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This paper presents the results of palynostratigraphic studies in the Silves Group in the Algarve Basin,
Portugal. From bottom to top comprises the Silves Sandstones, the Silves Marl-Carbonate Evaporitic
Complex, and the Volcano-Sedimentary Series. This study aims to detail the age of the Silves Group,
bracketing the Triassic-Jurassic transition, using palynology. For this purpose, 250 samples were collected
from 14 main sections. Previous results from a section above the Variscan unconformity, enabled to date
the base of the Silves Sandstones and the onset of the Mesozoic sedimentary cycle in the Algarve Basin to
lower Carnian. In this work, the top of the Silves Sandstones, containing Camerosporites secatus,
Enzonalasporites  vigens, Granuloperculatipollis rudis, Lagenella martinii, Patinasporites densus,
Samaropollenites speciosus, and Vallasporites ignacii, is dated to the upper Carnian. The base of the
Silves Marl-Carbonate Evaporitic Complex, consisting of Alisporites sp., Araucariacites australis,
Classopollis meyerianus, Classopollis torosus, Paracirculina quadruplicis and Triadispora sp., indicates an
upper Carnian age. The presence of Alisporites diaphanus, Araucariacites australis, Cerebropollenites
macroverrucosus, Classopollis meyerianus, Classopollis torosus, Perinopollenites elatoides, Calamospora meso-
zoica, and Kraeuselisporites reissingeri allows to date the top of the Silves Marl-Carbonate Evaporitic
Complex as upper Rhaetian-lower Hettangian. This study allows to date the Silves Group in the
Algarve Basin from the lower Carnian to lower Hettangian (Triassic-Jurassic boundary) for the first time.
The Carnian microflora provides new insights of the Onslow Microflora in the Western Tethys.
© 2024 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CCBY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction and geological setting

The Algarve Basin (AB), located in the South of Portugal (Fig. 1
(A)), is a Mesozoic sedimentary basin that formed during the
breakup of Pangaea and subsequent extensional tectonic events
that led to the opening of the North Atlantic Ocean (Terrinha
et al.,, 2013). The initial sedimentary infill of the AB consists of con-
tinental siliciclastic red beds, volcanics, and evaporites, collectively
known as the Silves Group. It unconformably overlies Carbonifer-
ous turbidites, which were deformed and underwent low-grade
metamorphism during the Variscan Orogeny (Palain, 1976;
Terrinha et al., 2013).
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The Silves Group comprises sedimentary rocks deposited in var-
ious environments, ranging from continental, primarily alluvial, to
shallow marine evaporitic settings (Terrinha et al., 2006). The
group comprises three stratigraphic units, arranged from base to
top: the Silves Sandstones, the Silves Marl-Carbonate Evaporitic
Complex, and the Volcano-Sedimentary Series.

The sedimentary facies, textures, and thickness of the Silves
Sandstones vary depending on their position within the AB. In out-
crops west of the Sdo Marcos da Serra-Quarteira Fault (SMSQF;
Fig. 1(B)), the Silves Sandstone succession begins at the base with
6 to 10 m thick mudstones and siltstones (S3o Bartolomeu de
Messines Clays; Palain, 1976). Above the last beds are coarse to
fine-grained reddish sandstones displaying cross-stratification
and lamination and trough cross-stratification, without any
interbedded clay and silt size sediment (Fig. 2). Massive strata usu-
ally display an erosive basal surface followed by gravel lags as
channel-fill deposits. The facies and sedimentary structures
suggest deposition in fluvial settings. The absence of significant
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Fig. 1. Map of the studied area with location of studied sections. A. Map of Portugal with the Lusitanian and Algarve basins represented. The red rectangle represents the area
of the studied sections. B. Detailed geological map of the Algarve Basin with the studied sections signed by the star symbol. 1: Amado Beach section; 2: Amorosa section; 3:
Albufeira Diapir section; 4: Loulé Rock Salt Mine; SMSQF: Sdo Marcos da Serra-Quarteira Fault; AF: Algibre Fault. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

floodplain deposits suggests deposition by bedload-dominated
(braided) river systems. East of the SMSQF, the Silves Sandstones
unit shows most of the aforementioned features except for the
absence of mudstones at the base, coarser clastic sediments, and
matrix-supported conglomerates interbedded with the sandstones
(Fig. 2). These differences suggest a more pronounced tectonic con-
trol on sedimentation in the eastern part of the SMSQF and a
shorter distance to the sediment source regions.

The Silves Marl-Carbonate Evaporitic Complex conformably
overlies the Silves Sandstones unit. Similar to the Silves Sand-
stones, the stratigraphy of this unit is strongly influenced by tec-
tonic controls showing a lack in evaporitic deposits are absent to
the north of the west-east trending Algibre Fault (AF; Fig. 1(B)).
South of this fault, evaporites are only found in diapirs that intrude
into Jurassic and Lower Cretaceous sedimentary rocks, such as the
Loulé and Albufeira diapirs.

North of the AF, the Silves Marl-Carbonate Evaporitic Complex
consists of variegated mudstones interbedded with marls, fine-
grained sandstones, and siltstones reaching a maximum thickness
of over 100 m. Sedimentary structures observed in this unit include
rare wave ripples, current ripples, parallel laminations, desiccation
cracks, bioturbations, and pedogenic structures. Fossils found
within this unit, including bivalves (Eustheria sp.; Palain, 1976)
and vertebrate remains of Phytosauria (Mateus et al., 2014) and
Metoposaurus (Brusatte et al., 2015), indicate an Upper Triassic
age for this unit. In the town of Ayamonte, located near the
Portuguese-Spanish border, the upper part of this unit is
carbonate-rich. It has yielded a relatively rich fauna of bivalves,
ostracods, gastropods (Santos et al., 2022), and a rare neural arch
of a sauropterygian reptile (Reolid et al., 2022). These recent
palaeontological data further support an Upper Triassic age for this
portion of the Silves Marl-Carbonate Evaporitic Complex. The sed-
imentary structures and the fossils from this stratigraphic unit sug-
gest deposition in a shallow lacustrine environment frequently
affected by desiccation events (ephemeral lakes).

The stratigraphic sequence of the Silves Group is topped by the
Volcano-Sedimentary Series, which primarily comprises pyroclasts
and a few basalt flows, indicating a prevalence of explosive volcan-
ism over effusive phases. The basalt flow located at the uppermost
part of this unit was dated using radio-isotopic analysis based on
4OAr/*°Ar, and it was assigned an age of 198.1+0.4 Ma (Lower
Jurassic). This age was correlated with the Central Atlantic Mag-
matic Province (CAMP) showing consistency with a palynological
assemblage discovered in mudstones approximately 50 m below
the dated basalt flow (Verati et al., 2007).
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The present research aims to refine the ages and to obtain
palaeoenvironmental information, such as new insights into the
of the Onslow Microflora, of the Upper Triassic-Lower Jurassic
stratigraphic record of the Silves Group in the Algarve Basin
through palynology. To achieve this goal, 250 samples were col-
lected from 14 stratigraphic sections, which were subsequently
analysed to establish a detailed palynostratigraphic age based on
the identification of key palynomorph taxa.

