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A B S T R A C T

High-resolution palynological analyses from the Algarve and Lusitanian basins (Portugal) provide a refined 
biostratigraphical framework and palaeoenvironmental reconstruction for the Late Triassic–Early Jurassic 
transition. In the Algarve Basin, three new palynozones (AT, SC, and CP) characterise the Silves Group from the 
early Carnian to early Hettangian, documenting the first Iberian occurrence of Tulesporites briscoensis and pre
cisely delineating the Triassic–Jurassic Boundary (TJB). In the Lusitanian Basin, three palynozones (CG, IK, and 
Pm) constrain the Conraria and Pereiros formations to the Norian–Hettangian, with the TJB located at the base of 
the Pereiros Formation. Palaeoenvironmental reconstructions reveal distinct basin-specific evolutions. The 
Algarve Basin records an early transition from fluvial (Silves Sandstones) to marginal-marine (lagoonal and 
pond) settings, evidenced by abundant upper Carnian algal elements and reworked Neoproterozoic algae. 
Conversely, the Lusitanian Basin reflects a Norian-Hettangian marginal-marine, river-dominated setting, with 
microforaminiferal linings at the base of the Pereiros Formation marking the earliest marine transgression in the 
Lusitanian Basin. Quantitatively, both basins show a persistent dominance of xerophytic taxa, indicating a shift 
toward warmer, seasonally dry conditions across the TJB. Malformed sporomorphs in both records suggest 
environmental stress potentially linked to Central Atlantic Magmatic Province (CAMP) activity. Comparative 
analysis reveals that sedimentation initiated earlier in the Algarve (early Carnian) than in the Lusitanian Basin 
(Norian), suggesting diachronous development during Pangaea breakup. The assemblages show strong affinities 
with the Onslow Microflora, highlighting the Portuguese margin as a key archive for western Tethyan floral and 
climatic evolution.

1. Introduction

The Triassic-Jurassic Boundary (TJB; 201.4 ± 0.2 Ma; Gradstein and 
Ogg, 2020) marks one of the most critical intervals in Earth's history, 
characterized by profound tectonic, climatic and biotic changes. This 
transition is associated with: (1) the beginning of the Pangaea breakup 
(Müller et al., 2016); (2) widespread deposition of huge evaporites 
across continental platforms (e.g. Iberian Peninsula, North of Africa 
(Buratti and Cirilli, 2007)); (3) a globally warm climate, with the Late 
Triassic and Early Jurassic considered among the warmest intervals in 

the Phanerozoic (Vaughan, 2007); (4) deposition of red beds (Cirilli, 
2010) and, (5) absence of glacial deposits even at the high palae
olatitudes (Hochuli and Vigran, 2010). This time interval also coincides 
with the end-Triassic Mass Extinction (ETME), one of the most severe 
biotic crises recognised in the Phanerozoic (Raup and Sepkoski, 1982; 
Sepkoski, 1996; Marzoli et al., 2004; Tanner et al., 2004; Nomade et al., 
2007; Davies et al., 2017).

This event triggered substantial ecological turnover in both marine 
and terrestrial realms, with notable extinctions among marine taxa and 
significant changes in continental flora and fauna (Guex et al., 2004; 
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Whiteside et al., 2007; Van de Schootbrugge et al., 2008; Bonis et al., 
2010; Lindström, 2016; Lindström et al., 2017a, 2017b, 2021). How
ever, the magnitude of the impact on terrestrial vegetation remains a 
matter of debate (Tanner et al., 2004; Cirilli et al., 2009; Cirilli, 2010; 
Lucas et al., 2011). This event is marked by abrupt widespread disrup
tions in palaeoenvironments and palaeoecosystems, with taxonomic 
losses estimated to be between 40% and 73%, ranking it as the most 
severe biotic crisis in Earth's history (Lindström et al., 2017b). Never
theless, some palynological and macrofloristical data from Europe sug
gest that the floristic turnover across the TJB may have been more 
gradual or regionally variable, with no clear evidence of a major 
extinction (Barbacka et al., 2017).

Furthermore, the TJB is characterized by a significant eustatic 
regression and a global increase in the relative abundance of spores 
(Hallam and Wignall, 1999; Hesselbo et al., 2004; Hillebrandt et al., 
2013; Lindström et al., 2017a, 2017b; Haq, 2018).

Multiple causes have been proposed to explain this biotic crisis, 
among which the magmatic activity associated with the Central Atlantic 
Magmatic Province (CAMP) is widely recognised as a key driver 
(Marzoli et al., 2004; Nomade et al., 2007; Cirilli et al., 2009; Davies 
et al., 2017). CAMP magmatism, a prominent marker of the end-Triassic 
in several regions (e.g., Portugal, North Africa and Eastern North 
America), is believed to have led to significant atmospheric emissions of 
CO2 and SO2, which likely intensified the greenhouse effect, triggering a 
cascade of secondary environmental disturbances, including acid rain, 
freshwater and marine systems acidification, and a pronounced global 
warming (Hesselbo et al., 2002; Guex et al., 2004; Marzoli et al., 2004; 
Tanner et al., 2004, 2007; Nomade et al., 2007; Schaltegger et al., 2008; 
Van de Schootbrugge et al., 2008, 2009; Cirilli et al., 2009, 2015, 2018; 
Deenen et al., 2010; Lindström, 2016; Davies et al., 2017; Lindström 
et al., 2019; Panfili et al., 2019; Capriolo et al., 2020; Trudgill et al., 
2025).

The precise timing of CAMP volcanism relative to the TJB has been 
debated for a long time, with conflicting evidence suggesting that 
eruptions may have occurred before (Marzoli et al., 1999, 2004, 2008), 
during, or shortly after the transition (Whiteside et al., 2007).

Nevertheless, several geochronological and biostratigraphical dating 
documents the synchronicity between the events and support the onset 
of CAMP activity before the TJB, thereby reinforcing the hypothesis that 
magmatism played a significant role in triggering the biotic crisis 
(Marzoli et al., 2008, 2011, 2018; Cirilli et al., 2009; Cirilli, 2010; 
Blackburn et al., 2013; Dal Corso et al., 2014; Black et al., 2021; Capriolo 
et al., 2021).

In Portugal, the CAMP is represented by the Messejana Dyke 
(intrusive body, ~200 Ma; Wilson et al., 1998) and the Volcano–Sedi
mentary Complex in the Algarve Basin (Verati et al., 2007; Martins et al., 
2008). In contrast, the Lusitanian Basin lacks clear evidence of CAMP 
activity, except in its southernmost sector (Azerêdo et al., 2003; Kullberg 
et al., 2013).

Additional factors contributing to environmental instability at the 
TJB include enhanced tectonic activity and significant sea level fluctu
ations, which are reflected in several sedimentary hiatuses across 
Western European basins (Lindström et al., 2017a, 2017b; Schneebeli- 
Hermann et al., 2018). Despite regional differences, these basins 
commonly exhibit comparable stratigraphical architectures, character
ized by a basal continental, sand-rich unit overlain by a finer-grained 
and mud-prone unit deposited in lacustrine to marginal marine envi
ronments (Frizon de Lamotte et al., 2015).

In Portugal, the sedimentary successions from the Triassic to the 
Lower Jurassic are part of the Silves Group, a stratigraphical unit 
exposed in the Algarve Basin in the south and in the Lusitanian Basin 
along the central area (e.g., Palain, 1976; Soares et al., 2012; Kullberg 
et al., 2013; among others; Figs. 1 and 2). At the end of the Triassic and 
the beginning of the Jurassic, the margins of the Variscan Iberian Massif 
were affected by extensional regimes associated with the initial rifting of 
Pangaea and the early stages of Atlantic Ocean opening (Kullberg et al., 

2013).
Although the TJB within the Silves Group in Portugal is still under 

investigation, palynostratigraphical studies have documented signifi
cant changes in palynofloral assemblages across this critical interval 
(Doubinger et al., 1970; Adloff et al., 1974; Díez, 2000; Arche and 
López-Gómez, 2014; Vilas-Boas et al., 2021, 2022, 2023, 2024). Present 
palynological records provide new insights into the dynamics of the end- 
Triassic biotic crisis and the subsequent recovery during the Early 
Jurassic, challenging conventional models of ecological resilience and 
turnover in continental environments. Nonetheless, several strati
graphical and palaeoenvironmental aspects of the Silves Group remain 
poorly constrained. These include the precise age of the end-Triassic 
extinction horizon, the extent and timing of CAMP-related environ
mental perturbations, the nature of sedimentary environments, and the 
prevailing climatic conditions across the TJB. Establishing a detailed 
and robust biostratigraphical framework for the Silves Group is there
fore essential to fully unravel its stratigraphical record, which may 
preserve key evidence of profound global change during the Late 
Triassic to Early Jurassic transition.

The present study contributes to this broader objective by presenting 
new palynological assemblages from the units of the Silves Group in 
both Portuguese basins, providing refined age constraints and insights 
into the palaeoecological evolution of these basins across this critical 
interval in Earth's history.

2. Geological setting

2.1. Algarve Basin

The Algarve Basin is a Mesozoic-Cenozoic sedimentary basin that 
unconformably overlies the South Portuguese Zone, which is composed 
of deep-marine Pennsylvanian strata deformed and metamorphosed 
during the Variscan Orogeny (Palain, 1976; Terrinha et al., 2013; Figs. 1 
and 2). Onshore, the basin extends from Cap São Vicente to the 
Portuguese-Spanish border. The Mesozoic sedimentary record, linked 
with the opening of the Atlantic Ocean, reflects a passive margin setting 
developed throughout multiple extensional phases, from the Late 
Triassic to the mid-Cretaceous, associated with lithospheric stretching 
and thinning and the formation of oceanic crust in the western Tethys 
realm, between the Algarve region and North Africa (Manuppella et al., 
1988; Terrinha et al., 2013).

Sedimentation in the Algarve Basin began during the Late Triassic, 
with the deposition of continental red beds and evaporites, uncon
formably overlaid by folded and faulted Carboniferous strata (Palain, 
1976). Notably, thick evaporitic deposits are restricted to areas south of 
the E-W trending Algibre Fault, whereas they are absent to the north of 
this important tectonic structure. Volcanic rocks associated with the 
CAMP overlie these sedimentary units (Verati et al., 2007; Martins et al., 
2008).

In the Algarve Basin, geochronological data based on 40Ar/39Ar of 
volcanics located approximately 50 m below the CAMP volcanic interval 
shows that 198.1 ± 0.4 Ma represents the best estimate of the age of the 
CAMP volcanism in Portugal (Verati et al., 2007). This chronology is 
broadly consistent with the late Hettangian age inferred from micro
floral assemblages within the overlying evaporites (Fechner, 1989).

The Triassic deposits of the Algarve Basin record a transition from 
predominantly continental fluvial environments to shallow brackish 
settings. They include synsedimentary volcanic flows and evaporites, 
whose precise temporal boundaries remain difficult to establish. The 
relative chronology of these sedimentary units is poorly constrained due 
to the lack of age-diagnostic index fossils. Nevertheless, the presence of 
Eustheria sp. (Palain, 1976), vertebrate remains of Phytosauria (Mateus 
et al., 2014) and Metoposaurus algarvensis (Brusatte et al., 2015), found 
above the basal red sandstones, supports a Late Triassic age for this part 
of the Silves Group succession.

