northwest European Realm

613Marine palynomorphs in the Lower Toarcian of northwest Europe are dominated by
614Luehndea spinosa, Mancodinium semitabulatum, Nannoceratopsis spp., sphaeromorphs and
615Tasmanites spp. (Bucefalo Palliani & Riding, 1999b, 2003a) similar to the Réka Valley
616association. In the Yorkshire succession, the dinoflagellate assemblages are gradually replaced
617by prasinophytes and sphaeromorphs resulting in the dinoflagellate cyst blackout event being
618coincident with the negative carbon isotope excursion and TOC maximum between the
619Dactylioceras semicelatum and Harpoceras exaratum ammonite subbiozones (Bucefalo
620Palliani et al., 2002). In contrast, in the Réka Valley the replacement of dinoflagellate cysts by

621prasinophytes was sudden rather than gradual, although it may be attributed to the different
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622sampling resolution. The length of the phytoplankton disappearance event and the
623stratigraphical range of the sphaeromorphs are also more extensive in the Hungarian
624sequence.

625In the Posidonia Shale of southwest Germany the relative proportion of Nannoceratopsis
626senex increases gradually at the top of the D. tenuicostatum ammonite biozone to the onset of
627the bituminous facies, which bears significant resemblance to Interval 2 in the Réka Valley
628(Table 2). The black shale interval in the Posidonia Shale is also devoid of dinoflagellate
629cysts, similar to the Interval 3 at Réka Valley. However, in northwest Germany, dinoflagellate
630cysts (Nannoceratopsis) are present throughout the organic-rich facies (Prauss, 1996),
631explained by the more proximal depostional setting of the Grimmen succession providing
632refuge for Nannoceratopsis with a probably less stable oxygen minmum zone. After the T-
6330AE the dinoflagellate cysts return only in the upper part of the H. bifrons ammonite biozone
634in southwest Germany (Prauss et al., 1991), but they are less diverse and abundant than before
635the anoxic period, which is similar to the low phytoplankton diversity and abundance
6360bserved in Intervals 4 and 5 in the Réka Valley. Another common feature of the Réka Valley
637and the assemblages from southwest Germany is the abundance of sporomorphs (pteridophyte
638spores and bisaccate pollen) together with terrestrial macerals (huminite, vitrinite) in the
639kerogen in the P. spinatum to D. tenuicostatum ammonite biozones (Table 2). The
640replacement of phytoplankton groups and the length of the disappearance event were more
641pronounced and longer in Germany and in the Réka Valley compared to the Yorkshire section
642(e.g. Wall, 1965; Prauss & Riegel, 1989; Bucefalo Palliani et al., 2002) (Table 2).

643The Quercy succession in southwest France exhibits similar assemblages to those in in
644northwest Europe or the Réka Valley. Luehndea spinosa is dominant in the D. tenuicostatum
645ammonite biozone and the number of species and abundance of Nannoceratopsis increased

646towards the top of that unit (Bucefalo Pallinai & Riding, 1997a). Nannoceratopsis

53 27

54



647magnicornus was described from this locality, which is also present in the Réka Valley
648assemblage (Bucefalo Pallinai & Riding, 1997a). The phytoplankton turnover patterns later in
649the early Toarcian could not be studied in the Quercy succession, as this interval was not
650exposed there (Bucefalo Pallinai & Riding, 1997a).