2. Material and methods
2.1. Studied sections

2.1.1. Amorosa section

This section is a roadcut outcrop located south of the village of
Amorosa (37°15°38.65”N; 8°19'11.66"W) and exposes the strati-
graphic limit between the Silves Sandstone and the Silves Marl-
Carbonate Evaporitic Complex (Figs. 1, 2). The section is ca. 6 m
thick, composed at the base of reddish silty mudstones that pass
upward abruptly to a 1.2 m-thick red sandstone bed (Fig. 3(A)).
The sandstone bed shows an erosive base, normal grading, cross-
bedding and cross-lamination. Overlying the sandstone bed is a
ca. 2 m thick of reddish silty mudstones with pedogenic structures,
which pass gradually upwards to grey mudstones having thin beds
of micrite limestone interbedded (Fig. 3(A)). The sample with paly-
nological results (AMOROSA 4(—20 cm); Fig. 2) corresponds to the
basal layers of the Silves Marl-Carbonate Evaporitic Complex.

2.1.2. Amado Beach section

This section is exposed along the northern seacliffs at Amado
Beach near the Carrapateira village (37°10'9.37”N; 8°54’'10.72"W;
Figs. 1, 2). The section is ca. 61 m thick and depicts the upper part
of the Silves Sandstones and the lower part of the Silves Marl-
Carbonate Evaporitic Complex.

The Silves Sandstones are a ca. 17 m thick sequence showing
cross-bedding, trough cross-bedding, cross-lamination, normal
grading, and basal erosional surfaces, often having matrix-
supported conglomerates above. No mudstones or siltstone beds
are interbedded with the sandstones, indicating that this sequence
relates to amalgamated beds, probably due to the aggradation of
channel fill deposits.

A 0.7 m-thick bed consisting of fine-grained sandstones and
siltstones showing current ripples and cross-laminations, some-
times showing climbing laminae separates the Silves Sandstones
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from the ca. 45 m thick mudstone dominant sequence belonging to
the Silves Marl-Carbonate Evaporitic Complex (Figs. 2, 3(B)). The
mudstones are variegated (reddish to grey). They are interbedded
with thin dolomite beds and fine-grained sandstones, occasionally
showing wave ripples with reduction spots and whirls (Figs. 2, 3
(B)). The grey-to-dark mudstones and the dolomite beds often
show parallel laminations. This part of the Amado Beach sequence
is intruded by dolerites and is in contact with volcanic rocks (mafic
tuffs) of the Volcano-Sedimentary Series through a fault. Two sam-
ples yielded palynological results located in the uppermost part of
the Marl-Carbonate Evaporitic Complex.

2.1.3. Loulé Rock Salt Mine section

The underground gallery (NO1GOIN between NO1C0100 and
NO01C0101, located at 230 m deep) of the Loulé Rock Salt Mine
(37°8'5.53"”N; 8°0'28.05”"W, Figs. 1, 2) intersects a ca. 1 m thick
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mudstone bed intercalated with the massive halite beds (Fig. 3
(C)). The mudstone bed is structureless and shows grey to dark-
grey colour. Eight samples were taken from the mudstone bed,
and two additional samples were collected from the impure halite
at the bottom and top of the mudstone bed.

2.1.4. Albufeira Diapir section

The Albufeira’s Diapir is exposed at the seacliff of Baleeira’s
Cove, west of the town of Albufeira (37°4'54.18"N; 8°15°'45.27"
W; Figs. 1, 2). This diapir is fault-controlled by the East-West
trending Baleeira Fault, and the bedding is difficult to recognize
within the diapir outcrop. The evaporite consists mainly of anhy-
drite and gypsum intercalated with very thin lenses of grey mud-
stone (Fig. 3(D)). Two samples were taken from the grey
mudstones.
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Fig. 3. Field photographies of the studied sections, with location of the productive samples signed by the red dot. A. Amorosa section. B. Amado Beach section. C. Loulé Rock
Salt Mine section (measuring tape marks 0.61 m). D. Albufeira Diapir section. Scale bars: 1 m (A, B, D). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

2.2. Palynology

Forty-three samples were collected from four sections that
yielded productive samples for palynological studies in the Silves
Group of the Algarve Basin. Twenty-nine samples were collected
from the Silves Sandstones unit along the Amorosa and Amado
Beach sections, while fourteen samples were collected from the Sil-
ves Marl-Carbonate Evaporitic Complex along the Loulé Rock Salt
Mine and Albufeira’s Diapir sections. Fourteen of the forty-three
samples were productive, showing moderate to well-preserved
sporomorphs. In the Amorosa area, three sections were sampled
along the M1080 road in the Vale Fuzeiros, close to Sdo Bartolomeu
de Messines. Ten samples were collected from these three sections,
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with one of them being positive: AMOROSA 4(—20cm). From
Amado Beach, located south of Aljezur, nineteen samples were col-
lected (positive samples: AM15 and AM16). Ten samples were col-
lected in the Loulé Rock Salt Mine (positive samples: MSGBASE,
MSG 1, MSG2, MSG4, MSG5, MSG6, MSG7, MSG8 and MSGTOPO-
BASE). Four samples were collected from the Diapir in Baleeira
Cove, Albufeira (positive samples: D2 and D4).

Standard palynological laboratory techniques were employed
for organic matter extraction and concentration, including treat-
ments with hydrochloric (HCl) and hydrofluoric (HF) acids
(Wood et al., 1996; Riding and Warny, 2008). The residues were
sieved through a 15 pm sieve and mounted on microscope slides
using Entelan®, a commercially available resin-based mounting
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Table 1

Dataset for terrestrial palynomorphs (spores and pollen grains, in %) and marine palynomorphs (algae). X: Registered outside the count.

Silves Group Units

Silves Sandstones

Silves Marl-Carbonate Evaporitic Complex

Age of the Section

Upper Triassic - upper Carnian

Upper Triassic - Rhaetian

Lower Jurassic - Hettangian

? Rhaetian- ?
Hettangian

Sections

Amorosa Amado’s Beach

Loulé Rock Salt Mine

Albufeira’s
Diapir

Samples

4(-20 cm) 15 16

BASE 1 2 3 4 5

8 TOPO BASE D2 D4

POLLEN

Alisporites diaphanus
Alisporites sp.
Araucariacites australis
Araucariacites sp.
Camerosporites secatus
Cerebropollenites macroverrucosus
Cerebropollenites sp.
Classopollis malformed
Classopollis meyerianus
Classopollis sp.

Classopollis torosus
Cycadopites sp.
Ellipsovelatisporites sp.
Enzonalasporites vigens
Ephedripites sp.
Granuloperculatipollis rudis
Lagenella martinii
Microcachrydites doubingeri
Microcachrydites fastidioides
Microcachrydites sp.
Paracirculina malformed
Paracirculina quadruplicis
Paracirculina sp.
Patinasporites densus
Perinopollenites elatoides
Samaropollenites speciosus
Triadispora sp.
Vallasporites ignacii

Sum Pollen

SPORES
Anapiculatisporites sp.
Calamospora mesozoica
Calamospora sp.
Carnisporites sp.
Convolutispora sp.
Deltoidospora sp.
Deltoidospora toralis
Kraeuselisporites reissingeri
Kraeuselisporites sp.
Kyrtomisporis sp.
Leptolepidites argentaeformis
Playfordiaspora sp.
Verrucosisporites sp.