The Silves Group, in the Algarve Basin, represents the earliest 
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Fig. 1. A - Map of Portugal with the rectangles highlighting the studied areas of the Silves Group in the Lusitanian Basin (B) and Algarve Basin (C). C – Coimbra. P – 
Penela. PTFAF – Porto-Tomar- Ferreira do Alentejo Fault; B - Map of the studied area in Lusitanian Basin with location of studied sections (based on Soares et al., 
2012). Corvo R. – Corvo River. Dueça R. – Dueça River; C - Detailed geological map of the Algarve Basin (based on Oliveira et al., 1992). Portimão F. – Portimão 
Fault. V. R. Sto. António – Vila Real de Santo António.
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sedimentary phase, linked to the initial stages of the Pangaea conti
nental rifting. From oldest to youngest, it comprises the following units: 
São Bartolomeu de Messines Clays, Silves Sandstones, Silves Marl–Car
bonate Evaporitic Complex and Volcano–Sedimentary Series (Terrinha 
et al., 2013; Fig. 3). The Volcano–Sedimentary Series that caps the Silves 
Group consists mainly of mafic volcanic rocks associated with the CAMP 
(Martins et al., 2008). The sedimentary facies, textures, and thicknesses 
of the Silves Sandstones vary across the basin, reflecting lateral changes 

in depositional setting controlled by their position within the basin 
(Palain, 1976). A more detailed description of the units of the Silves 
Group in the Algarve Basin is presented in Supplementary Material A.

The Silves Sandstones unit corresponds to the lower part of the 
Silves Group. It mostly comprises conglomeratic sandstones and red 
pelites at the base, transitioning upward into red sandstones (Palain, 
1979). The São Bartolomeu de Messines Clays are present at the base 
of the unit and are composed of pelites. The sedimentary facies and 

Fig. 2. General stratigraphic log of the Silves Group of the Algarve and Lusitanian (adapted from Soares et al., 2012) basins, with the location of the studied sections 
of each. TJB – Triassic–Jurassic Boundary. VSS – Volcano–Sedimentary Series. CF – Coimbra Formation. Fm. – Formation. Lithostrat. – Lithostratigraphy.
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structures of this unit indicate a fluvial depositional environment. 
Moreover, the absence of thick pelitic intercalations, typically attributed 
to floodplain deposits, and the lack of thick pelitic intercalations 
generally associated with floodplain deposits, suggest deposition within 
braided river systems.

The Silves Marl–Carbonate Evaporitic Complex, the upper portion 
of the Group, consists of variegated mudstones interbedded with marls, 
fine-grained sandstones, siltstones, and pelites. South of the Sagres- 
Algoz-Tavira alignment, this unit includes a thick evaporitic succes
sion, currently explored in the Loulé Diapir (Terrinha et al., 2013). The 
fossil assemblages and sedimentary features suggest deposition in a 
shallow lacustrine environment subjected to periodic desiccation 
(ephemeral lakes).

The Volcano–Sedimentary Series consists of alternating layers of 
tuffites, cinerites, pyroclastic material, and occasional basalt flows, 
reflecting a dominance of explosive over effusive volcanic activity. This 
magmatic event aligns with the first extensional tectonic pulse associ
ated with the opening of the Central Atlantic Ocean (Terrinha et al., 
2013).

2.2. Lusitanian Basin

The Lusitanian Basin developed along the Western Iberian Margin 
during the Mesozoic (Figs. 1 and 2). Its origin and evolution are closely 
linked to the tectonic reactivation of Variscan basement structures 
during successive rifting phases of Pangaea, ultimately leading to the 
opening of the North Atlantic Ocean, from the Middle?–Late Triassic to 
the latest Early Cretaceous (Wilson, 1975, 1988; Hiscott et al., 1990; 
Kullberg et al., 2013). During the Middle?–Late Triassic, the basin was 
infilled predominantly by siliciclastic deposits of the Silves Group, 
including coarse-grained pebbly arkoses and feldspathic litharenites 
(Palain, 1976; Soares et al., 2007, 2012).

The Silves Group has been the focus of several studies in the Lusi
tanian Basin (e.g., Carvalho, 1950; Palain, 1976, 1979). The type-section 
of this unit was first described in the Coimbra region by Choffat (1903)
and informally referred to as the “Grés de Silves,” later redefined by 

Palain (1976) and Soares et al. (2012).
In the most recent lithostratigraphical framework, compiled for the 

Geological Map of Portugal (Coimbra-Lousã, sheet 19-D, 1:50,000 
scale), the Silves Group in the Lusitanian Basin is subdivided, in 
ascending stratigraphical order, into the Conraria, Penela, Castelo Vie
gas, and Pereiros formations (Soares et al., 2007, 2012; Fig. 4). A more 
detailed description of the units of the Silves Group in the Lusitanian 
Basin is presented in Supplementary Material A.

The Conraria Formation unconformably overlies either upper Pre
cambrian or, locally, Carboniferous rocks and comprises ferruginous 
conglomerates and sandstones (Palain, 1976; Soares et al., 2012). This 
unit has been interpreted as deposited in a transgressive alluvial plain- 
lacustrine setting that developed under arid climatic conditions, with 
localized saline and carbonate flooding and short-lived episodes of 
intense precipitation (Palain, 1976; Soares et al., 2012).

The Penela Formation (=base of term B1 of Palain, 1976) consists 
of reddish to brownish sandy conglomerates deposited in a river system 
evolving from braided to meandering (Palain, 1976; Soares et al., 2012).

The Castelo Viegas Formation comprises beds of micro
conglomerates and coarse-grained arkoses interbedded with rare 
centimetre-thick, muddy layers, deposited in a transgressive evolution 
from braided to meandric system (Palain, 1976; Soares et al., 2012).

The uppermost unit, the Pereiros Formation, at its base comprises 
fine crystalline dolostones interbedded with siliciclastics, and millimetre 
to centimetre-thick mudstones. The upper part of the formation consists 
of reddish to greyish sandy mudstones, fine-grained dolostones and 
dolomitic marls with patchy gypsum lenses, and culminates at the top 
with laminated dolostones (Azerêdo et al., 2003; Sêco et al., 2015). This 
formation was deposited in a shallow evaporitic lagoonal environment 
that evolved into a coastal lagoon setting bounded by sandy barrier 
islands (Soares et al., 2012).

Overlying the Silves Group, more specifically the Pereiros Forma
tion, and marked by another significant facies change is the Coimbra 
Formation, composed by dolostones, dolomitic limestones and lime
stones (Azerêdo et al., 2003, 2014; Dimuccio et al., 2014, 2016; Duarte 
et al., 2014, 2022; Gómez et al., 2019).

Fig. 3. Lithostratigraphical scheme of the Silves Group in the Algarve Basin with the new age data (adapted from Terrinha et al., 2006). LJ. – Lower Jurassic. TJB – 
Triassic–Jurassic Boundary.
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The earliest palynostratigraphical study was carried out by Dou
binger et al. (1970) and later expanded upon by Adloff et al. (1974). 
These works were grounded in the sedimentological and allostrati
graphical framework established by Palain (1976, 1979). Subsequently, 
Díez (2000) conducted new palynological analyses, based mainly on the 
same outcrops, assigning an early to middle Carnian age to the Conraria 
Formation, a middle Carnian to late Norian age to the Penela and Castelo 
Viegas formations, and a Hettangian to Sinemurian age to the Pereiros 
Formation. More recently, however, Díez (2000) and Arche and López- 
Gómez (2014) revised the age of the Pereiros Formation to late Norian- 
early Rhaetian. Improved age constraints have been provided by recent 
palynological data from these strata, which date the Conraria Formation 
to the Norian (Late Triassic) and the Pereiros Formation to the Hettan
gian (Early Jurassic) (Vilas-Boas et al., 2021).

3. Materials and methods

3.1. Studied sections

The sections selected for this study represent the most lithostrati
graphically complete successions of the Upper Triassic and Lower 
Jurassic in each basin. Sampling focused on lithologies more suitable for 
palynological analysis, particularly mudrocks. Previously bio
stratigraphical frameworks guided the selection of key intervals and 
sections. Field sampling was conducted across the Algarve and Lusita
nian basins. Six boreholes were also sampled Campelos-1, Golfinho-1, 
Lula-1, Santiago do Cacém-3, Santiago do Cacém-42, and Santiago do 
Cacém-61 at the Laboratório Nacional de Energia e Geologia (LNEG - 
Geological Survey to obtain better-preserved palynological material 
from Upper Triassic and Lower Jurassic.

The sections are described below, organized by basin and subdivided 
by lithostratigraphical unit or formation.

3.1.1. Algarve Basin
A total of two hundred and fifty-four samples (254 samples) 

encompassing both the Upper Triassic and Lower Jurassic strata were 
collected from fifteen composite sections across the Algarve Basin for 
palynological investigation. Due to lithostratigraphy, most of the sam
ples collected in this basin belong to the Upper Triassic, with only a 
limited number derived from the lowermost Jurassic. From the Silves 
Sandstones, a total of eighty-seven samples were collected from eight 
sections, and from the Silves Marl–Carbonate Evaporitic Complex, a 
total of one hundred sixty-seven samples were collected from eight 
sections. Palynologically productive samples from the Silves Sandstones 
were obtained from Amado's Beach, Amorosa and the International 
Racetrack of Algarve sections (Table 1). In the Silves Marl–Carbonate 
Evaporitic Complex, productive samples were recovered from the 
Albufeira Diapir, Amado's Beach, and Loulé Rock Salt Mine sections 
(Table 1).

3.1.2. Lusitanian Basin
The lithology in the Lusitanian Basin was more favourable for 

palynological investigations, allowing for the collection of diverse sed
iments spanning the Upper Triassic and Lower Jurassic. A total of one 
hundred and twenty-two samples (122 samples) were collected from 
twelve composite sections distributed across the basin and analysed for 
their palynological content. The Penela Formation was not sampled 
because its lithofacies were unsuitable for palynological analysis. Three 
sections within the middle to upper part of the Conraria Formation were 
sampled, yielding a total of eleven samples. The Castelo Viegas Forma
tion was sampled across four sections, yielding a total of 14 samples. 
Given its favourable lithology, the Pereiros Formation yielded the 
highest number of samples in the Lusitanian Basin, with a total of ninety- 
five samples collected across multiple sections. Two samples were 
collected from the Coimbra Formation in the Carvalhais section 
(Coimbra), which also proved for helping to constrain the Pereiros 
Formation stratigraphically.

Palynologically productive samples were recovered from the Con
raria, Pereiros and base of the Coimbra formations. In the Conraria 
Formation, productive samples were recovered in the Alto de São João, 

Fig. 4. Lithostratigraphical organisation of the Silves Group in the Lusitanian Basin with the new age data (adapted from Kullberg et al., 2013). TJB – Tri
assic–Jurassic Boundary.
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Parque de Campismo and Sobral Cid sections (Table 1). For the Pereiros 
Formation, productive samples were obtained from the Castelo Viegas 
II, Lamas I, Lamas II and Lordemão sections (Table 1). The Carvalhais 
section, the only one sampled for the Coimbra Formation, was palyno
logically productive (Table 1).