651

6526.3.2 Comparison with localities from the Mediterranean Province of the Tethyan Realm
6531In the Early Jurassic the Mecsek succession was located in a transitional belt between the
654Mediterraneam areas and the northwest European epicontinental Realm, but it bears a closer
655resemblance to the latter. For example, Mendicodinium spp. are significantly more diverse in
656the Mediterranean Realm than in the epicontinental areas, whereas Nannoceratopsis and
657Luehndea exhibited greater species richness in the latter province (Riding, 1984; Prauss,
6581989; Feist-Burkhardt & Wille, 1992). Furthermore, in the early Toarcian not only the
659assemblages consist of different species, but different patterns of palaeoenvironmental and
660community changes associated to the T-OAE are present in the two realms (Bucefalo Pallani
661& Riding, 1999b). The only common features are the extinction of Luehndea spinosa before
662the onset of the black shale deposition in the D. tenuicostatum ammonite biozone and the
663disappearance of dinoflagellate cysts in the organic-rich sediments accompanied by a
664prasinophyte bloom (Bucefalo Palliani et al. 1998; Bucefalo Pallinai & Riding, 1999 a, b).
6650ne of the major differences is the temporal discrepancy between biotic events and
666community changes in the two provinces. In the Umbria-Marche Basin in Central Italy, the
667environmental perturbation starts in the lowermost D. tenuicostatum ammonite biozone,
668culminating in the middle-upper part of that zone, and the return of ventilated, oxygenated
669conditions occurs in the uppermost part of the D. tenuicostatum ammonite biozone (Table 2).
670In the Réka Valley and in the northwest European domain, the onset of the black shale

671sedimentation and the dinoflagallate cyst disappearance event occur later in the uppermost D.
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672tenuicostatum to H. falciferum ammonite biozones and the environmental crisis extends
673probably into the H. bifrons ammonite biozone (Prauss et al. 1991). In the Mediterranean
674localities no sign of intense terrestrial runoff, freshwater input and freshening of surface
675waters were recorded, although terrestrial palynomorphs may be abundant at some levels
676(Bucefalo Palliani, 1997; Bucefalo Palliani & Riding, 1997b). The sphaeromorphs are less
677significant in the Mediterranean area than in northwest Europe. The palynomorph assemblage
6780f the black shales consists mainly of Tasmanites spp. The prasinophyte proliferation may be
679explained by the intensification of the oxygen minimum zone and the successful nitrogen
680metabolism of the prasinophytes (Prauss, 2007). Freshening of the surface waters due to
681riverine influx was not significant in the Tethyan Realm due to the open oceanic settings in
682Italy (van de Schootbrugge et al., 2013). Moreover after the termination of the black shale
683depositions, phytoplankton communities recovered rapidly, with new constituents including
684Mancodinium semitabulatum, Mendicodinium spp. and Susadinium, which are not present in
685the coeval assemblages in the upper part of the Réka Valley section (Bucefalo Palliani &

686Riding, 1999a).

687 7. Conclusions
688The palynological and palynofacies analysis of the lower Toarcian, black shale-bearing Réka

689Valley section in southwest Hungary clearly demonstrated significant variations in
690palynomorph groups and sedimentary organic material during the T-OAE environmental
691perturbation. The organic-walled phytoplankton communities responded to the environmental
692stress with a multiphase floral disruptions conprising five intervals with gradual reductions in
693the number of specialist forms in favour of opportunistic taxa. The community replacement
694was initiated by the climate-driven eutrophication and freshening of the surface waters
695leading to the blooms of the opportunistic dinoflagellate cyst genus Luehndea (Interval 1) and

696subsequently to to an acme of the euryhaline dinoflagellate cyst genus Nannoceratopsis
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697(Interval 2). The most severe environmental crisis was marked by an interval of prasinophyte
698abundance (sphaeromorphs and Tasmanites spp.) (Interval 3), indicating reduced nutrient
699sources and altered physico-chemical conditions of the water column due to stratified water
700column. This biotic crisis was followed by a prolonged recovery period (Intervals 4 and 5).
701The comparison of the Mediterranean Tethyan and northwest European domains indicates that
702palaeogeographical setting and regional factors can significantly alter the composition of
703phytoplankton communities and the turnover patterns including the dynamics and extent of
704the biotic crisis. The five-stage successive changes observed in the Réka Valley succession are
705consistent with the community replacement pattern documented in epicontinental areas. By
706contrast, in the Mediterranean Tethyan Realm, different processes can be traced and there is
707significant temporal discrepancy between biotic events in the two areas. The proliferation of
708Nannoceratopsis is a regional phenomenon in the Northwest European Realm. It may
709represent a response to a regional freshening event which is not significant in open oceanic
710settings and is not a global phenomenon. This event is clearly controlled by climatic factors,
711as warming induced enhanced continental runoff and intense freshwater input into the marine
712realms of the epicontinental areas. However, the extinction of the Luehndea in the D.
713tenuicostatum ammonite bioone and prasinophyte blooms is recorded both in the
714Mediterranean and northwest European domains. Luehndea did not survive the low surface
715salinity and oligotrophic conditions established in the surface waters due to the lack of
716nutrient recirculation in the photic zone. The intensification of oxygen deficiency,
717oligotrophic conditions and altered availability of trace elements in the seawater all account
718for the prasinophyte bloom. However, in epicontinental areas the freshening of surface waters
719by riverine input cannot be neglected and may have played a very important role in supporting