Sum Spores

3.8 3

2.5 0.4

173
50.6 8.3 255

25 2.6 38.9
123 X 1.9
1.2 X 0.4
91.3 19.2 97.5

0.6 X

0.6

7.4 0.8 2.6

8.6 0.8 2.6

0.4

17.5 24.9 10.2 143

61.4 67.5 44.9 64.3
7 0.4 0.6 18.4

53

35

94.7 93.2 0.6 0 75.5 78.6

0.4

36.7

2.4

99.7

0.4

0.4

18.7

0.4

46

0.4
315

2.6

100

48 36.1 6.4 31.2

21.6 6.8
31.6 41 224 13.2

17.2 223 324 24.8

98 99.4 90.8 77.2

0.4

0.4

2 0.6 6.4 1.2

(continued on next page)
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Table 1 (continued)

Silves Marl-Carbonate Evaporitic Complex

Silves Sandstones

Silves Group Units

? Rhaetian- ?
Hettangian
Albufeira’s

Diapir
D2

Lower Jurassic - Hettangian

Upper Triassic - Rhaetian

Upper Triassic - upper Carnian

Age of the Section

Loulé Rock Salt Mine

Amado’s Beach

Amorosa

Sections

D4

TOPO BASE

BASE

16

4(-20 cm)

Samples
ALGAE

6.4

Algae sp. A

Botryococcus sp.

21.6

2.8

52.1

Leiosphaeridia sp.
Ovoidites sp.

7.5

Plaesiodictyon mosellanum ssp. bullatum

121
1.1

Plaesiodictyon mosellanum ssp. variable

Plaesiodictyon sp.
Reworked algae
Sum Algae
TOTAL SUM

214

24.5

6.4 99.4

6.4

53
53

21.6
100

2.8

214

24.5

99.4
100

80

100

100

100

100

100

100

100

100

100

100

100

100
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medium. The slides were examined using a Leica DM750 micro-
scope equipped with a Leica ICC50W camera and a BX40 Olympus
equipped with an Olympus CS50 digital camera. Semi-quantitative
abundance was determined by counting, when possible, 250 spec-
imens per slide. Additionally, three slides from each sample were
examined for rare taxa outside the count, represented with an X
in Table 1. Figs. 4-6 provide illustrations of the biostratigraphically
significant taxa and a species list is given in Appendix A. All sam-
ples, residues, and slides are stored at the University of Algarve
and the Palynological Collection of LNEG, Portugal.

3. Results

The sporomorph assemblages recorded in the studied succes-
sions are described and documented in Fig. 7. The quantitative
and qualitative distribution of sporomorph associations is pre-
sented based on the relative abundance of prominent taxa, as well
as the first appearance (FA), last appearance (LA), first appearance
datum (FAD), last appearance datum (LAD), first occurrence (FO)
and last occurrence (LO) of selected stratigraphically important
taxa (Fig. 7; Table 1).

This study recognized three palynoassemblages (in strati-
graphic order from oldest to youngest):

¢ Palynoassemblage 1. The microflora found in this assemblage
is derived from the Amorosa and Amado Beach sections of the
Silves Sandstones and the Silves Marl-Carbonate Evaporitic
Complex units, respectively. It consists of twelve genera and
ten species of moderate to well-preserved taxa of pollen, five
genera and one species of spores, and four genera and two spe-
cies of algae. The distinguishing feature of this assemblage is the
concurrent presence of Patinasporites densus, Samaropollenites
speciosus, Vallasporites ignacii, Enzonalasporites vigens and Gran-
uloperculatipollis rudis, these last two taxa occurring for the first
time in the Amado Beach section. Other consistently present
taxa include Paracirculina sp., Paracirculina quadruplicis, Playfor-
diaspora sp., and Triadispora sp. Additionally, the assemblage
includes Alisporites sp., Camerosporites secatus, Ellipsove-
latisporites sp., Lagenella martinii, Microcachrydites doubingeri,
Microcachrydites fastidioides, Microcachrydites sp., malformed
specimens of Paracirculina sp., and spores such as Calamospora
sp., Convolutispora sp., Kraeuselisporites reissingeri, and Verruco-
sisporites sp. The algal association consists of Botryococcus sp.,
Leiosphaeridia sp., Ovoidites sp., Plaesiodictyon mosellanum ssp.
bullatum, Plaesiodictyon mosellanum ssp. variable, Plaesiodictyon
sp., and of an undetermined species identified as Algae sp. A;
Palynoassemblage 2. The samples containing this assemblage
derive from the lower part of the Loulé Rock Salt Mine section
that belongs to the Silves Marl-Carbonate Evaporitic Complex.
The assemblage comprises moderate to well-preserved paly-
nomorphs including six genera and three pollen species, two
genera and one species of spores, and one species of algae.
The notable feature of this assemblage is the FA of Classopollis
meyerianus, Classopollis torosus, and Classopollis sp. Other com-
ponents include the pollen Alisporites sp., Araucariacites aus-
tralis, Araucariacites sp., Cycadopites sp., Paracirculina
quadruplicis and Triadispora sp., and the spores Calamospora
mesozoica and Playfordiaspora sp. Additionally, the paly-
noassemblage contains some specimens with fungal or algal
affinity which appear to be reworked due to their darker color
and resemblance to Neo-Proterozoic-age algae (e.g., Ourasphaira
giraldae);
o Palynoassemblage 3. This assemblage derives from the upper
part of the Loulé Rock Salt Mine section included in the Silves
Marl-Carbonate Evaporitic Complex. It encompasses seven gen-
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Fig. 4. Selected pollen grains from the Silves Group sections studied in this work. Species name is followed by the outcrop, sample, slide number and England Finder
coordinates. A. Samaropollenites speciosus Goubin, 1965, outcrop Amorosa, sample Amorosa4(—20 cm), slide 1, EF J42|3. B. Samaropollenites speciosus Goubin, 1965, outcrop
Amado’s Beach, sample AM15, slide 1, EF Y40|3. C. Microcachrydites sp., outcrop Amado’s Beach, sample AM15, slide 1, EF K33|1. D. Alisporites sp., outcrop Amado’s Beach,
sample AM15, slide 1, EF R29. E. Alisporites diaphanus (Pautsch, 1958) Lund, 1977, outcrop Rock Salt Mine, sample MSGvd7, slide 1, EF M29|2. F. Triadispora sp., outcrop
Amorosa, sample Amorosa4(—20 cm), slide 1, EF R28. G. Triadispora sp., outcrop Amorosa, sample Amorosa4(—20 cm), slide 1, EF 023|3. H. Triadispora sp., outcrop Amado’s
Beach, sample AM16, slide 1Z, EF L42. 1. Enzonalasporites vigens Leschik, 1956 emend. Scheuring, 1970, outcrop Amado’s Beach, sample AM15, slide 1Z, EF O16. ]. Patinasporites
densus Leschik emend. Scheuring, 1970, outcrop Amado’s Beach, sample AM15, slide 2, EF W35. K. Patinasporites densus Leschik emend. Scheuring, 1970, outcrop Amado’s
Beach, sample AM16, slide 1Z, EF J46. L. Patinasporites densus Leschik emend. Scheuring, 1970, outcrop Amado’s Beach, sample AM16, slide 1Z, EF K41|2. M. Vallasporites
ignacii Leschik, 1956 emend. Scheuring, 1970, outcrop Amado’s Beach, sample AM16, slide 1Z, EF P43|3. N. Vallasporites ignacii Leschik, 1956 emend. Scheuring, 1970, outcrop
Amorosa, sample Amorosa4(—20 cm), slide 1, EF S30. O. Paracirculina quadruplicis Scheuring, 1970, outcrop Amado’s Beach, sample AM15, slide 1, EF N25. P. Araucariacites
australis Cookson, 1947, outcrop Rock Salt Mine, sample MSGvdBASE, slide 1, EF 012|2. Q. Araucariacites sp., outcrop Amado’s Beach, sample AM15, slide 1, EF L15. R.
Perinopollenites elatoides Couper, 1958, outcrop Rock Salt Mine, sample MSGvd6, slide 1F, EF D40. S. Perinopollenites elatoides Couper, 1958, outcrop Rock Salt Mine, sample
MSGvd?7, slide 1F, EF R35. T. Perinopollenites elatoides Couper, 1958, outcrop Rock Salt Mine, sample MSGvds, slide 1F, EF M38|3. Scale bar: 50 pm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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A