3.2. Palynology

Standard palynological procedures were followed for sample prep
aration, including acid digestion with hydrochloric acid (HCl) and hy
drofluoric acid (HF), followed by the subsequent concentration of 
organic matter. The methodologies described by Wood et al. (1996) and 
Riding and Warny (2008) were applied. Of the 376 samples processed, 
65 yielded palynomorphs, ranging from moderately to well-preserved, 
accounting for approximately 17% of the productive samples. The 
organic residues were sieved through a 15 μm mesh and mounted on 
microscope slides using Entelan®, a commercial resin-based mounting 
medium. Semi-quantitative abundance data were obtained by counting 
two hundred and fifty specimens per slide. Two to three slides per 
sample were examined for the presence of rare taxa, which were iden
tified but excluded from the quantitative counts. Samples processing 
was carried out at the Geological Survey of Portugal (LNEG) and at the 
Centre for Marine and Environmental Research, the University of 
Algarve (CIMA-UAlg). Microscopic analysis was conducted under 
transmitted light using an Olympus BX40 microscope equipped with an 
Olympus C5050 digital camera, as well as a Leica DM750 microscope 
paired with a Leica ICC50W camera. All samples, residues, and mounted 

slides are currently stored in the collection of LNEG, at S. Mamede de 
Infesta and CIMA-UAlg, at Faro (Portugal). The taxonomy adopted in 
this study follows the classical morphological framework commonly 
used in Triassic–Jurassic biostratigraphy (e.g., Scheuring, 1970; Mor
bey, 1975; Cirilli, 2010). We acknowledge the recent taxonomic revision 
of the Enzonalasporites group by Scibiorski et al. (2022), which emended 
diagnoses and synonymized several species based on ultrastructural and 
high-resolution morphological criteria. However, given that our de
terminations are based on transmitted light microscopy and routine 
palynological criteria, and in order to maintain consistency with the 
regional biostratigraphical framework, we retain the traditional taxo
nomic assignments while noting their revised status where relevant.

4. Palynostratigraphy of the Silves Group

The data obtained in this study represent a significant contribution to 
the stratigraphical palynology of the Triassic-Jurassic transition in 
Portugal. A total of thirty-one genera and twenty-five species of pollen, 
twenty-nine genera and seventeen species of spores and six genera and 
two species of algae were identified across twenty-seven sections in the 
Algarve and Lusitanian basins. These palynological assemblages are 
described and illustrated in Figs. 5 to 9.

The quantitative and qualitative distribution of these assemblages is 
presented based on the relative abundance of key taxa, along with the 
first and last occurrences (FO; LO) and first and last appearance datum 
(FAD; LAD) of specific stratigraphically significant taxa (Figs. 10, 11 and 
12). A list of all the taxa found in the studied samples is provided in 

Table 1 
Geographical coordinates and summary of the number of studied samples in each section of the Algarve and Lusitanian Basin and their productivity in percentage. The 
totals are also presented.

Algarve Basin

Section Geographic coordinates N◦ Collected Samples N◦ Productive Samples Productivity %

Albufeira's Diapir N37◦4′54.18″; W8◦15′45.27” 4 2 50
Amado's Beach N37◦10′9.37″; W8◦54′10.72” 20 2 10
Amorosa N37◦15′38.65″; W8◦16′11.66” 17 1 5.9

N37◦15′35.05″; W8◦19′32.00”
N37◦15′35.71″; W8◦19′32.13”

Ayamonte N37◦13′36.94″; W7◦24′28.16” 9 0 0
Barragem do Funcho N37◦15′6.58″; W8◦21′6.70” 4 0 0
Bengado N37◦9′31.70″; W7◦50′39.84” 9 0 0
Bodega N37◦9′24.96″; W7◦40′33.38” 3 0 0
Fonte da Pedra N37◦10′46.99″; W8◦38′3.30” 1 0 0
International Racetrack of Algarve N37◦11′12.31″; W8◦38′10.82” 24 10 41.7
Loulé Rock Salt Mine N37◦8′5.53″; W8◦0′28.05” 33 9 27.3
Marco N37◦8′59.27″; W7◦44′59.66” 6 0 0
Rocha da Pena N37◦15′1.15″; W8◦6′28.42” 15 0 0

N37◦15′0.43″; W8◦6′30.73”
N37◦14′58.56″; W8◦6′33.93”
N37◦15′1.05″; W8◦6′38.93”

Santa Catarina Fonte do Bispo N37◦9′14.24″; W7◦47′45.03” 6 0 0
Santa Rita N37◦10′45.36″; W7◦33′44.78” 15 0 0
Vale Fuzeiros N37◦15′13.30″; W8◦20′25.61” 88 0 0

TOTAL 254 24 8.99

Lusitanian Basin

Section Geographic coordinates N◦ Collected Samples N◦ Productive Samples Productivity %

Alto de São João N40◦11′23.57″; W8◦24′6.14” 3 2 66.7
Carvalhais N40◦10′21.59″; W8◦26′8.67” 2 2 100
Castelo Viegas I N40◦9′48.58″; W8◦24′26.61” 3 1 33.3
Castelo Viegas II N40◦9′47.63″; W8◦24′28.99” 3 0 0
Eiras N40◦14′50.13″; W8◦24′35.45” 2 0 0
Ideal Med N40◦13′30.55″; W8◦25′24.97” 2 0 0
Lamas I N40◦4′44.35″; W8◦22′48.30” 25 15 60
Lamas II N40◦5′6.42″; W8◦23′10.30” 12 10 83.3
Lordemão N40◦13′57.48″; W8◦24′52.44” 51 6 11.8
Parque de Campismo N40◦11′25.78″; W8◦23′59.21” 3 2 66.7
Redonda N40◦14′41.34″; W8◦24′38.29” 11 0 0
Sobral Cid N40◦10′27.20″; W8◦23′59.91” 5 3 60

TOTAL 122 41 40.15
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Supplementary Material B.
Overall, the Lower Jurassic samples proved to be more productive 

than those from the Upper Triassic. In addition to outcrop samples, 122 
samples from six boreholes were analysed to retrieve potential better- 
preserved material from the Upper Triassic and Lower Jurassic; how
ever, all borehole samples were barren. Consequently, this research fo
cuses on the two Portuguese basins that yielded the most representative 
Upper Triassic to Lower Jurassic palynological material. In both basins, 
these records mark the beginning of the Mesozoic megacycle associated 
with the breakup of the Pangaea, commonly characterised by basal sil
iciclastic units and continental red beds. The depositional environments 
begin as fluvial at the base, then transition to coastal areas, such as pond 
lagoons and sabkha (Algarve Basin), and to estuarine and evaporitic 
tidal settings (Lusitanian Basin).

The following sections present the palynoassemblages arranged in 
stratigraphical order, from the oldest to youngest, integrating their 
taxonomic composition with the definition of new palynozones to 
highlight temporal changes in floral diversity and facilitate regional 
correlation.

4.1. Algarve Basin

For the first time, three palynozones, from the oldest to the youngest, 
are proposed for the Silves Group of the Algarve Basin, based on the 
abundance, FO and LO of key palynomorph taxa (Figs. 10 and 11), and 
integrated with the palynozonations previously established and dis
cussed by Vilas-Boas et al. (2021, 2023).

4.1.1. Aulisporites astigmosus – Tulesporites briscoensis (AT) palynozone
Data and composition: The microflora was recovered from the In

ternational Racetrack of Algarve section assigned to the Silves Sand
stones. It comprises moderately to well-preserved sporomorphs, 
including eleven genera and six species of pollen, and seven genera and 
two species of spores. This assemblage is characterized by the common 
to abundant occurrence of the pollen taxa Aulisporites astigmosus and 
Tulesporites briscoensis (Dunay and Fisher, 1979) = Enzonalasporites 
ignacii sensu Scibiorski et al. (2022), together with the spores Calamo
spora sp., Conbaculatisporites sp., Converrucosisporites sp., Deltoidospora 
sp., Lycopodiacidites rugulatus, Nevesisporites cf. vallatus, and 

Verrucosisporites sp.. Rare accompanying taxa include the species Cyca
dopites sp., Enzonalasporites vigens, Alisporites sp., Klausipollenites sp., 
Ovalipollis pseudoalatus, Protodiploxypinus sp., Samaropollenites speciosus, 
Triadispora sp. and Vallasporites ignacii (Leschik, 1956 emend. Scheuring, 
1970) = Enzonalasporites ignacii sensu Scibiorski et al. (2022).

Age: This palynozone is marked by the presence of Alisporites sp., 
Aulisporites astigmosus, Cycadopites sp., Enzonalasporites vigens, Nevesis
porites cf. vallatus, Ovalipollis pseudoalatus,?Protodiploxypinus sp., 
Samaropollenites speciosus, Triadispora sp., Tulesporites briscoensis, and 
Vallasporites ignacii. Associated spores include Calamospora sp., Con
baculatisporites sp., Converrucosisporites sp., Deltoidospora sp.,?Klausi
pollenites sp., Lycopodiacidites rugulatus and Verrucosisporites sp. The fact 
that Aulisporites astigmosus is present together with Enzonalasporites 
vigens, Samaropollenites speciosus and Tulesporites briscoensis indicates an 
early Carnian age. The recovered palynoflora assemblage presents a 
mixed signature, featuring typical microflora elements characteristic of 
Central Europe and North America. This data is consistent with the 
palaeogeographical position of the Iberian Peninsula during this period 
(Palain, 1976; Terrinha et al., 2013; Vilas-Boas et al., 2022).

4.1.2. Samaropollenites speciosus – Camerosporites secatus (SC) 
palynozone

Data and composition: This assemblage was recovered from the 
Silves Sandstones and Silves Marl–Carbonate Evaporitic Complex, 
cropping out at the Amorosa and Amado Beach sections, respectively. It 
comprises twelve genera and ten species of pollen, five genera and one 
species of spores, and four genera and two species of algae, all moder
ately to well-preserved. The assemblage is characterized by the simul
taneous occurrence of Enzonalasporites vigens, Samaropollenites speciosus, 
Vallasporites ignacii, Patinasporites densus and Granuloperculatipollis rudis, 
the latter two making their FO in this palynoassemblage. Other consis
tently present taxa include Paracirculina sp., Paracirculina quadruplicis, 
Playfordiaspora sp. and Triadispora sp.. Additional components include 
the pollen Alisporites sp., Camerosporites secatus, Ellipsovelatisporites sp., 
Lagenella martinii, Microcachrydites doubingeri, Microcachrydites fastid
ioides, Microcachrydites sp., as well as malformed specimens of Para
circulina sp., and the spores Calamospora sp., Convolutispora sp., 
Kraeuselisporites reissingeri and Verrucosisporites sp.. The algal component 
comprises Botryococcus sp., Leiosphaeridia sp., Ovoidites sp., 

Fig. 5. Selected pollen grains from the Silves Group sections in the Algarve and Lusitanian basins, studied in this work. Species name is followed by the sample, 
section, palynozone, unit/formation and basin. 
1.?Klausipollenites sp., sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
2.?Protodiploxypinus sp., sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
3. Samaropollenites speciosus Goubin 1965, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
4. Samaropollenites speciosus Goubin 1965, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
5. Microcachrydites doubingeri Klaus 1964, sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
6. Microcachrydites fastidioides (Jansonius) Klaus 1964, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
7. Pinuspollenites minimus (Couper) Kemp 1970, sample LAM8, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
8. Alisporites sp., sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
9. Alisporites diaphanus (Pautsch 1958) Lund 1977, sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, 
Algarve Basin. 
10. Triadispora sp., sample Amorosa4(− 20 cm), Amorosa section, SC palynozone, Silves Sandstones, Algarve Basin. 
11. Triadispora staplini (Jansonius) Klaus 1964, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
12. Ovalipollis pseudoalatus Krutzsch 1955, sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
13. Cycadopites sp., sample LAM2, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
14. Aulisporites astigmosus (Leschik 1956) Klaus 1960, sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
15. Tuleposrites briscoensis Dunay & Fischer 1979, sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
16. Enzonalasporites vigens Leschik 1956 emend. Scheuring, 1970, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, 
Algarve Basin. 
17. Enzonalasporites vigens Leschik 1956 emend. Scheuring, 1970, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
18. Patinasporites densus Leschik emend. Scheuring, 1970, sample AM16, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
19. Patinasporites densus Leschik emend. Scheuring, 1970, sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
20. Vallasporites ignacii Leschik 1956 emend. Scheuring, 1970, sample AM16, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, 
Algarve Basin. 
21. Vallasporites ignacii Leschik 1956 emend. Scheuring, 1970, sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin.
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Plaesiodictyon mosellanum ssp. bullatum, Plaesiodictyon mosellanum ssp. 
variable, Plaesiodictyon sp., and an undetermined species named Algae 
sp. A.