720the proliferation of this group. These changes are all related to the larger-scale climate-
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721triggered environmental perturbations that caused changes in the ocean-atmosphere system,

722oceanic current patterns and the physico-chemical parameters of the seawater.
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736

737Appendix: Alphabetical list of palynomorphs indentified in the Réka Valley

738 section

739Spores

740Auritulinasporites triclavis Nilsson 1958
741Baculatisporites sp.

742Cibotiumspora jurienensis (Balme 1957) Filatoff 1965
743Cingutriletes sp.
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744Conbaculatisporites mesozoicus Klaus 1960
745Concavisporites toralis (Leschik 1955) Nilsson 1958
746Contignisporites problematicus (Couper 1958) Déring 1965
747Cyathidites australis Couper 1953

748Cyathidites minor Couper 1953

749Cyathidites punctatus (Delcourt & Sprumont 1955) Delcourt et al. 1963
750Deltoidospora sp.

751Dictyophyllidites harrisii Couper 1958

752Ischyosporites variegatus Couper 1958

753Leptolepidites verrucatus Couper 1953
754Lycopodiumsporites sp.

755Manumia delcourtii (Pocock 1970) Dybkjeer 1991
756Neoraistrickia sp.

7570smundacidites wellmanii Couper 1953

758Plicifera delicata (Bolkhovitina 1953) Bolkhovitina 1966
759Stereisporites sp.

760Uvaesporites argenteaeformis (Bolkhovitina 1953) Schulz 1967
761Pollen

762Alisporites robostus Nilsson 1958

763Alisporites cf. A. thomasii (Couper 1958) Nilsson 1958
764Cerebropollenites sp.

765Chasmatosporites elegans Nilsson 1958
766Chasmatosporites sp.

767Classopollis sp.

768Monosulcites minimus Cookson,1947
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769Monosulcites subgranulosus Couper 1958

770Pytiosporites sp.

771Spheripollenites psilatus Couper 1958

772Vitreisporites pallidus (Reissinger, 1950) Nilsson 1958
773Dinoflagellate cysts

774Luehndea cirilliae Bucefalo Palliani et al. 1997

775Luehndea microreticulata Bucefalo Palliani et al. 1997
776Luehndea spinosa Morgenroth 1970

777Luehndea sp.

778Mancodinium semitabulatum Morgenroth 1970
779Mendicodinium sp.

780Nannoceratopsis gracilis Alberti 1961

781Nannoceratopsis gracilis subsp. obsoleta (Prauss1989) Lentin & Williams 1993
782Nannoceratopsis magnicornus Bucefalo Palliani & Riding 1998
783Nannoceratopsis senex Van Helden 1977

784Nannoceratopsis spiculata Stover 1966

785Umriadinium mediterraneense Bucefalo Palliani & Riding 1997
786Valveodinium sp.

787Prasinophytes

788Cymathiosphaera pachytheca Eisenack 1967
789Leiosphaeridia sp.

790Pleurozonaria polyporosa Méadler 1963

791Tasmanites sp.

792Acritarchs

793Baltisphaeridium sp.
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794Micrhystridium lymensis Wall 1965
795Micrhystridium sp.