Fig. 5. Selected pollen grains (A-]) and spores (K-V) from the Silves Group sections studied in this work. Species name is followed by the outcrop, sample, slide number and
England Finder coordinates. A. Classopollis meyerianus (Klaus) de Jersey, 1973, outcrop Rock Salt Mine, sample MSGvds, slide 1F, EF T12|3. B. Classopollis sp., outcrop Rock Salt
Mine, sample MSGvds, slide 1, EF G34|1. C. Classopollis torosus Reissinger, 1950, outcrop Rock Salt Mine, sample MSGvd6, slide 1F, EF S34|4. D. Cycadopites sp., outcrop Rock
Salt Mine, sample MSGvdBASE, slide 1, EF E41. E. Ephedripites sp., outcrop Rock Salt Mine, sample MSGvds, slide 1F, EF N37|2. F. Cerebropollenites sp., outcrop Rock Salt Mine,
sample MSGvds, slide 1F, EF 029|1. G. Cerebropollenites sp., outcrop Rock Salt Mine, sample MSGvd7, slide 1F, EF C37|2. H. Cerebropollenites sp., outcrop Rock Salt Mine, sample
MSGvds6, slide 1F, EF S28. L. Cerebropollenites sp., outcrop Rock Salt Mine, sample MSGvd6, slide 1F, EF S28. J. Cerebropollenites macroverrucosus (Thiergart) Schulz, 1967,
outcrop Rock Salt Mine, sample MSGvds, slide 1F, EF 020|3. K. Calamospora mesozoica Couper, 1958, outcrop Rock Salt Mine, sample MSGvd1, slide 1, EF V35]|1. L. Calamospora
mesozoica Couper, 1958, outcrop Rock Salt Mine, sample MSGvd5, slide 1F, EF L19. M. Calamospora tener (Leschik, 1955) Mddler, 1964, outcrop Rock Salt Mine, sample
MSGvd7, slide 1F, EF R23|3. N. Playfordiaspora sp., outcrop Amorosa, sample Amorosa4(—20 cm), slide 1, EF F30. 0. Deltoidospora toralis (Leschick) Lund, 1977, outcrop Rock
Salt Mine, sample MSGvd7, slide 1F, EF T42. P. Deltoidospora sp., outcrop Rock Salt Mine, sample MSGvd7, slide 1F, EF Z39|1. Q. Leptolepidites argaenteaeformis (Bolkhovitina)
Morbey, 1975, outcrop Rock Salt Mine, sample MSGvd?7, slide 1F, EF M27|2. R. Anapiculatisporites sp., outcrop Rock Salt Mine, sample MSGvd7, slide 1F, EF N25. S.
Kraeuselisporites sp., outcrop Rock Salt Mine, sample MSGvds8, slide 1, EF S31. T. Carnisporites spiniger (Leschik) Morbey, 1975, outcrop Albufeira’s Diapir, sample D2, slide 3, EF
M33. U. Kyrtomisporis sp., outcrop Rock Salt Mine, sample MSGvds, slide 1F, EF M21|3. V. Classopollis torosus Reissinger, 1950, to outcrop Albufeira’s Diapir, sample D2, slide 1,
EF P21, tetrad with one abnormal Classopollis pollen. Scale bar: 50 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Selected aquatic material from the Silves Group sections studied in this work. Species name is followed by the outcrop, sample, slide number and England Finder
coordinates. A. Plaesiodictyon mosellanum ssp. variable Willie, 1970, outcrop Amado’s Beach, sample AM15, slide 1Z, EF S38|4. B. Plaesiodictyon mosellanum ssp. variable Willie,
1970, outcrop Amado’s Beach, sample AM15, slide 1, EF N47|3. C. Plaesiodictyon mosellanum ssp. variable Willie, 1970, outcrop Amado’s Beach, sample AM15, slide 1Z, EF 037|
3. D. Plaesiodictyon mosellanum ssp. variable Willie, 1970, outcrop Amado’s Beach, sample AM15, slide 1Z, EF 034. E. Leiosphaeridia sp., outcrop Amado’s Beach, sample AM15,
slide 1Z, EF H17|4. F. Ovoidites sp., outcrop Amado’s Beach, sample AM15, slide 1Z, EF P27. G. Algae sp. A, outcrop Amado’s Beach, sample AM15, slide 1Z, EF K39|4. H. Fungal
remains, outcrop Amado’s Beach, sample AM15, slide 1Z, EF T38|2. 1. Botryococcus sp., outcrop Amado’s Beach, sample AM16, slide 1Z, EF K34. J.?Scolecodont or?insect,
outcrop Amado’s Beach, sample AM15, slide 1, EF M43. K.?Scolecodont or?insect, outcrop Amado’s Beach, sample AM15, slide 1, EF E32. L.?Ourasphaira giraldae, outcrop Rock
Salt Mine, sample MSG1, slide 1, EF R28|1. M.?Ourasphaira giraldae, outcrop Rock Salt Mine, sample MSG1, slide 1, EF P21. N.?Ourasphaira giraldae, outcrop Rock Salt Mine,
sample MSG1, slide 1, EF L41|3. Scale bars: 50 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

era and six species of pollen, six genera and four species of
spores, and one genus of algae, ranging from moderate to
well-preserved. The FA of Cerebropollenites macroverrucosus,
Cerebropollenites sp., and Perinopollenites elatoides distinguishes
this assemblage. Other components include the pollen Alispor-
ites diaphanus, Araucariacites australis, Araucariacites sp, mal-
formed specimens of Classopollis sp., Classopollis meyerianus,
Classopollis torosus, Classopollis sp., Cycadopites sp., and

Ephedripites sp. Additionally, the spores Anapiculatisporites sp.,
Calamospora mesozoica, Calamospora sp., Deltoidospora toralis,
Deltoidospora sp., Kraeuselisporites reissingeri, Kraeuselisporites
sp., Kyrtomisporis sp. and Leptolepidites argentaeformis are pre-
sent. The algae Leiosphaeridia sp. is also identified.