Age discussion: The SC palynozone is distinguished by a high 
abundance of Circumpolles, Paracirculina quadruplicis, Paracirculina sp., 
Camerosporites secatus, Enzonalasporites vigens, alongside the mono
saccate pollen Patinasporites densus and the bisaccate Samaropollenites 
speciosus, supporting a Carnian age as observed in the European domain 
(Schuurman, 1977, 1979; Dolby and Balme, 1976; Buratti and Cirilli, 
2007; Mehdi et al., 2009; Cirilli, 2010; Kürschner and Herngreen, 2010; 
Buratti et al., 2012; Mietto et al., 2012). The LAD of Camerosporites 
secatus that in the Central and North-Western Europe, marks the 
Carnian-Norian boundary (Cirilli, 2010; Kürschner and Herngreen, 
2010) and the additional presence of Ellipsovelatisporites sp., Triadispora 
sp. and Vallasporites ignacii, further constrains the assemblage to the 
upper Carnian (Schuurman, 1977, 1979; Visscher and Krystyn, 1978; 
Visscher et al., 1980; Visscher and Brugman, 1981; Van der Eem, 1983; 
Fisher and Dunay, 1984; Blendinger, 1988; Hochuli et al., 1989; Cirilli 
and Eshet, 1991; Cirilli and Montanari, 1994; Broglio Loriga et al., 1999; 
Hochuli and Frank, 2000; Warrington, 2002; Roghi, 2004; Mietto et al., 
2007; Cirilli, 2010). Additionally, the presence of Granuloperculatipollis 
rudis, whose FO lies in the Tuvalian (Kürschner and Herngreen, 2010; 
Mietto et al., 2012; Kustatscher et al., 2018), and Lagenella martinii, 
whose LO in Europe is referred to the same age (Kürschner and Hern
green, 2010), reinforces the assignment of this palynozone to the upper 
Carnian.

4.1.3. Cerebropollenites macroverrucosus – Perinopollenites elatoides (CP) 
palynozone

Data and composition: This palynozone is based in the combination 
of two assemblages, both obtain in the Loulé Rock Salt Mine section, 
belonging to the Silves Marl–Carbonate Evaporitic Complex. The first 
material was recovered in the lower part of the Loulé Rock Salt Mine and 
is moderately to well-preserved. Includes six genera and three species of 
pollen, two genera and one species of spores, and one genus and one 
species of algae. A defining feature of this assemblage is the FO of the 
Classopollis meyerianus and Classopollis sp.. Additional pollen are Alis
porites sp., Araucariacites australis, Araucariacites sp., Cycadopites sp., 
Paracirculina quadruplicis, Triadispora sp., and the spores Calamospora 

mesozoica and Playfordiaspora sp.. Notably, specimens with fungal or 
algal affinity were also recorded in all productive samples. The darker 
colour of these forms, which resemble Neoproterozoic algae (e.g., Our
asphaira giraldae), suggests that they may be part of reworked material 
derived from older rocks. The remaining material was collected from the 
upper part of the Loulé Rock Salt Mine section and comprises a total of 
seven genera and six species of pollen, six genera and four species of 
spores, and one genus of algae, all of which show moderate to good 
preservation. The assemblage is distinguished by the FO of Cere
bropollenites macroverrucosus (Thiergart) Schulz, 1967 sensu lato (=
Sciadopityspollenites macroverrucosus comb. nov. et emend. Gravendyck 
et al., 2023), Cerebropollenites sp., and Perinopollenites elatoides and the 
spores Kraeuselisporites reissingeri and Leptolepidites argenteaeformis. 
Additional pollen includes Alisporites diaphanus, Araucariacites australis, 
Araucariacites sp., malformed specimens of Classopollis sp., Classopollis 
meyerianus, Classopollis torosus, Classopollis sp., Cycadopites sp., and 
Ephedripites sp.. Other spores are Anapiculatisporites sp., Calamospora 
mesozoica, Calamospora sp., Deltoidospora sp., Deltoidospora toralis, 
Kraeuselisporites sp. and Kyrtomisporis sp.. The algae Leiosphaeridia sp. 
was also identified.

Age discussion: This palynozone is mainly characterised by Arau
cariacites sp., Classopollis meyerianus, and Classopollis torosus, with a 
significant increase in Kraeuselisporites reissingeri. At the basal part, it is 
noteworthy that Hettangian taxa are absent, along with the typical 
Carnian to upper Norian elements (such as Camerosporites spp., Ellipso
velatisporites spp., Enzonalasporites spp., Patinasporites densus, Rhaetipollis 
germanicus, Vallasporites ignacii, and Granuloperculatipollis rudis), indi
cating that this section dates to the upper Rhaetian (Morbey, 1975; 
Schuurman, 1977, 1979; Visscher et al., 1980; Fisher and Dunay, 1981; 
Visscher and Brugman, 1981; Cirilli, 2010). However, at the top of the 
sampled section, the first occurrence (FO) of Cerebropollenites macro
verrucosus, Cerebropollenites sp., and Perinopollenites elatoides, suggests a 
Hettangian age. Therefore, it is possible to identify the TJB within this 
palynozone, as observed in other sections across Europe (Clement- 
Westerhof et al., 1974; Morbey, 1975, 1978; Van Erve, 1977; Visscher 
et al., 1980; Fisher and Dunay, 1981; Kürschner et al., 2007; Kürschner 
and Herngreen, 2010). Based on the palynological data, this palynozone 
can be assigned to the upper Rhaetian to the lowermost Hettangian.

The palynoassemblage recovered from the Albufeira Diapir is 

Fig. 6. Selected pollen grains (1–15) and malformed sporomorphs (16–20) from the Silves Group sections in the Algarve and Lusitanian basins, studied in this work. 
Species name is followed by the sample, section, palynozone, unit/formation and basin. 
1. Duplicisporites granulatus Leschik 1955 emend. Scheuring, 1970, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
2. Granuloperculatipollis rudis Venkatachala & Góczán emend. Morbey, 1975, sample ASJ2, Alto de São João section, CG palynozone, Conraria Formation, Lusitanian 
Basin. 
3. Paracirculina quadruplicis Scheuring, 1970, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
4. Paracirculina quadruplicis Scheuring, 1970, sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
5. Praecirculina granifer (Leschik) Klaus 1960, sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
6. Classopollis meyerianus (Klaus) de Jersey 1973, sample LAM6, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
7. Classopollis torosus Reissinger 1950, sample LAM12, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
8. Araucariacites australis Cookson 1947, sample MSGvdBASE, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
9. Perinopollenites elatoides Couper 1958, sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
10. Perinopollenites elatoides Couper 1958, sample LAM12, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
11. Cerebropollenites sp., sample MSGvd6, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
12. Cerebropollenites sp., sample MSGvd6, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
13. Cerebropollenites macroverrucosus (Thiergart) Schulz 1967, sample MSGvd6, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic 
Complex, Algarve Basin. 
14. Ephedripites sp., sample MSGvd8, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
15. Rhaetipollis germanicus Schulz 1967, sample LAG27b, Lordemão section, IK palynozone, Pereiros Formation, Lusitanian Basin. 
16. Classopollis meyerianus (Klaus) de Jersey 1973, sample LAM2, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. Tetrad with two malformed 
Classopollis pollen grains. 
17. Classopollis torosus Reissinger 1950, sample LAM2, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. Tetrad with one malformed Classopollis 
pollen grain. 
18. Malformed pollen grain, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
19. Malformed pollen grain, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
20. Malformed pollen grain, sample PC2, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin.
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relatively well preserved and consists of two genera and two species of 
pollen, two genera of spores, and one genus of algae. It includes the 
pollen Araucariacites sp., malformed specimens of Classopollis sp., 
Classopollis meyerianus, Classopollis torosus, and Classopollis sp., as well as 
the spores Carnisporites sp., and Deltoidospora sp.. The algae Leiosphaer
idia sp. is also present. This palynoassemblage is extremely impov
erished and dominated by Classopollis spp. (e.g., Classopollis meyerianus, 
Classopollis torosus, Classopollis sp. and malformed specimens of Class
opollis sp.) and common Araucariacites sp.. The malformed specimens, 
usually in tetrads, are often characterized by one of the four grains, 
smaller, darker, and unornamented, indicative of reproductive stress. 
These malformations are associated with environmental stress condi
tions linked to atmospheric pollution, presence of toxic elements (e.g., 
mercury), enhanced UV-B radiation, which may have induced muta
genesis in terrestrial plants during the end-Triassic (Visscher et al., 2004; 
Foster and Afonin, 2005; Whiteside et al., 2007, 2010; Cirilli et al., 2009; 
Filipiak and Racki, 2010; Kürschner et al., 2013; Hochuli et al., 2017; 
Lindström et al., 2019). All these factors can be linked to the emplace
ment of the Central Atlantic Magmatic Province (CAMP), whose 
magmatic activity released large amounts of greenhouse gases into the 
atmosphere, along with other aerosols and toxic elements, such as 
mercury (Blackburn et al., 2013; Percival et al., 2017). Despite the 
absence of age-diagnostic sporomorphs preventing a definitive chrono
logical attribution, the strong affinities with the CP palynozone and with 
the evaporitic facies of the same unit (Silves Marl–Carbonate Evaporitic 
Complex) suggest a Rhaetian–Hettangian age for this palynoassemblage.

4.1.4. Age of the Silves Group in the Algarve Basin
Based on the palynological data, the Silves Sandstones can be dated 

to the early Carnian at its base (Aulisporites astigmosus – Tulesporites 
briscoensis (AT) palynozone), and to the late Carnian at its top (Samar
opollenites speciosus – Camerosporites secatus (SC) palynozone), thus 
spanning the early to the late Carnian. The base of The Silves 
Marl–Carbonate Evaporitic Complex can be ascribed to the upper Car
nian (Samaropollenites speciosus – Camerosporites secatus (SC) paly
nozone), and the upper part to the Rhaetian-lowermost Hettangian 
(Cerebropollenites macroverrucosus – Perinopollenites elatoides (CP) 

palynozone). Notably, the Triassic-Jurassic transition occurs at the top 
of the Silves Marl–Carbonate Evaporitic Complex, and is recorded 
within the Cerebropollenites macroverrucosus – Perinopollenites elatoides 
(CP) palynozone.