796Veryhachium sp
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1128Figure captions

1129Figure 1. A. The geological framework and major tectonic units of the Carpathian—Pannonian
1130area (after Csontos & Voros, 2004). The box indicates the area shown in Fig. 1B. B.
1131Generalised geological map of the Mecsek Mountains showing the distribution of Jurassic
1132strata. The location of the Réka Valley section is marked by an asterisk. Modified after
1133Raucsik & Varga (2008a), with structural geology from Csontos et al. (2002).

1134

1135Figure 2. The Early Jurassic palaeogeography of the western Neotethys and adjacent

1136epicontinental areas, showing the position of the area studied and the other occurrences of
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1137Lower Toarcian black shales discussed in the text (Jenkyns, 1988). Modified after Varga et al.
1138(2007); base map after Bassoulet et al. (1993).

1139

1140Figure 3. The lithostratigraphy of the Lower and Middle Jurassic formations of the Mecsek
1141Mountains indicating their depositional settings; modified after Raucsik & Varga (2008a).
1142Figure 4. Location map of the section investigated (above) and a closeup photograph of the
1143outcrop (below). Key: 1 — creek; 2 — trail; 3 — road; 4 — settlement. Modified after Raucsik &
1144Varga (2008b).

1145

1146Figure 5. A. Lithological log of the Réka Valley section with the palynomorph samples,
1147modified after Galacz (1991). B. Detailed lithological log of the black shale interval, modified
1148after Raucsik & Varga (2008b) and Varga et al. (2009).

1149

1150Figure 6. The Simpson Diversity Index and the relative proportions of different palynomorph
1151groups in the Réka Valley section. The abundance of palynomorphs is given in percentages.
1152The group “Other dinoflagellate cysts” includes Mancodinium semitabulatum,
1153Mendicodinium sp., Valveodinium sp. and Umbriadinium mediterranense; the low abundances
11540f these forms does not permit to the separate plotting of them. The lithological log on the left
1155is not to scale. The area in grey shading has an exaggeration factor of X2.

1156

1157Figure 7. Palynofacies results and values of the different palynofacies indicesin the studied
1158section. The indices were not calculated for the samples from the black shale interval because
11590f the overwhelming dominance of amorphous organic matter (AOM) that hindered the
1160counting of any other organic particles. The following palynofacies indices are shown: ratio of

1161terrestrial to marine palynomorphs (t/m); ratio of spores to bisaccate pollen grains (sp/bs);
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1162ratio of opaque to translucent phytoclasts (0/t); ratio of bladded-lath shaped to
1163equidimensional opaque phytoclasts (bl/eq). The lithological log on the left was not drawn to
1164scale.

1165Figure 8. Scatter plot of detrended correspondence analysis (DCA) performed on the samples
1166from Réka Valley to detect palaeoecological signals in the palynomorph assemblages.

1167

1168Table 1. Summary of the palynofacies terminology and the different palynofacies indices. The
1169terminology used is that of Oboh-Ikuenobe & de Villiers (2003), Feist-Burkhardt et al. (2008)
1170and Gotz et al. (2008).

1171

1172Table 2. A comparison of the palynomorph records and biotic events from five localities,
1173including the Réka Valley section. Based on data from Prauss (1989; 1996; 2007), Prauss et
1174al. (1991), Bucefalo Palliani & Riding (1997a; 1999a) and Bucefalo Palliani et al. (1998;
11752002).

1176

1177Plate 1. Dinoflagellate cysts from the Réka Valley section. The scale bar represents 20 pm.

1178The sample number and the slide number are given after the taxon name, e.g. RV 10/1.

1179 1. Nannoceratopsis senex Van Helden 1977 [RV 10/1].
1180 2. Nannoceratopsis gracilis Alberti 1961 [RV 8/2].
1181 3. Nannoceratopsis gracilis Alberti 1961 [RV 9/2]
1182 4. Nannoceratopsis gracilis subsp. obsoleta (Prauss 1989) Lentin & Williams 1993 [RV
1183 8/1].
1184 5. Nannoceratopsis gracilis subsp. obsoleta (Prauss 1989) Lentin & Williams 1993 [RV
1185 8/1].
1186 6. Nannoceratopsis sp. [RV 9/2].
1187 7. Nannoceratopsis gracilis Alberti 1961 [RV 9/2]
1188 8. Nannoceratopsis gracilis Alberti 1961[RV 2/1]
1189 9. Luehndea microreticulata Bucefalo Palliani et al. 1997 [RV 4/1].
1190  10. Luehndea microreticulata Bucefalo Palliani et al. 1997 [RV 4/2].
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1191
1192
1193

1194

11.
12.
13.