The palynoassemblage recovered from the Albufeira’s Diapir

consists of two genera and two species of pollens, two genera of
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Fig. 7. Composite range chart of the sporomorphs and algae found in the Silves Group, Algarve Basin. Dark grey band represents barren palynological sample. Light grey band
represents the Albufeira’s Diapir section, whose stratigraphical position is not certain. The tetrad symbols on the right of the chart sign samples that have malformed
sporomorphs in their palynological content. The data from Albufeira’s Diapir is presented outside from the principal graphic because the succession does not provide age
information. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

spores, and one genus of algae; the material is moderately well
preserved. The assemblage includes the pollen Araucariacites sp.,
malformed specimens of Classopollis sp., Classopollis meyerianus,
Classopollis sp., Classopollis torosus and Cycadopites sp., and the
spores Deltoidospora sp. and Carnisporites sp. The algae Leiosphaer-
idia sp. is also present.

4. Discussion
4.1. Age of Silves Group

By correlating the present results with those from Vilas-Boas
et al., (2022), we can reconstruct the entire stratigraphic succes-
sion of the Silves Group.

4.1.1. Lower part of Silves Sandstones

This part of the Silves Group has been dated as early Carnian
based on a palynological assemblage found in a 3 m thick layer sit-
uated 2.5 m above the Variscan unconformity in the North of Por-
timdo (Vilas-Boas et al., 2022). The assemblage includes Alisporites
sp., Aulisporites astigmosus, Cycadopites sp., Enzonalasporites vigens,
Nevesisporites cf. vallatus, Ovalipollis pseudoalatus,? Protodiploxypi-
nus sp., Samaropollenites speciosus, Triadispora sp., Tulesporites
briscoensis and Vallasporites ignacii, along with the spores Calamo-
spora sp., Conbaculatisporites sp., Converrucosisporites sp., Deltoi-
dospora sp.,?Klausipollenites sp., Lycopodiacidites rugulatus and
Verrucosisporites sp. It is worth noting the presence of A. astigmosus
which, along with E. vigens, S. speciosus and T. briscoensis, suggests a
mixture of early Carnian palynofloral elements with affinities to
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Central European and North American domains, consistent with
the paleogeographic position of the Iberian Peninsula at that time
(Palain, 1976; Terrinha et al., 2013; Vilas-Boas et al., 2022).

4.1.2. Uppermost Silves Sandstones

This portion of the Silves Sandstones was sampled at the Amor-
osa section. The presence of a significant abundance of Circum-
polles such as Paracirculina quadruplicis, along with the
monosaccate pollen Patinasporites densus and the bisaccate pollen
Samaropollenites specious indicates a palynological record of Car-
nian age (Mehdi et al., 2009; Cirilli, 2010; Buratti et al., 2012). Fur-
thermore, the presence of Ellipsovelatisporites sp., Triadispora sp.
and Vallasporites ignacii, in conjunction with the other palynologi-
cal findings, enables the dating of the uppermost part of the Silves
Sandstones 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).

4.1.3. Lowermost part of the Silves Marl-Carbonate Evaporitic Complex

The basal portion of this unit was studied along the northern
cliffs of Amado Beach, Aljezur. The significant presence of Paracir-
culina quadruplicis, Paracirculina sp., Camerosporites secatus and
Patinasporites densus, along with Ellipsovelatisporites sp., Enzonalas-
porites vigens and Triadispora sp. indicates a Carnian age as docu-
mented in the European domain (phase 1 of Schuurman, 1977,
1979; Dolby and Balme, 1976; Buratti and Cirilli, 2007; Cirilli,
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2010; Kiirschner and Herngreen, 2010; Mietto et al., 2012). In Cen-
tral and North-Western Europe, the Carnian-Norian boundary is
marked by the LAD of Camerosporites secatus (Cirilli, 2010;
Kiirschner and Herngreen, 2010). Furthermore, the presence of
Granuloperculatipollis rudis, which FO was dated as Tuvalian
(Kiirschner and Herngreen, 2010; Mietto et al., 2012; Kustatscher
et al., 2018) and of Lagenella martinii which LO was referred to
the same substage in the European domain (Kiirschner and
Herngreen, 2010), constrains the age of the lower part of the Silves
Marl-Carbonate Evaporitic Complex to the upper Carnian.

4.1.4. Uppermost Silves Marl-Carbonate Evaporitic Complex

The evaporite rocks at the top of this sequence were sampled in
the Loulé Rock Salt Mine. The palynological assemblage is domi-
nated by Araucariacites sp., Classopollis meyerianus and Classopollis
torosus; it is characterized by an increase in Kraeuselisporites
reissingeri. The FO of Cerebropollenites macroverrucosus, Cerebropol-
lenites sp. and Perinopollenites elatoides at the top of the sampled
succession indicates a Hettangian age for top of this section.
The absence of this taxa together with the absence of significant
Carnian-early Norian forms such as Camerosporites spp., Ellipsove-
latisporites spp., Enzonalasporites spp., P. densus, Rhaetipollis
germanicus and V. ignacii along with G. rudis at the base of the sec-
tion points to an upper Rhaetian age for the basal part (Morbey,
1975; Schuurman, 1977, 1979; Visscher et al., 1980; Fisher and
Dunay, 1981; Visscher and Brugman, 1981; Cirilli, 2010). There-
fore, this interval encompasses the Triassic/Jurassic boundary, as
it occurs in other different sections in Europe (Clement-

Table 2
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Westerhof et al., 1974; Morbey, 1975, 1978; Van Erve, 1977,
Visscher et al., 1980; Fisher and Dunay, 1981; Kiirschner et al.,
2007; Kirschner and Herngreen, 2010). Based on palynological
findings, an overall upper Rhaetian to lowermost Hettangian age
is indicated for the uppermost part of the Silves Marl-Carbonate
Evaporitic Complex represented in the Loulé Rock Salt Mine.