In summary, the Silves Group in the Algarve Basin spans from the 
early Carnian to the Hettangian.

4.2. Lusitanian Basin

The three palynozones defined for the Silves Group in the Lusitanian 
Basin were previously proposed and discussed in Vilas-Boas et al. (2021, 
2023). They are briefly summarized here to support the discussion and 
the correlation with the newly investigated material from the Algarve 
Basin (Figs. 11 and 12).

4.2.1. Classopollis meyerianus – Granuloperculatipollis rudis (CG) 
palynozone

Data and composition: This microflora was obtained from the 
Conraria Formation at the Alto de São João, Parque de Campismo and 
Sobral Cid sections. It includes a total of sixteen genera and thirteen 
species of pollen and four genera of spores, all moderately to well- 
preserved. The association is characterized by the co-occurrence of 
Classopollis meyerianus, Granuloperculatipollis rudis, Patinasporites densus, 
Samaropollenites speciosus and Vallasporites ignacii. Additional taxa 
include the pollen Duplicisporites granulatus, Paracirculina quadruplicis, 
Praecirculina granifer, and the spores Camarozonosporites sp., Con
volutispora sp., Kyrtomisporis sp., and rare to common Playfordiaspora sp.. 
The assemblage further contains Alisporites sp., Cycadopites sp., Ellipso
velatisporites sp., Enzonalasporites vigens, Microcachrydites doubingeri, 
Microcachrydites fastidioides, Monosulcites sp., Ovalipollis ovalis, Tri
adispora staplini and Triadispora sp..

Age discussion: This palynozone is based on the occurrence of 
sporomorphs such as Classopollis meyerianus, Enzonalasporites vigens and 
Granuloperculatipollis rudis, with Patinasporites densus, Samaropollenites 
speciosus, Vallasporites ignacii, Duplicisporites granulatus, Paracirculina 
quadruplicis, and Praecirculina granifer. The assemblage dates from the 
Norian to earliest Rhaetian.

Fig. 7. Selected spores from the Silves Group sections in the Algarve and Lusitanian basins, studied in this work. Species name is followed by the sample, section, 
palynozone, unit/formation and basin. 
1. Calamospora mesozoica Couper 1958, sample MSGvd1, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
2. Calamospora sp., sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
3. Calamospora tener (Leschik) Mädler 1964, sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
4. Calamospora tener (Leschik) Mädler 1964, sample LAM1, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
5. Playfordiaspora sp., sample PC1, Parque de Campismo section, CG palynozone, Conraria Formation, Lusitanian Basin. 
6. Playfordiaspora sp., sample Amorosa4(− 20 cm), Amorosa section, SC palynozone, Silves Sandstones, Algarve Basin. 
7. Converrucosisporites sp., sample AUTOB5(+2,10), International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
8. Verrucosisporites sp., sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
9. Polypodiisporites sp., sample LAM1, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
10. Porcellispora longdonensis (Clarke) Scheuring emend. Morbey, 1975, sample LAM1, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
11. Porcellispora longdonensis (Clarke) Scheuring emend. Morbey, 1975, sample CARVA1B, Carvalhais section, Coimbra Formation, Lusitanian Basin. 
12. Convolutispora sp., sample LAMAS12, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
13. Anapiculatisporites sp., sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
14. Carnisporites spiniger (Leschik) Morbey, 1975, sample D2, Albufeira's Diapir section, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
15. Carnisporites sp., sample LAM12, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
16. Deltoidospora sp., sample LAM5, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
17. Deltoidospora sp., sample AUTOB3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
18. Deltoidospora toralis (Leschick) Lund 1977, sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
19. Nevesisporites cf. vallatus Jersey & Paten 1964, sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
20. Cyathidites sp., sample LAM1, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
21. Lycopodiacidites rugulatus (Couper) Schulz 1967, sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin. 
22. Leptolepidites argenteaeformis (Bolkhovitina) Morbey, 1975, sample MSGvd7, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic 
Complex, Algarve Basin. 
23. Leptolepidites sp., sample CVII-3, Castelo Viegas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
24. Conbaculatisporites sp., sample AUTO3, International Racetrack of Algarve section, AT palynozone, Silves Sandstones, Algarve Basin.
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4.2.2. Ischyosporites variegatus – Kraeuselisporites reissingeri (IK) 
palynozone

Data and composition: The productive samples containing this 
assemblage were recovered from the Lordemão section, specifically 
from the basal part of the Pereiros Formation, which unconformably 
overlies the palynomorph-barren Castelo Viegas Formation. Due to the 
absence of palynological content in the underlying unit and the presence 
of an unconformity, there is insufficient evidence to establish a contin
uous biostratigraphy between the palynozones CG and IK. The IK paly
noassemblage comprises nine genera and four species of pollen and ten 
genera and four species of spores, all moderately to well-preserved. It is 
defined by the FO of the pollen Classopollis torosus with the spores 
Ischyosporites variegatus and Kraeuselisporites reissingeri. Other compo
nents include the trilete fern spores Dictyophyllidites mortonii and 
Todisporites major, along with rare specimens of Rhaetipollis germanicus, 
recorded in two samples. Complete the assemblage common to abun
dant specimens of Araucariacites sp. and Classopollis meyerianus and rare 
to common Cyathidites sp., Cycadopites sp., Ellipsovelatisporites sp.. 
Additional taxa comprise Eucommiidites sp., Inaperturopollenites sp., 
Monosulcites sp., Ovalipollis ovalis and, the spores Carnisporites sp., 
Cibotiumspora sp., Deltoidospora sp., Dictyophyllidites sp., Todisporites sp., 
Trachysporites sp. and Uvaesporites sp..

Age discussion: The FO of Ischyosporites variegatus and Kraeuselis
porites reissingeri, together with abundant Classopollis spp. and rare 
Rhaetipollis germanicus that disappears at the top of this palynozone, 
suggest that this palynozone represents the transitional interval across 
the TJB (Hillebrandt et al., 2013). The absence of key taxa (e.g., Ric
ciisporites tuberculatus and Cerebropollenites thiergartii Schulz, 1967 sensu 
lato (= Sciadopityspollenites thiergartii comb. nov. et emend. Gravendyck 
et al., 2023)) commonly recorded in palynozones that mark the Tri
assic–Jurassic transition, may be attributed to several plausible palae
oecological, palaeoclimatological, and taphonomical reasons 
(Lindström, 2016; Kürschner et al., 2014). For example, the absence of 
R. tuberculatus in the Lusitanian Basin may reflect the subtropical to 
tropical palaeogeographical setting of this region during the Late Tri
assic–Early Jurassic (Stampfli et al., 2001; Ruiz-Martínez et al., 2012; 
Berra and Angiolini, 2014; Scotese and Schettino, 2017). Due to a lack of 
palynologically productive material throughout a ~ 230 m thick 
stratigraphical interval, the base of the IK palynozone cannot be pre
cisely defined in the Lusitanian Basin. Nevertheless, the available 
palynological data indicates that the IK palynozone spans the Rhaetian 
to the lowermost Hettangian, supporting the placement of the TJB 
within this zone, at the base of the Pereiros Formation (Vilas-Boas et al., 
2021).

4.2.3. Pinuspollenites minimus (Pm) palynozone
Data and composition: This assemblage comes from the upper part 

of the Pereiros Formation, sampled at the Castelo Viegas II, Lamas I, and 
Lamas II sections. It comprises twelve genera and five species of pollen 
and twenty-two genera and eleven species of spores, all moderately to 
well-preserved. The assemblage is defined by the occurrence of Class
opollis meyerianus, Classopollis torosus, Perinopollenites elatoides and 
Pinuspollenites minimus with the spores Calamospora tener, Carnisporites 
spiniger, Deltoidospora hallii, Dictyophyllidites mortonii, Foveosporites 
foveoreticulatus, Ischyosporites variegatus, Kraeuselisporites reissingeri, 
Leiotriletes directus, Porcellispora longdonensis, Retitriletes aus
traclavatidites and Trachysporites fuscus. Additional taxa include the 
pollen Alisporites sp., Araucariacites sp., Chasmatosporites sp., Classopollis 
sp., abnormal specimens of Classopollis sp., Cycadopites sp., Ellipsovela
tisporites sp., Inaperturopollenites sp., Monosulcites sp., Paracirculina sp. 
and the spores Apiculatisporis sp., Carnisporites sp., Cibotiumspora sp., 
Cingulatisporites sp., Converrucosisporites sp., Convolutispora sp., Cyathi
dites sp., Deltoidospora sp., Dictyophyllidites sp., Foveosporites sp., Ischyo
sporites sp., Kraeuselisporites sp., Kyrtomisporis sp., Leptolepidites sp., 
Polypodiisporites sp., Todisporites sp., Trachysporites sp. and Uvaesporites 
sp.. Samples from the Lamas I section also yielded moderately preserved 
microforaminiferal linings.

Age discussion: This palynozone is defined by the first occurrences 
(FO) of Perinopollenites elatoides and Pinuspollenites minimus, along with 
the FO of Calamospora tener, Carnisporites spiniger and Porcellispora 
longdonensis. It is further characterized by the acme of spores, particu
larly Kraeuselisporites reissingeri. Notably the absence of Cerebropollenites 
thiergartii is observed in all the Lusitanian Basin sections (Vilas-Boas 
et al., 2021, 2023). Carnisporites spiniger, whose FO is recorded in the 
Anisian (Middle Triassic) and which persists steadily throughout the 
Late Triassic (Vigran et al., 2014; Paterson and Mangerud, 2020), is 
commonly present in this assemblage. The co-occurrence of Pinus
pollenites minimus, Perinopollenites elatoides and dominant Classopollis 
meyerianus strongly supports a Hettangian age for this palynozone. This 
interpretation is further reinforced by the presence of Porcellispora 
longdonensis, whose FO is documented from the Hettangian in Spain 
(Barrón et al., 2002, 2006), the Vicentinian Alps, Italy (Clement-West
erhof et al., 1974) and Germany (Schulz and Heunisch, 2005).

The lowermost part of the Coimbra Formation was sampled to 
establish in terms of age the upper boundary of the Silves Group. The 
moderately to well-preserved assemblage contains six genera and five 
species of pollen and four genera and two species of spores. It comprises 
the pollen Alisporites sp., Araucariacites sp., Classopollis meyerianus, 
Classopollis torosus, Perinopollenites elatoides and Pinuspollenites minimus, 
with the spores Deltoidospora sp., Kraeuselisporites reissingeri, Porcellis
pora longdonensis and Trachysporites sp.