Nannoceratopsis cf. N. magnicornus Bucefalo Palliani & Riding 1997 [RV 8/1].
Luehndea spinosa Morgenroth 1970 [RV 9/1].
Nannoceratopsis spiculata Stover 1966 [RV 20/1].

1195Plate II. Pollen and spores from the Réka Valley section. The scale bar represents 20 pm

1196unless otherwise indicated. The sample number and the slide number are given after the taxon

1197name, e.g. RV 10/1.

1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216

1217

PN AWM

Contignisporites problematicus (Couper 1953) Déring 1965 [RV 11/2].
Ischyosporites variegatus Couper 1958 [RV 11/2].

Cingutriletes sp. [RV 18/1].

Cibotiumspora jurienensis (Balme 1957) Filatoff 1965 [RV 11/2].
Dictyophyllidites harrisii Couper 1958 [RV 11/2].

Auritulinasporites triclavis Nilsson 1958 [RV 8/2].

Cyathidites australis Couper 1953 [RV 4/1]; scalebar = 30 pm.
Neoraistrickia sp. [RV 16/1].

Osmundacidites wellmanii Couper 1953 [RV 11/1].

. Manumia delcourtii (Pocock 1970) Dybkjer 1991 [RV 16/1].

. Baculatisporites sp. [RV 8/2].

. Concavisporites toralis (Leschik 1955) Nilsson 1958 [RV 3/1].
13.
14.
15.
16.
17.
18.
19.

Classopollis sp. [RV 7/1].

Alisporites robostus Nilsson 1958 [RV 1/1]; scalebar = 30 pm.
Spheripollenites psilatus Couper 1958 [RV 13/1]; scalebar = 50 pm.
Classopollis sp. [RV 3/2].

Alisporites cf. A. thomasii (Couper 1958) Nilsson 1958 [RV 4/2].
Chasmatosporites sp. [RV 3/2].

Monosulcites minimus Cookson 1947 [RV 3/2].

1218Plate III. Sphaeromorphs and palynofacies from the Réka Valley section.

1219
1220
1221
1222

1223
1224

99

100

N

Sphaeromorphs in clusters. Sample BS 32; scalebar = 20 pm.
Sphaeromorphs in clusters. Sample BS 56; scalebar = 20 pm.
Fluorescence photomicrograph of amorphous organic material (AOM). The particles

with higher fluorescence intensities are palynomorphs and the phytoclasts are masked

by AOM; scalebar = 50 pm.
Palynofacies of Assemblage 3 with predominant AOM; scalebar = 100 pm.
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1225

1226
1227

1228
1229

1230
1231

1232

. Palynofacies of Assemblage 1 with predominant translucent phytoclasts; scalebar =

100 pm.

. Palynofacies of Interval 2 with Nannoceratopsis sp. from Plate I, fig. 6; scalebar = 100

pm.

. Palynofacies of Interval 4 with high levels of translucent phytoclasts; scalebar = 100

pm.

. Palynofacies of Interval 5 with predominant opaque, equidimensional phytoclasts;

scalebar = 100 pm.

1233Supplementary material

1234Data_sheet.xls contains the palynomorph counts and the calculated playnofacies indices
1235DCA_samples.xls contains the data set used in the DCA analysis
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Major palaeoenvironmental and palaeoceanographic changes occurred during the late
Pliensbachian to early Toarcian (Early Jurassic) leading to the Toarcian Oceanic Anoxic Event
(T-OAE) and the perturbation of the global carbon cycle that seriously affected marine
ecosystems. The sequence of successive steps of environmental change and regional
differences in the unfolding of T-OAE are not yet fully understood, and organic-walled
phytoplankton and other palynomorphs are well-suited but underexplored for such studies.
Based on the quantitative palynological analyses of thirty-three samples from a black shale-
bearing succession in the Réka Valley, Mecsek Mountains, southwest Hungary, five
distinctive assemblages are distinguished. These define major shifts in the organic-walled
phytoplankton communities and were driven by palaeoenvironmental changes. Palynofacies
analysis was also carried out in order to detect changes in the composition of sedimentary

organic matter and estimate the terrestrial input.