The palynoassemblage of the samples recovered from the Albu-
feira’s Diapir is very poor and dominated by Classopollis meyeri-
anus, Classopollis torosus, Classopollis sp., and malformed
specimens of Classopollis sp. with common Araucariacites sp. The
malformed specimens of Classopollis sp., when in tetrads, exhibit
one of the four grains of the tetrad that appears much darker and
smaller, sometimes with lack of ornamentation compared to the
other pollen grains. These abnormalities in the aspect of the pollen
grains of Classopollis sp. could be indicative of environmental stress
related to atmospheric pollution, volcanic mercury (that could be
related to the Eastern North America CAMP volcanism), and UVB
radiation, generating mutagenesis in the land plants at the end of
the Triassic (Visscher et al., 2004; Foster and Afonin, 2005;
Whiteside et al., 2007, 2010; Cirilli et al., 2009; Filipiak and
Racki, 2010; Kiirschner et al., 2013; Hochuli et al, 2017;
Lindstrém et al., 2019; Vajda et al., 2023). The lack of typical
age-indicative sporomorphs does not allow us to determine this
section’s age more precisely and better define stratigraphic con-
straints. However, considering the similarity with the paly-
noassemblage from the Loulé Rock Salt Mine, both of which
represent the evaporitic part of this unit, a possible Rhaetian-
Hettangian age could be indicated for the Albufeira’s Diapir.

List of sporomorph and algal genera found in the Silves Group, Algarve Basin, and their probable botanical affinities and ecological remarks.

Genus

Botanical affinity

Ecological Remarks

Pollen
Alisporites spp.

Araucariacites spp.
Camerosporites spp.
Cerebropollenites spp.
Classopollis spp.

Cycadopites spp.
Ellipsovelatisporites spp.
Enzolasporites spp.
Ephedripites spp.

Granuloperculatipollis spp.

Lagenella spp.
Microcachrydites spp.
Paracirculina spp.
Patinasporites spp.
Perinopollenites spp.
Samaropollenites spp.
Triadispora spp.
Vallasporites spp.
Spore
Anapiculatisporites spp.
Calamospora spp.

Carnisporites spp.
Convolutispora sp.
Deltoidospora spp.

Kraeuselisporites spp.
Kyrtomisporis spp.
Leptolepidites spp.
Playfordiaspora spp.
Verrucosisporites spp.

Algae
Botryococcus spp.
Leiosphaeridia spp.
Ovoidites spp.

Plaesiodictyon mosellanum spp.

seed fern, Corystospermales, Peltaspermales

conifer, Araucariaceae
Cheirolepidiaceae

conifer, Taxodiaceae
conifer, Cheirolepidiaceae

gymnosperm, Cycadophyta, Ginkgoales, Peltaspermales
conifer

conifer, Voltziales, Majonicaceae, Glyptolepis
gymnosperm, Gnetales, Ephredraceae

conifer, Cheirolepidiaceae

gymnosperm, Spermatophyta, Gentopsida, Gnetales
Podocarpaceae

Unknown

conifer, Voltziales, Majonicaceae

conifer, Cupressaceae/Taxodiaceae

conifer

conifer, Voltziaceae

conifer, Voltziales, Majonicaceae

lycopsids, fern, moss?
horsetails, Sphenophyta, Equisetopsids

lycophyta, Filicales
Schizaeales

pteridophyta, fern, Filicales - Dicksoniaceae, Cyatheaceae,

Dipteridaceae, Matoniaceae

Lycopodiophyta; Lycopsida; Lycopodiales
pteridophyta, fern, Dipteridaceae

Filicopsida; Filicales; Pteridaceae

lycopsids

pteridophyta, Ferns, Marattiales, Filicales especially
Osmundaceae

chlorococcale green algae, Dictyosphaeriaceae
Prasinophyceae

Zygnemataceae, Spirogyra

chlorococcale green algae

xerophytic, upper canopy, mire, wet lowland/hinterland, inhabit
upland seasonally dry habitats

xerophytic, upper canopy, well drained, coastal

xerophytic, hinterland

hygrophytic, upper canopy, well drained

xerophytic, upper canopy, well drained, coastal, lowland, drier,
warmer

hygrophytic, dry lowland, warmer

xerophytic, (?)hinterland/upland

xerophytic, (?)hinterland/upland

Unknown

upper canopy, well drained

hygrophytic, river, lowland

xerophytic, upland, hinterland

Unknown

xerophytic, (?)dryland, upland, dry lowland

hygrophytic, upper canopy, mire, river

Unknown

xerophytic, upland, hinterland

xerophytic, hinterland, dry lowland, upland

hygrophytic, ground cover, mire, coastal, river/lowland, wet lowland
hygrophytic, river, lowland, wetter, warmer, acquire wet habitat in
sub-tropical and temperate regions

hygrophytic, river, wet lowland

Unknown

hygrophytic, understory, mire, drier patches, dry lowland

hygrophytic, ground cover, mire, coastal, river

hygropghytic, river, (?)dry lowland

(?)wet lowland

stress tolerant opportunistc plants which grow near water bodies
hygrophytic, river, wet lowland, acquire wet habitat in sub-tropical
and temperate regions

open water, brackish/freshwater

marine, swamp, lake/pond

shallow, stagnant, oxygen-rich fresh waters, lake margins
brackish/freshwater
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4.2. Palaeoclimatology and paleoenvironmental inferences

A correlation between palynomorphs and the ecological affinity
of their parent plants has been attempted, to provide data for
palaeoclimatological and palaeoenvironmental reconstructions. In
Table 2, a list of selected Triassic-Jurassic spore-pollen genera,
their probable parent plant affinities, and possible ecological and
climatological preferences is given (Bonis and Kiirschner, 2012;
Césari and Colombi, 2016; Paterson et al., 2016; Lindstrom et al.,
2017; Li et al.,, 2018; Mishra et al., 2018; Baranyi et al., 2019;
Tverdokhlebov et al., 2020). Based on the water needs of the differ-
ent plants and/or their adaptability to adapt to dry environments,
the sporomorphs were divided into two groups, those related to
hygrophytic environments, plants that preferentially thrive in
wet environments, and those pertaining to xerophytic plants
adapted for growth under dry conditions (Bonis and Kiirschner,
2012; Césari and Colombi, 2016; Paterson et al., 2016; Lindstrom
et al,, 2017; Li et al., 2018; Mishra et al.,, 2018; Baranyi et al.,
2019; Tverdokhlebov et al, 2020). The “Unknown Affinity”
includes species for which there is not enough data available to
assign them a botanical affinity.