4.2.4. Age of the Silves Group in the Lusitanian Basin
In conclusion, the identified palynozones enable the dating of the 

Fig. 8. Selected spores (1–9),?scolecodonts (10− 11) and foraminiferal linings (12–16) from the Silves Group sections in the Algarve and Lusitanian basins, studied in 
this work. Species name is followed by the sample, section, unit/formation and basin. 
1. Ischyosporites variegatus (Couper 1958) Schulz 1967, sample LAG27b, Lordemão section, IK palynozone, Pereiros Formation, Lusitanian Basin. 
2. Ischyosporites variegatus (Couper 1958) Schulz 1967, sample CVII-3, Castelo Viegas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
3. Kraeuselisporites reissingeri (Harris 1957) Morbey, 1975, sample LAM6, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
4. Kraeuselisporites reissingeri (Harris 1957) Morbey, 1975, sample LAM12, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
5. Cibotiumspora sp., sample LAG27b, Lordemão section, IK palynozone, Pereiros Formation, Lusitanian Basin. 
6. Cibotiumspora sp., sample LAMAS10/11, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
7. Kyrtomisporis sp., sample MSGvd6, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
8. Kyrtomisporis sp., sample LAM12, Lamas II section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
9. Dictyophyllidites mortonii (de Jersey) Playford & Dettman 1965, sample LAG27b, Lordemão section, IK palynozone, Pereiros Formation, Lusitanian Basin. 
10.?Scolecodont or?insect, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
11.?Scolecodont or?insect, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
12. Foraminiferal lining, sample LAMAS13, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
13. Foraminiferal lining, sample LAMAS8/9, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
14. Foraminiferal lining, sample LAMAS10/11, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
15. Foraminiferal lining, sample LAMAS13, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin. 
16. Foraminiferal lining, sample LAMAS10/11, Lamas I section, Pm palynozone, Pereiros Formation, Lusitanian Basin.
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formations of the Silves Group in the Lusitanian Basin as follows.
The Conraria Formation is dated as Norian to earliest Rhaetian based 

on Classopollis meyerianus-Granuloperculatipollis rudis (CG) palynozone. 
For the Pereiros Formation, the lower portion is constrained to the 
Rhaetian–Jurassic boundary interval based on the Ischyosporites 
variegatus-Kraeuselisporites reissingeri (IK) palynozone. The middle to 
upper portion of the formation is dated from the early Hettangian, as 
indicated by the Pinuspollenites minimus (Pm) palynozone. Consequently, 
the Pereiros Formation spans the Rhaetian to the Hettangian age, with 
the TJB positioned at its base.

Although the Penela and Castelo Viegas formations lack palynolog
ical data due to unfavourable lithologies, their stratigraphical position 
between the Conraria and Pereiros formations constrains their age to the 
Rhaetian.

At least, the sampled basal portion of the Coimbra Formation falls 
within the Pinuspollenites minimus palynozone and can thus be assigned 
to the Hettangian age. In summary, the palynological data indicate that 
the Silves Group in the Lusitanian Basin spans from the Norian to the 
Hettangian.

5. The Triassic-Jurassic in Portugal: palaeoenvironmental, 
palaeoclimatic and palaeogeographical inferences

Although the assemblages showed unexpectedly low diversity, the 
material recovered from the Algarve Basin yielded valuable new infor
mation. The palynological assemblages provided refined bio
stratigraphical age constraints for the units of the Basin. The Silves 
Sandstones are assigned to the lower to upper Carnian and the Silves 
Marl–Carbonate Evaporitic Complex spans from the upper Carnian to 
Rhaetian-lower Hettangian, with the TJB identified in the upper part of 
this unit (Fig. 13). These data allowed us to date the Silves Group, in the 
Algarve Basin, from the early Carnian to early Hettangian (Fig. 13).

This age assignment, derived from palynological assemblages, is a 
key finding, as it constrains the onset of sedimentation throughout the 
Algarve Basin to the early Late Triassic.

The presence and rapid increase of the algal spores in the upper 
Carnian strata of the base of the Silves Marl–Carbonate Evaporitic 
Complex, such as Plaesiodictyon mosellanum ssp. variable, Plaesiodictyon 
mosellanum ssp. bullatum, Botryococcus spp. and Ovoidites sp., taxa well 

Fig. 9. Selected aquatic material from the Silves Group sections in the Algarve Basin studied in this work. Species name is followed by the sample, section, unit/ 
formation and basin. 
1. Plaesiodictyon mosellanum ssp. variable Willie 1970, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
2. Plaesiodictyon mosellanum ssp. variable Willie 1970, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve 
Basin. 
3. Fungal remains, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
4. Ovoidites sp., sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
5. Algae sp. A, sample AM15, Amado's Beach section, SC palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
6.?Ourasphaira giraldae Loron et al., 2019, sample MSG1, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
7.?Ourasphaira giraldae Loron et al., 2019, sample MSG1, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin. 
8.?Ourasphaira giraldae Loron et al., 2019, sample MSG1, Loulé Rock Salt Mine section, CP palynozone, Silves Marl–Carbonate Evaporitic Complex, Algarve Basin.

Fig. 10. Overview of the stratigraphy and the proposed new palynozones for the Silves Group in the Algarve Basin based in the first occurrence (FO) of significant 
palynomorphs. Litho. – Lithology. TJB – Triassic–Jurassic Boundary.
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adapted to brackish water conditions, supports the lithological evidence 
indicating a palaeoenvironmental transition from continental fluvial 
systems (Silves Sandstones) to marginal marine settings characterized 
by swamps, ponds and lagoons (base of Silves Marl–Carbonate Evapo
ritic Complex; Fig. 14).

An attempt was made to correlate palynomorphs with the ecological 
affinities of their parent plants, to support palaeoclimatic and palae
oenvironmental reconstructions by inferring the likely parent plant as
sociations and their potential ecological and climatic preferences 
(Table 2; Bonis and Kürschner, 2012; Césari and Colombi, 2016; 
Paterson et al., 2017; Lindström et al., 2017a; Li et al., 2018; Mishra 
et al., 2018; Baranyi et al., 2019; Tverdokhlebov et al., 2020). Based on 
the water requirements and adaptive strategies of the parent plants, the 
sporomorphs were classified into two major ecological groups: those 
produced by hygrophytic plants, which thrive in moist environments, 
and those produced by xerophytic plants, adapted to arid or seasonally 
dry conditions (Fig. 15; Tables 2 and 3; Bonis and Kürschner, 2012; 
Césari and Colombi, 2016; Paterson et al., 2017; Lindström et al., 2017a; 
Li et al., 2018; Mishra et al., 2018; Baranyi et al., 2019; Tverdokhlebov 

et al., 2020). An additional third category, the “Unknown Affinity 
group” includes taxa for which the botanical affinity remains uncertain 
(Fig. 15; Tables 2 and 3).

Analysis of the xerophytic and hygrophytic affinities of the spor
omorphs from the Silves Group in the Algarve Basin reveals a persistent 
upward increase in taxa with xerophytic affinities, indicating a pro
gressive shift toward warmer and drier conditions from the late Carnian 
to the early Hettangian (Figs. 14 and 15). This palynological trend is 
supported by lithological evidence showing a transition from coastal 
pond and lagoonal environments (at the base of the Silves Marl–Car
bonate Evaporitic Complex) to a sabkha depositional setting (at the top 
of the Silves Marl–Carbonate Evaporitic Complex; Fig. 14).

The occurrence of malformed sporomorphs in the upper Carnian and 
lower Hettangian strata may reflect episodes of environmental deterio
ration caused by external stressors such as enhanced UVB radiation, 
volcanic mercury emissions, and/or atmospheric pollution (Percival 
et al., 2017; Lindström et al., 2019; Bos et al., 2024). Additionally, the 
absence of palynological material from the Norian and lower Rhaetian 
intervals, together with the occurrence of reworked Neoproterozoic 

Fig. 11. Stratigraphical range chart of the most significant palynomorphs found in the Silves Group in the Algarve and Lusitanian basins. Orange line represents 
palynomorphs only found in the Algarve Basin. Yellow band represents palynomorphs only found in the Lusitanian Basin. Green band represents palynomorphs 
present in both Algarve and Lusitanian basins. The dotted ranges represent inferred occurrences in an interval with no results. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Overview of the stratigraphy and the proposed new palynozones for the Silves Group in the Lusitanian Basin based in the first (FO) and last (LO) occurrence 
of significant palynomorphs. Litho. – Lithology. Fm. – Formation. TJB – Triassic–Jurassic Boundary.

Fig. 13. New lithostratigraphical scheme proposed for the Silves Group in the Algarve and Lusitanian basins based in palynology. L. Jurassic – Lower Jurassic. 
Hettan. – Hettangian. Sine. – Sinemurian. TJB – Triassic–Jurassic Boundary.
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algae (Ourasphaira giraldae), supports the hypothesis of a short-lived 
regressive phase during the Late Triassic that led to the exposure and 
subsequent erosion of older strata.

The co-occurrence of lower Carnian palynofloral elements with af
finities with North America and Central Europe assemblages supports 
the inferred Late Triassic palaeogeographical position of the Iberian 
Peninsula (Buratti and Cirilli, 2007). The Onslow Microflora, a blend of 
Gondwana and European species typically found along the southwestern 
margins of the Tethys, includes taxa such as Camerosporites secatus, 
Enzonalasporites vigens, Paracirculina quadruplicis, Paracirculina sp., Pat
inasporites densus, Samaropollenites speciosus and Vallasporites ignacii. 
This assemblage closely resembles the Carnian microflora identified in 
the Algarve Basin (Cirilli and Eshet, 1991; Buratti and Cirilli, 2007). The 
taxonomic revision of the Enzonalasporites group proposed by Scibiorski 
et al. (2022) highlights the long-standing instability of this group. 
Although the present study retains the traditional nomenclature for 
consistency with regional zonations, future high-resolution or ultra
structural investigations may refine these assignments. Although 
bisaccate pollens are rare, the occurrence of Samaropollenites speciosus, a 
key taxon for palaeofloristical reconstructions, along with other typical 
southern elements, indicates affinity with the Onslow Microflora known 
from several localities of the northern hemisphere (Visscher and Krys
tyn, 1978; Besems, 1982; Fisher and Dunay, 1984; Adloff et al., 1985; 
Cirilli and Eshet, 1991; Litwin et al., 1991; Cirilli and Montanari, 1994; 
Góczán and Oravecz-Scheffer, 1996; Broglio Loriga et al., 1999; Roghi, 
2004; Buratti and Cirilli, 2007; Traverse, 2008; Cirilli, 2010). These data 
offer new insights into the Carnian palaeoclimate of the Algarve Basin, 
suggesting that its margins experienced a warm, temperate climate, 
likely influenced by a monsoonal regime (Dolby and Balme, 1976; Cirilli 
and Eshet, 1991; Foster et al., 1994; Buratti and Cirilli, 2007; Cirilli, 
2010; Césari and Colombi, 2013, 2016; Cirilli et al., 2015, 2018). The 
expansion of Circumpolles producers (Cheirolepidiaceae) toward higher 
latitudes during the Norian represents a key floral event linked to global 
climatic and palaeogeographical reorganization. The migration of 
Cheirolepidiaceae from southern Tethyan regions to higher latitudes 
during the Late Triassic–Early Jurassic reflects the establishment of a 

warm, semi-arid climate that favoured their dispersal (Cirilli, 2010; 
Cirilli et al., 2015, 2018). The plate-driven development of new 
migration pathways likely facilitated this biogeographical shift (Martini 
et al., 1997, 2004; Buratti and Cirilli, 2007; Cirilli, 2010). The presence 
of this group in both the Algarve and Lusitanian basins (Vilas-Boas et al., 
2021, 2022) confirms its wide distribution and documents, at a regional 
scale, the reduction of microfloral provincialism leading to a more ho
mogeneous Lower Jurassic flora.