The lowermost Assemblage 1 is characterized by a moderately diverse phytoplankton
community and high levels of terrestrial palynomorphs. In Assemblage 2 a significant peak of
the euryhaline dinoflagellate cyst Nannoceratopsis is present. This is followed by a
dominance of highly opportunistic prasinophytes, coinciding with the temporary
disappearance of all dinoflagellate cyst taxa (Assemblage 3). This phytoplankton crisis was
followed by a prolonged repopulation phase with low diversity phytoplankton assemblages

(Assemblages 4 and 5) and intermittently high levels of terrestrially-derived palynomorphs.

The successive disappearance of individual phytoplankton taxa and the gradual takeover by
opportunistic euryhaline species at the onset of the early Toarcian environmental perturbations
were related to the establishment of a reduced salinity layer in the surface water, a stable
pycnocline and deterioration of nutrient recycling followed by oxygen deficiency in the water
column. The palaeoenvironmental shifts were driven by early Toarcian global warming, which

enhanced the hydrological cycle leading to intense runoff and freshwater input into the



sedimentary basin of the Mecsek Mountains as evidenced by the high amount of terrestrially-

derived palynodebris in the palynofacies.

Comparison with coeval European successions reveals that the palaeoenvironmental changes
during the T-OAE were not entirely synchronous, and local factors played a crucial role in
influencing phytoplankton communities. Because the Réka Valley section was located in the
northwest European epicontinental realm during the Early Jurassic, regional freshening of the
surface waters and increased terrestrial input due to the proximity of the hinterland had a
greater influence on phytoplankton communities compared to the open oceanic setting of the

Tethyan Realm.



Detailed quantitative palynological analysis of a Toarcian black shale succession
Five intervals record successive changes in organic-walled phytoplankton assemblages

Peak of the euryhaline genus Nannoceratopsis, followed by a dinoflagellate cyst
disappearance event

Changes driven by global warming, enhanced runoff, and freshening of surface waters
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Palynofacies terminology

Sedimentary organic
particles

Description

Amorphous organic
matter (AOM)

Charcoal/black debris

Structured translucent
plant debris

Structureless, irregularly shaped, fluffy yellowish-brown to black
masses that can be derived from the degradation of terrestrial
or marine organic matter.

Totally opaque particles with variable shape and size. They are
derived from highly oxidised wood or other plant debris.

Structured transparent particles with yellow-green to brown
colour. They may be derived from degraded plant tissues or
wood. They are of various shape and size including lath-shaped
and equidimensional particles. As cuticles are extremely scarce in
the investigated material, they were counted as part of this group.

Spores

Pollen grains

Marine palynomorphs

Male reproductive organs of bryophytes and pteridophytes
Male reproductive organs of the seed plants

Dinoflagellate cysts, acritarchs, prasinophytes, spheromorphs and
chitinous inner linings of foraminifera

Palynofacies indices

t/m index

sp/bs index

op/tr index

bl/eq index

The t/m index quantifies the ratio of terrestrial (t) to marine (m)
palynomorphs, which reflects the vegetation of the hinterland and
the proportion of terrigenous input

The bs/sp index measures the ratio of spores (sp) to bisaccate
pollen grains (bs).

The op/tr index quantifies the ratio of opaque (op) to translucent (tr)
phytoclasts. It can indicate changes in the depositiona.
environment, as it reflects shifts between proximal and distal
settings.

The bl/eq index measures the ratio of bladed-lath shaped (bl) and
equidimensional (eq) opaque phytoclasts, which also captures
proximal/distal trends.
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