Based on the quantitative analysis we recognize that the xero-
phytic plants are the most abundant in all sampled successions
(Figs. 8, 9). At the top of the Silves Sandstones, most of the palyno-
logical content (ca. 75%) does not allow us to determine an envi-
ronmental preference, due to the unknown botanical affinity or
ecological characteristics of these plants (Figs. 8, 9). However, out
of the ca. 25% of the palynological material for which we were able
to associate an environmental preference, 16% consists of xero-
phytic plants (e.g., Ellipsovelatisporites sp., Patinasporites densus,
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Triadispora sp., and Vallasporites ignacii), while 8.6% consists of
hygrophytic plants (e.g., Convolutispora sp., Kraeuselisporites reissin-
geri, Leptolepidites argentaeformis, and Verrucosisporites sp.). At the
base of the Silves Marl-Carbonate Evaporitic Complex, there is an
increase in xerophytic plants (e.g., Alisporites sp., Camerosporites
secatus, Ellipsovelatisporites sp., Enzonalasporites ignacii, Micro-
cachrydites spp., Patinasporites densus, Triadispora sp., and Vallas-
porites ignacii), accounting for up to 27.8%, and a decrease in
hygrophytic plants (e.g., Calamospora sp., Kraeuselisporites reissin-
geri, Lagenella martini, and Verrucosisporites sp.), with a maximum
of 2.6% (Figs. 8, 9). Approaching the top of the Silves Marl-
Carbonate Evaporitic Complex, at the Triassic-Jurassic transition,
there is a significant increase in xerophytic plants (Alisporites sp.,
Araucariacites sp., Classopollis meyerianus, Classopollis sp., and Tri-
adispora sp.) ranging from 75% to 93%, along with almost no pres-
ence of hygrophytic type-plants (Calamospora mesozoica and
Playfordiaspora sp.) at the top of the Rhaetian (Figs. 8, 9). At the
base of the Hettangian, the palynological content is dominated
by xerophytic plants (Alisporites diaphanus, Araucariacites australis,
Araucariacites sp., Classopollis meyerianus, Classopollis torosus, and
Classopollis sp.) accounting for 95% to 99% of the assemblage, with
the hygrophytics plants (represented by the pollen and spore taxa
Cycadopites sp., Perinopollenites elatoides, Anapiculatisporites sp.,
Calamospora mesozoica, Deltoidospora toralis, Deltoidospora sp.,
Kraeuselisporites reissingeri, and Kyrtomisporis sp.) consistently pre-
sent but in very low percentages, ca. 2.5% (Figs. 8, 9). This increase
in xerophytic plants towards the top of the section aligns with the
sedimentary facies observed at the top of the Silves Group, which
consists of sulphate evaporites deposited in a sabkha environment.
This is primarily observed through the presence of conifer sporo-
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Fig. 8. Stratigraphic distribution of the palynological assemblages based on their probable botanical affinities. S.S.: Silves Sandstones; A.: Amorosa section; A.B.: Amado Beach
section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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article.)

morphs such as Ellipsovelatisporites sp., Enzonalasporites vigens,
Microcachrydites spp., Patinasporites densus, Triadispora sp. and Val-
lasporites ignacii, and with the Classopollis group and Araucariacites
sp. which become prominent upwards in the upper Rhaetian-
Lower Jurassic strata.

The Classopollis group is produced by the Cheirolepidiaceae, one
of the most prominent and diverse families of Mesozoic conifers.
This extinct conifer family, believed to be related to the Cupres-
saceae or Araucariaceae, occupied a wide range of ecological niches
and displayed diverse growth habits indicating warm conditions
(Abbink, 1998; Buratti and Cirilli, 2007; Kiirschner et al., 2013;
Lindstrom, 2016). This data suggests a shift towards drier condi-
tions during the Upper Triassic to Lower Jurassic, which aligns well
with the lithofacies of this interval of the Silves Marl-Carbonate
Evaporitic Complex, referred to as a coastal sabkha depositional
setting. The presence of malformed sporomorphs in the upper Car-
nian and at the base of Hettangian may provide information about
climate conditions in terms of atmospheric pollution, volcanic
mercury (associated with CAMP volcanism), and/or UVB radiation
(Visscher et al., 2004; Foster and Afonin, 2005; Whiteside et al.,
2007, 2010; Cirilli et al, 2009; Filipiak and Racki, 2010;
Kiirschner et al., 2013; Hochuli et al., 2017; Lindstréom et al., 2019).

The algae have the lowest representation within the succes-
sions, making their first appearance at the base of the Silves
Marl-Carbonate Evaporitic Complex, in the upper Carnian, consti-
tuting 80% of the palynological assemblage (Botryococcus sp., Leio-
sphaeridia sp., Ovoidites sp., Plaesiodictyon mosellanum ssp.
bullatum, Plaesiodictyon mosellanum ssp. variable, Plaesiodictyon
sp.; Figs. 8, 9).
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At the top of the Silves Marl-Carbonate Evaporitic Complex,
reworked algae possibly from the Neo-Proterozoic become preva-
lent in the assemblage, from 5% to a maximum of 99%; being the
only algal material present at the top of this unit (Figs. 8, 9).
Reworked material is palynological material eroded, transported,
and redeposited into sediments of a stratigraphically different
age. At the beginning of the Hettangian, the algae disappear, simi-
lar to the end of the Permian (Mays et al., 2020; Vajda et al., 2020).
The presence and the rapid increase of freshwater/brackish algae
like Botryococcus sp., Leiosphaeridia sp., Ovoidites sp., Plaesiodictyon
mosellanum ssp. bullatum and Plaesiodictyon mosellanum ssp. vari-
able at the base of the Silves Marl-Carbonate Evaporitic Complex
indicates a seawater influence and the establishment of a coastal
environment during the upper Carnian. This suggests that during
the deposition of the Silves Marl-Carbonate Evaporitic Complex,
there was a transition from a continental environment in the lower
Carnian, represented by the underlying siliciclastic red beds of the
Silves Sandstones, to a coastal-lacustrine environment in the upper
Carnian. The presence of reworked Neo-Proterozoic algae (e.g.,
Ourasphaira giraldae) in the upper Rhaetian successions of the Sil-
ves Marl-Carbonate Evaporitic Complex, suggests a significant
increase in the rate of erosion in the continental area, leading to
the transportation of older material into the sedimentary environ-
ment. The absence of Norian to lower Rhaetian terranes in the
studied area aligns with the hypothesis of a regional relative sea-
level fall and a regressive episode, exposing extensive continental
areas to erosion. It is worth noting that this interpretation is based
in the colour and the degradation of that material; this is a working
hypothesis that will require further confirmation through addi-
tional sedimentological and stratigraphic data.

4.3. Palaeophytogeographic implications

The microfloral assemblage documented in the study area,
spanning from the upper Carnian to the Triassic/Jurassic boundary,
provides new insights into understanding microfloristic provincial-
ism and palaeophytogeographic implications during this important
time interval. The palynological assemblage from the upper Car-
nian of the Silves Group includes taxa such as Camerosporites seca-
tus, Enzonalasporites vigens, Paracirculina quadruplicis, Paracirculina
sp., Patinasporites densus, Samaropollenites speciosus and Vallas-
porites ignacii, which are typical of the Onslow microflora. The
occurrence of bisaccate pollen is rare; however, the presence of
Samaropollenites speciosus, a crucial taxon for palaeofloristic recon-
structions, along with other typical southern elements such as
Enzonalasporites vigens, Patinasporites densus and Vallasporites igna-
cii, suggests an Onslow microflora affinity for several localities of
the northern hemisphere (Visscher and Krystyn, 1978; Besems,
1982; Fisher and Dunay, 1984; Adloff et al.,, 1985; Cirilli and
Eshet, 1991; Litwin et al, 1991; Cirilli and Montanari, 1994;
Goczan and Oravecz-Scheffer, 1996; Broglio Loriga et al., 1999;
Roghi, 2004; Buratti and Cirilli, 2007; Traverse, 2007; Cirilli,
2010). This microfloral province, comprising a mixture of Gond-
wana and European taxa, extended across western Europe and
northwestern Australia, and it characterized continental margins
under 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). In conjunction with
that documented in the basal Silves Sandstones of the Silves Group
(Vilas-Boas et al., 2022), it provides further evidence of the exten-
sion of the Onslow Microflora into the Western Tethys.