In the Lusitanian Basin, the middle to upper part of the Conraria 
Formation, at the base of the Silves Group, is dated to the Norian, 
possibly extending into the earliest Rhaetian (Fig. 12). The TJB is 
located at the lower portion of the Pereiros Formation, whose palyno
logical assemblages indicate an upper Rhaetian to early Hettangian age 
(Fig. 12). Precise age constraints for the intervening Penela and Castelo 
Viegas formations are not available, as their sandstone- and 
conglomerate-dominated lithologies are unsuitable for palynological 
analysis.

However, based on their stratigraphical position between the Con
raria and Pereiros formations, these units are indirectly assigned to the 
Rhaetian. Overall, the Silves Group in the Lusitanian Basin spans from 
the Norian to the Hettangian (Fig. 13).

The earliest marine flooding episode in the Lusitanian Basin, dated as 
early Hettangian (e.g., Azerêdo et al., 2003; Soares et al., 2012), is 
documented by the presence of microforaminiferal linings at the base of 
the Pereiros Formation (Figs. 14 and 15). This increase in marine- 
derived palynomorphs and organic-walled microfossils aligns with the 
Early Jurassic radiation of phytoplankton in the Tethys Ocean, which 
has been linked to significant climatic perturbations and changes in 
ocean trophy during the Triassic–Jurassic transition (Van de Schoot
brugge et al., 2005). Palaeoenvironmental evidence indicates that the 
base of this formation represents an estuarine setting, reflecting a brief 
marine transgression, which then evolved into coastal-tidal settings 
characterised by short regressive phases. The upper portion of this for
mation records evaporitic tidal flat conditions under arid climate (term 
C2 of Palain (1976), and equivalent to the Dagorda Formation). In 
summary, the Hettangian evolution of the Lusitanian Basin was marked 

Fig. 14. Palaeoenvironmental interpretation of the Algarve and Lusitanian basin for the Upper Triassic – Lower Jurassic interval, based on palynological assemblages 
and their probable botanical affinities analysis. L. Jurassic – Lower Jurassic. Hettan. – Hettangian. Sine. – Sinemurian. TJB – Triassic–Jurassic Boundary.
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Table 2 
List of sporomorphs, algae and other genera found in the Silves Group, in the Algarve and Lusitanian basins and their probable botanical affinities, ecology and possible 
ecological remarks.

Pollen genera Botanical affinity Ecology SEGs and/or Ecological Remarks

Alisporites spp. seed fern, Corystospermales, Peltaspermales xerophyte
upper canopy, mire, wet lowland/hinterland, inhabit upland 
seasonally dry habitats

Araucariacites spp. conifer, Araucariaceae xerophyte upper canopy, well drained, coastal
Aulisporites spp. Cycadeoidales, Bennettitales hygrophyte dry lowland
Camerosporites spp. conifer, Cheirolepidiaceae xerophyte hinterland
Cerebropollenites spp. conifer, Taxodiaceae xerophyte upper canopy, well drained
Chasmatosporites spp. cycad,?Cycadales mesophyte lowland, drier, warmer
Classopollis spp. conifer, Cheirolepidiaceae xerophyte upper canopy, well drained, coastal, lowland, drier, warmer
Cycadopites spp. gymnosperm, Cycadophyta, Ginkgoales, Peltaspermales hygrophyte dry lowland, warmer
Duplicisporites spp. conifer, Cheirolepidiaceae xerophyte hinterland
Ellipsovelatisporites spp. conifer xerophyte (?)hinterland/upland
Enzonalasporites spp. conifer, Voltziales, Majonicaceae, Glyptolepis xerophyte (?)hinterland/upland

Ephedripites spp. gymnosperm, Gnetales, Ephredraceae xerophyte
(?)dry landscapes, (?)marginal costal plains with high degree of 
salt tolerance

Eucommiidites spp. cycad, Cycadales xerophyte lowland, drier, warmer
Granuloperculatipollis spp. conifer, Cheirolepidiaceae xerophyte upper canopy, well drained
Inaperturopollenites spp. conifer, Taxodiaceae xerophyte lowland, wetter, cooler
Klausipollenites spp. conifer,?Voltziales,?Voltziaceae unknown upland, canopy
Lagenella spp. unknown hygrophyte river, lowland
Microcachrydites spp. conifer, Cheirolepidiaceae, Podocarpaceae xerophyte upland, hinterland
Monosulcites spp. cycad, Benettites mesophyte lowland, drier, warmer
Ovalipollis spp. conifer, Voltziaceae xerophyte hinterland
Paracirculina spp. conifer, Cheirolepidiaceae xerophyte (?)coastal
Patinasporites spp. conifer, Voltziales, Majonicaceae xerophyte (?)dryland, upland, dry lowland
Perinopollenites spp. conifer, Cupressaceae/Taxodiaceae hygrophyte upper canopy, mire, river
Pinuspollenites spp. conifer, Pinaceae mesophyte upland
Praecirculina spp. conifer, Cheirolepidiaceae xerophyte coastal
Protodiploxypinus spp. conifer/seed fern xerophyte hinterland
Rhaetipollis spp. conifer, (?)Cheirolepidiaceae xerophyte upland
Samaropollenites spp. conifer, Podocarpaceae hygrophyte river
Triadispora spp. conifer, Voltziaceae xerophyte upland, hinterland
Tulesporites spp. unknown unknown unknown
Vallasporites spp. conifer, Voltziales, Majonicaceae xerophyte hinterland, dry lowland, upland

Spore genera Botanical affinity Ecology Ecological Remarks

Anapiculatisporites spp. lycopsid, fern, moss? hygrophyte ground cover, mire, coastal, river/lowland, wet lowland
Apiculatisporis spp. fern, Dipteridaceae hygrophyte lowland and river

Calamospora spp. horsetail, Sphenophyta, Equisetopsids hygrophyte
river, lowland, wetter, warmer, acquire wet habitat in sub- 
tropical and temperate regions

Carnisporites spp. lycophyta, Filicales hygrophyte river, wet lowland
Camarozonosporites spp. lycopsid hygrophyte river, lowland, mire
Cibotiumspora spp. fern, pteridophyta, Cyatheaceae, Dicksoniaceae hygrophyte unknown
Cingulatisporites spp. unknown unknown unknown
Conbaculatisporites spp. fern, Dipteridaceae hygrophyte river
Converrucosisporites spp. fern, filicopsida, Dicksoniaceae hygrophyte wet lowland
Convolutispora spp. fern, pteridophyta, Schizaeaceae hygrophyte river
Cyathidites spp. fern, Cyatheaceae, Dicksoniaceae, Dipteridaceae, Matoniaceae hygrophyte lowland, drier, warmer

Deltoidospora spp.
pteridophyta, fern, Filicales, Dicksoniaceae, Cyatheaceae, 
Dipteridaceae, Matoniaceae hygrophyte understory, mire, drier patches, dry lowland

Dictyophyllidites spp. fern, Filicales, Dipteridaceae, Matoniaceae hygrophyte lowland, drier, warmer
Foveosporites spp. pteridophyta, Selaginellales hygrophyte unknown
Ischyosporites spp. pteridophyta, Schizaeaceae, Anemiaceae hygrophyte lowland, wetter, warmer
Kraeuselisporites spp. lycopodiophyta, Lycopsida, Lycopodiales hygrophyte ground cover, mire, coastal, river
Kyrtomisporis spp. pteridophyta, fern, Dipteridaceae hygrophyte river, (?)dry lowland
Leiotriletes spp. fern, zosterophyllopsida, filicopsida, cycadopsida, ginkgoopsida unknown swamp, freshwater
Leptolepidites spp. lycopsid, Filicopsida, Filicales, Pteridaceae hygrophyte river
Lycopodiacidites spp. lycopsid hygrophyte river
Nevesisporites spp. bryophyta, Lycopodiales unknown lowland and river, ground cover, mire
Playfordiaspora spp. lycopsid unknown stress tolerant opportunistc plants which grow near water bodies
Polypodiisporites spp. fern, Schizaceae, Polypodiaceae unknown ground cover,mire
Porcellispora spp. bryophyte, liverwort hygrophyte river
Retitriletes spp. fern, bryophyte hygrophyte ground cover
Todisporites spp. fern, Osmundaceae hygrophyte river
Trachysporites spp. pteridophyta, Filicales hygrophyte lowland and river
Uvaesporites spp. lycopsid, Selaginellaceae hygrophyte river

Verrucosisporites spp.
pteridophyta, Ferns, Marattiales, Filicales especially 
Osmundaceae hygrophyte

wet lowland, acquire wet habitat in sub-tropical and temperate 
regions

(continued on next page)
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by river-dominated sedimentation punctuated by short regressive epi
sodes and marginal marine depositional settings.

A correlation was established between the palynomorphs found in 
the Lusitanian Basin and their botanical affinity, providing palae
oclimatic and palaeoenvironmental reconstructions (Fig. 15; Tables 2 
and 3). Pollen dominates most of the Silves Group assemblages, except 
at the beginning of the Hettangian, where spores temporarily become 
predominant before pollen recovers its dominance. Analysis of the 
xerophytic versus hygrophytic affinities of the sporomorphs reveals a 
consistent prevalence of taxa with xerophytic adaptations, indicating 
persistently warm climatic conditions (Figs. 14 and 15). Nevertheless, 
sporomorphs with hygrophytic affinities account for approximately 22% 
of the assemblage across the Silves Group, suggesting that despite the 
overall warmth, the environment maintained significant humidity 
(Fig. 15, Table 3). These data indicate that the Lusitanian Basin expe
rienced predominantly warm and humid conditions from the Norian to 
the Hettangian (Fig. 14). This climatic interpretation aligns with the 
lithofacies changes showing a distal fluvial to lacustrine setting in the 
Conraria Formation, transitioning into estuarine, river-dominated en
vironments with episodic tidal influence and evaporitic tidal flats in the 
Pereiros Formation (Fig. 14). The environmental conditions inferred for 
the Hettangian succession of the Lusitanian Basin are further supported 
by the occurrence of microforaminiferal linings at the base of the Per
eiros Formation (Fig. 15).

Future palaeogeographical and palaeoclimatic reconstructions of 
this sector of the Tethyan realm could greatly benefit from the Late 
Triassic to Early Jurassic microfloral assemblages documented in the 
Lusitanian Basin. Their similarities to coeval assemblages from other 
Tethyan basins, Western Europe, and Eastern North America suggest a 
persistently warm and humid climate, probably influenced by the onset 
of CAMP activity and intensified monsoonal circulation (Blackburn 
et al., 2013).

Based on the palynologically constrained ages of the Upper Triassic- 
Lower Jurassic successions in each basin, it can be inferred that the 
initial separation (i.e., the breakup) between present-day Portugal and 
the adjacent continental masses (North Africa and North America) 
began in the Algarve Basin, southern Portugal. This interpretation is 
supported by the occurrence of older strata in the Algarve Basin, where 
palynological data indicate the onset of sedimentation during the early 
Carnian (Vilas-Boas et al., 2022). In contrast, the oldest dated strata in 
the Lusitanian Basin are Norian, although this age refers to the upper 
part of the Conraria Formation, implying that its basal deposits may be 
older and potentially coeval with the base of the Silves Group in the 
Algarve Basin.

Comparison of the two basins with the global eustatic curve for the 
Triassic–Jurassic transition (Haq, 2018; Fig. 14) shows that the sedi
mentary record of the Algarve Basin corresponds to a regressive phase 
identified for this time interval. Conversely, the estuarine system 
developed across the TJB in the Lusitanian Basin (Fig. 14) is more 
consistent with a transgressive episode (Hallam, 1981, 2001; Haq et al., 
1987; Haq, 2018). This apparent discrepancy may reflect the limited 
palynological resolution of the Lusitanian Basin, due to the scarcity of 

suitable samples from the older detrital units (Penela and Castelo Viegas 
formations), or result from localized tectonic uplift that induced a forced 
regression.

Despite their relatively short distance (approximately 360 km apart) 
(Fig. 1), the two basins exhibit notable palaeoenvironmental and 
palaeoclimatic differences (Fig. 14), likely related to distinct drainage 
networks active during the Late Triassic (Dinis et al., 2018).

Detrital zircon spectra from Silves Group sandstones indicate that the 
Lusitanian Basin received sediment from terranes exposed to erosion, 
ranging from the Mesoproterozoic to the Silurian (Dinis et al., 2018), 
whereas the Algarve Basin was primarily supplied by upper Neo
proterozoic, Devonian, and Carboniferous source areas (Pereira et al., 
2016; Dinis et al., 2018). A key distinction is the presence of Variscan- 
derived (Devonian–Carboniferous) sediments in the Algarve Basin, ab
sent in the Lusitanian Basin. Furthermore, the erosion of Neoproterozoic 
successions may explain the occurrence, in the Algarve Basin, of 
reworked specimens comparable to the Proterozoic acritarch Our
asphaira giraldae (Loron et al., 2019). According to Dinis et al. (2018), 
the catchment areas that fed the two basins were separated by a topo
graphical barrier, probably inherited from the Variscan Mountain Belt, 
which acted as a continental divide across the Iberian Terrane from the 
Late Triassic onwards.

Another major distinction is that the Silves Group sedimentary cycle 
in the Algarve Basin culminates with a significant volcanic phase asso
ciated with CAMP activity, whereas no equivalent magmatic phase is 
recorded in the Lusitanian Basin (Azerêdo et al., 2003; Verati et al., 
2007; Martins et al., 2008; Kullberg et al., 2013).

These new data allow for a more refined analysis of key Late Triassic 
and Early Jurassic events through an integrated approach combining 
palynostratigraphy, palaeoecology, and palaeobiology. The paly
nomorph assemblages identified in this study provide critical new con
straints and substantially improve the biostratigraphical, 
palaeoenvironmental, and palaeoclimatic framework of the Lusitanian 
and Algarve basins, contributing to a more comprehensive reconstruc
tion of the Late Triassic–Early Jurassic interval within the western 
Tethyan realm.

6. Conclusions

The integrated palynological analysis of the Algarve and Lusitanian 
basins provides a new high-resolution biostratigraphical and palae
oenvironmental framework for the Late Triassic-Early Jurassic transi
tion in Portugal.

For the Algarve Basin, three palynozones are proposed: the Aulis
porites astigmosus – Tulesporites briscoensis (AT) palynozone (early Car
nian), the Samaropollenites speciosus – Camerosporites secatus (SC) 
palynozone (late Carnian), and the Cerebropollenites macroverrucosus – 
Perinopollenites elatoides (CP) palynozone (latest Rhaetian- earliest Het
tangian). These palynozones, for the first time, allow the dating of the 
entire Silves Group succession, the stratigraphical units at the base of the 
Algarve Basin succession, through palynostratigraphy, including a clear 
identification of the TJB.

Table 2 (continued )

Pollen genera Botanical affinity Ecology SEGs and/or Ecological Remarks

Algae genera Botanical affinity Ecological Remarks

Botryococcus spp. chlorococcale green algae, Dictyosphaeriaceae open water, brackish/freshwater
Leiosphaeridia spp. Prasinophyceae marine, swamp, lake/pond
Ovoidites spp. Zygnemataceae, Spirogyra shallow, stagnant, oxygen-rich fresh waters, lake margins
Plaesiodictyon mosellanum 

spp. chlorococcale green algae brackish/freshwater

Others Botanical affinity

Foraminiferal test linings foraminifera (protista)
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In the Lusitanian Basin, three palynozones are recognised in the 
Silves Group: the Classopollis meyerianus – Granuloperculatipollis rudis 
(CG) palynozone (Norian-earliest Rhaetian), the Ischyosporites variegatus 
– Kraeuselisporites reissingeri (IK) palynozone (late Rhaetian-earliest 
Hettangian, encompassing the TJB), and the Pinuspollenites minimus 
(Pm) palynozone (Hettangian). Collectively, these date the Silves Group 
succession, in the Lusitanian Basin, from the Norian to the Hettangian.

The temporal offset between the two basins confirms that the rifting 
associated with the breakup of Pangaea was diachronous. Sedimentation 
began earlier in the Algarve Basin, indicating that the initial separation 
between the Iberian and adjacent plates (North Africa and North 
America) was more advanced in southern Portugal.

Despite their proximity, the basins followed distinct evolutionary 
paths. The Algarve Basin transitioned from fluvial systems to restricted 
marginal-marine lagoons (Carnian) and eventually to sabkhas (late 
Rhaetian-earliest Hettangian). By contrast, the Lusitanian Basin 
remained a river-dominated estuarine setting, recording its earliest 
marine incursion via microforaminiferal linings only in the early 
Hettangian.

Quantitative data indicate a persistent dominance of xerophytic taxa 
across both basins, signalling a regional shift toward warmer, seasonally 
dry conditions. However, the Lusitanian Basin maintained a higher 
proportion of hygrophytic elements, suggesting more humid local con
ditions than the arid sabkhas of the Algarve Basin.

Fig. 15. Stratigraphical distribution of the palynological assemblages of the Algarve and Lusitanian basins based on their probable botanical affinities. TJB – Tri
assic–Jurassic Boundary. Litho. – Lithology. Fm. – Formation.

Table 3 
Dataset (%) of the Silves Group palynological assemblages recovered in the studied sections in the Algarve and Lusitanian basins based on their probable botanical 
affinities.

Botanical Affinity

Sections % 
Pollen

% 
Spores

% 
Xerophytic

% 
Hygrophytic

% 
Mesophytic

% 
Unknown

% 
Algae

% 
Reworked

% 
Foraminifera

Algarve Basin

Albufeira's Diapir 84 3.8 84 3.8 12.2
Loulé Rock Salt Mine 
(upper part) 99.2 0.8 97.4 2.6
Loulé Rock Salt Mine 
(basal part) 68.6 0.1 67.5 1.1 0.1 31.3
Amado Beach 59.8 1.7 40.5 19.3 1.7 38.5
Amorosa 91.3 8.7 88.8 3.7 7.4
International Racetrack of 
Algarve 55.5 44.5 1.2 73.8 25

Lusitanian 
Basin

Carvalhais 98.2 1.8 97.8 2 0.2
Lamas II 93.6 6.4 88.3 11 0.5 0.2
Lamas I 34.8 64.8 32.9 64.3 1.4 1 0.4
Castelo Viegas II 70.5 29.5 62.8 32.3 4.2 0.7
Lordemão 77.6 22.4 76.6 23.3 0.1
Alto de São João 96.4 3.6 82.8 14.2 0.6 2.4
Sobral Cid 97.8 2.2 80 18.1 0.9 1
Parque de Campismo 90.8 9.2 84.6 9.2 6.2
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The discovery of malformed sporomorphs in both basins during the 
late Carnian-early Norian and across the TJB serves as a biological proxy 
for the environmental impact of the Central Atlantic Magmatic Province 
(CAMP). These malformations likely reflect mutagenesis induced by 
atmospheric pollution, mercury toxicity, and increased UV-B radiation.

Finally, the recovery of the Onslow Microflora and Tulesporites bris
coensis confirms strong phytogeographical links with the western 
Tethyan margin and North America, while reworked Neoproterozoic 
algae in the Algarve Basin support the presence of an inherited Variscan 
topographical barrier separating the drainage networks of the two 
basins.
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Szabó, C., 2020. Deep CO2 in the end-Triassic Central Atlantic Magmatic Province. 
Nat. Commun. 11 (1), 1670. https://doi.org/10.1038/s41467-020-15325-6.

Capriolo, M., Marzoli, A., Aradi, L.E., Ackerson, M.R., Bartoli, O., Callegaro, S., Dal 
Corso, J., Ernesto, M., Vasconcellos, E.M.G., De Min, A., Newton, R.J., Szabó, C., 
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Portugal). Berliner Geowissenschaftliche Abhandlungen. Reihe A. Geol. Paläont. 
106, 37–47.

Filipiak, P., Racki, G., 2010. Proliferation of abnormal palynoflora during the end- 
Devonian biotic crisis. Geol. Q. 54 (1), 1–14.

Fisher, M.J., Dunay, R.E., 1981. Palynology and the Triassic/Jurassic boundary. Rev. 
Palaeobot. Palynol. 34 (1), 129–135. https://doi.org/10.1016/0034-6667(81) 
90070-1.

Fisher, M.J., Dunay, R.E., 1984. Palynology of the petrified forest member of the Chinle 
Formation (Upper Triassic), Arizona, USA. Pollen Spores 26 (2), 241–284.

Foster, C.B., Afonin, S.A., 2005. Abnormal pollen grains: an outcome of deteriorating 
atmospheric conditions around the Permian–Triassic boundary. J. Geol. Soc. 162 (4), 
653–659. https://doi.org/10.1144/0016-764904-047.

Foster, C.B., Balme, B.E., Helby, R., 1994. First record of Tethyan palynomorphs from the 
Late Triassic of East Antarctica. AGSO J. Aust. Geol. Geophys. 15 (2), 239–246.

Frizon de Lamotte, D., Fourdan, B., Leleu, S., Leparmentier, F., de Clarens, P., 2015. Style 
of rifting and the stages of Pangea breakup. Tectonics 34 (5), 1009–1029. https:// 
doi.org/10.1002/2014TC003760.
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et Schiste àAvicula contorta” and “Argiles de Levallois” (Rhaetian) of northeastern 
France and southern Luxemburg. Rev. Palaeobot. Palynol. 23 (3), 159–253. https:// 
doi.org/10.1016/0034-6667(77)90007-0.

Schuurman, W.M., 1979. Aspects of Late Triassic Palynology. 3. Palynology of latest 
Triassic and earliest Jurassic deposits of the northern Limestone Alps in Austria and 
southern Germany, with special reference to a palynological characterization of the 
Rhaetian Stage in Europe. Rev. Palaeobot. Palynol. 27 (1), 53–75. https://doi.org/ 
10.1016/0034-6667(79)90044-7.

Scibiorski, J., Peyrot, D., Lindström, S., Charles, A., Haig, D., Irmis, R.B., 2022. The 
Enzonalasporites group of Triassic pollen genera and species: new morphological and 
ultrastructural data, revised taxonomy and paleobiogeographical aspects. Rev. 
Palaeobot. Palynol. 306, 104744. https://doi.org/10.1016/j.revpalbo.2022.104744.

Scotese, C.R., Schettino, A., 2017. Late Permian-Early Jurassic paleogeography of 
western tethys and the world. In: Soto, J.I., Flinch, J.F., Tari, G. (Eds.), Permo- 
Triassic Salt Provinces of Europe, North Africa and the Atlantic Margins. Elsevier, 
pp. 57–95. https://doi.org/10.1016/B978-0-12-809417-4.00004-5.
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