During the latest Triassic (Norian), the emergence and spread of
the Cheirolepidiaceae (Circumpolles producers) represent another
significant floral event, triggering a gradual decrease in Late Trias-
sic microfloral provincialism and subsequently leading to the glo-
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bal dispersal of a more homogenous Early Jurassic flora (Cirilli,
2010). The occurrence of the Classopollis (= Circumpolles) group,
among other Gondwanan taxa, in the Upper Triassic-Lower Jurassic
assemblages of Europe is attributed to the migration of the
Cheirolepidiaceae plants from the southern areas of the Tethyan
region to higher latitudes in the Late Triassic-Early Jurassic, during
a warm climatic phase (Cirilli, 2010; Cirilli et al., 2015, 2018). It is
likely that the Cheirolepidiaceae expanded through coastal migra-
tion routes formed by the Carnian-Norian plate rearrangement
(Martini et al., 1997, 2004; Buratti and Cirilli, 2007; Cirilli, 2010).
The presence of this group in the Algarve Basin and the Lusitanian
Basin (Vilas-Boas et al., 2021, 2022) confirms its global distribu-
tion, indicating a gradual decline in microfloral provincialism lead-
ing into the Lower Jurassic. Also, the increase in Cheirolepidiaceae
is accompanied with a decrease in plants with hygrophytic affinity.

5. Conclusions

The palynological study of the Silves Group in the Algarve Basin
leads to the following conclusions.

For the first time, it is possible to assign an age to the entire
stratigraphic succession of the Silves Group, from the lower Car-
nian to the lower Hettangian (Triassic/Jurassic boundary included)
based on palynostratigraphy. Previous research had dated the base
of Silves Sandstones as lower Carnian. In this study, the upper part
of the Silves Sandstones is dated as upper Carnian. The basal part of
the Silves Marl-Carbonate Evaporitic Complex is dated as upper
Carnian, and the upper part of this unit is dated as upper
Rhaetian-lower Hettangian. In the upper Carnian, at the base of
the Silves Marl-Carbonate Evaporitic Complex, the appearance
and rapid increase of algal spores (e.g., Plaesiodictyon mosellanum
ssp. variable, Plaesiodictyon mosellanum ssp. bullatum, Botryococcus
spp., and Ovoidites sp.), which adapted well to brackish water envi-
ronments, support the lithological evidence of a transition from a
continental fluvial setting (Silves Sandstones) to a coastal environ-
ment with swamps, ponds and lagoons (base of Silves Marl-
Carbonate Evaporitic Complex).

The quantitative analysis of xerophytic vs. hygrophytic sporo-
morph categories, reveals a consistent increase of plants with xero-
phytic affinities upwards in the Silves Group, indicating a shift
toward warmer and drier conditions from the upper Carnian to
the lower Hettangian. This trend aligns with lithofacies evidence,
which suggests an evolution from a coastal pond/lagoon environ-
ment (base of Silves Marl-Carbonate Evaporitic Complex) to a sab-
kha depositional setting (top of Silves Marl-Carbonate Evaporitic
Complex). The presence of malformed sporomorphs in the upper
Carnian and lower Hettangian may indicate environmental changes,
potentially in response to external environmental stressors such as
atmospheric pollution, volcanic mercury, and/or UVB radiation. The
presence of Ourasphaira giraldae (reworked Neo-Proterozoic algae)
at the top of the Silves Marl-Carbonate Complex (upper Rhaetian)
suggests increased erosion during that time, leading to the transport
and redeposition of older material. The absence of Norian and lower
Rhaetian terranes in the studied area, supports the hypothesis of a
brief regressive episode, that exposed those areas to erosion.

Finally, the lower Carnian to upper Carnian interval in the Silves
Group exhibits a microflora that correlates with the Onslow Micro-
flora, distributed along the continental margins of the southwest-
ern Tethys. This correlation provides new insights into the
microfloral distribution during this period and offers information
about the climate in the Algarve Basin during Carnian. In the
uppermost Triassic, another significant microfloral event is
recorded, marked by the increased diffusion of the Cheirolepidi-
aceae into the Lower Jurassic. This event indicates the migration
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of the Circumpolles producers to higher latitudes within the con-
text of plate rearrangement.
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Appendix A. List of palynomorphs taxa

List of all palynomorphs taxa which were recovered from the
material of Silves Group in the Algarve Basin studied herein, with
full author citations. The taxa are listed alphabetically in three
groups: spores, pollen, and algae.

Spores

Anapiculatisporites sp.

Calamospora mesozoica Couper, 1958

Calamospora sp.

Carnisporites sp.

Convolutispora sp.

Deltoidospora sp.

Deltoidospora toralis (Leschick) Lund, 1977

Kraeuselisporites reissingeri (Harris, 1957) Morbey, 1975.

Kraeuselisporites sp.

Kyrtomisporis sp.

Leptolepidites argentaeformis (Bolkhovitina) Morbey, 1975.
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Playfordiaspora sp.

Verrucosisporites sp.
Pollen

Alisporites diaphanus (Pautsch, 1958) Lund, 1977

Alisporites sp.

Araucariacites australis Cookson, 1947

Araucariacites sp.

Camerosporites secatus Leschik, 1956 emend. Scheuring, 1978

Cerebropollenites macroverrucosus (Thiergart, 1949) Schulz,
1967

Cerebropollenites sp.

Classopollis meyerianus (Klaus 1960) Venkatachala et Goczan,
1964

Classopollis sp.

Classopollis torosus Reissinger, 1950

Cycadopites sp.

Ellipsovelatisporites sp.

Enzonalasporites vigens Leschik, 1955 emend. Scheuring, 1970

Ephedripites sp.

Granuloperculatipollis rudis (Venkatachala et Goéczan, 1964)
Scheuring, 1978

Lagenella martinii (Leschik, 1955) Klaus, 1960

Microcachrydites doubingeri Klaus, 1964

Microcachrydites fastidioides (Jansonius) Klaus, 1964

Microcachrydites sp.

Paracirculina quadruplicis Scheuring, 1970

Paracirculina sp.

Patinasporites densus Leschik emend. Scheuring, 1970

Perinopollenites elatoides Couper, 1958

Samaropollenites speciosus Goubin, 1965

Triadispora sp.

Vallasporites ignacii Leschik, 1956 emend. Scheuring, 1970
Algae

Algae sp. A

Botryococcus sp.

Leiosphaeridia spp.

Ovoidites sp.

Plaesiodictyon mosellanum ssp. bullatum Willie, 1970

Plaesiodictyon mosellanum ssp. variable Willie, 1970

Plaesiodictyon sp.

?Ourasphaira giraldae
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