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Abstract: Major environmental, climate and sealevel

changes occurred in the Western Tethyan Realm during the

late Sinemurian to early Pliensbachian time interval. Here, we

examine how these changes affected the taxonomic composi-

tion of radiolarian fauna. Radiolarian assemblages were col-

lected on Mount Rettenstein (Northern Calcareous Alps) from

a siliceous limestone and marl succession, deposited in a

well-oxygenated basin a few hundred metres in depth on the

continental shelf at the western edge of the Neotethys Ocean.

Radiolarian research was complemented with elemental and

isotope geochemistry on bulk carbonate samples. The siliceous

microfaunas below and above the stage boundary consist of

more than 80% sponge spicules and less than 20% radiolar-

ians, with a strong predominance of the Order Spumellaria.

The Nassellaria to Spumellaria abundance ratio ranges from

1:5 to 1:3. At the Sinemurian–Pliensbachian transition, a sig-

nificant drop in diversity occurred, accompanied by a

substantial change in relative abundances of radiolarian taxa.

The most severely affected groups were surface-dwelling radi-

olarians (Angulobrachiidae, Hagiastridae, Pantanelliidae;

mostly Gorgansium, Poulpidae and Ultranaporidae), which

almost or completely disappeared. In contrast, Archaeoceno-

sphaera, Praeconocaryomma, Zhamoidellum and Lantus

became abundant and were apparently the most resistant to

environmental stress. The changes in radiolarian assemblages

were local and probably induced by the end-Sinemurian seale-

vel drop that transformed the area into a semi-enclosed basin

with restricted ocean circulation. The exchange of water

masses and thus radiolarian faunas with the open sea was

reduced and their productivity may have been lowered by the

lower inflow of fertile waters from the ocean.

Key words: Radiolaria, palaeoecology, Early Jurassic, Western

Tethys, taxonomic composition, environmental crisis.

THE late Sinemurian to early Pliensbachian time interval

was a period of climate, environmental and oceanographic

changes. These changes are associated with carbon isotope

excursions (CIE): a positive CIE in the raricostatum

Ammonite Zone (e.g. Jenkyns & Weedon 2013), a positive

CIE in the ibex Ammonite Zone (e.g. Mercuzot et al. 2020)

and, between these two positive excursions, the most pro-

minent negative CIE, named the Sinemurian–Pliensbachian
Boundary Event (S-PBE; Korte & Hesselbo 2011), which

has been documented at several locations in the Tethyan

Realm (e.g. Hesselbo et al. 2000; Rosales et al. 2001, 2004;

Jenkyns et al. 2002; van de Schootbrugge et al. 2005; Oli-

veira et al. 2006; Jenkyns & Weedon 2013; Franceschi

et al. 2014, 2019; G�omez et al. 2016; Price et al. 2016;

Ruhl et al. 2016; Peti et al. 2017; Danisch et al. 2019;

Mercuzot et al. 2020; Sch€ollhorn et al. 2020a, 2020b; Cifer

et al. 2022). Although the trigger for the S-PBE is still lar-

gely unknown, it is postulated to be related to the ongoing

break-up of Pangea and the opening of the Hispanic Corri-

dor and the Viking Strait, or late phases of the Central

Atlantic Magmatic Province (CAMP) volcanism (e.g. Korte

& Hesselbo 2011; Price et al. 2016; Danisch et al. 2019;

Franceschi et al. 2019; Sch€ollhorn et al. 2020a, 2020b;

Storm et al. 2020).

This paper examines the impact of these environmental

changes on radiolarian faunas living on the western edge of

the Early Jurassic Neotethys Ocean. Studies on the distribu-

tion of recent radiolarians (e.g. Casey 1977; Boltovskoy

et al. 2010; Boltovskoy 2017; Boltovskoy & Correa 2017)

indicate that various radiolarian taxa (with different

morphologies) characterize different water masses and that

their distribution depends on physical and chemical factors
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such as temperature, salinity, nutrient supply and water

depth. Recent assemblages vary by the occurrence of species

and by their relative abundances. Palaeoecological studies

using a quantitative approach have been conducted

on Triassic, Jurassic and Cretaceous radiolarians

(Empson-Morin 1984; Pessagno & Blome 1986; Blome 1987;

Baumgartner 1993; Hori 1993; Hull 1995; Kiessling 1996,

1999; Bartolini et al. 1999; Mekik 2000; Gori�can et al. 2003;

Carter & Haggart 2006; Baumgartner et al. 2023) and inter-

preted in terms of palaeolatitude, oceanic circulation and

surface-water productivity. Detailed palaeoecological studies

on radiolarian assemblages are still rare because estimates of

diversity and relative abundances are meaningful only if the

studies are based on very well-preserved material. Moreover,

a series of successive good samples is needed to detect

time-related variations. In contrast, general information

indices (nassellarian/spumellarian abundance ratio and the

proportion of sponge spicules) as reliable indicators of

depositional depth and distance from the shelf (e.g. Kies-

sling 1996) are applicable to a wide range of preservation and

thus are used more often.

Here we present fresh insights into radiolarian palaeo-

ecology at the Sinemurian–Pliensbachian transition in the

Western Tethyan Realm based on radiolarian assemblages

paired with geochemical and sedimentological data from a

limestone–marl sequence in the Northern Calcareous Alps.

The studied assemblages contain almost 200 species

belonging to 70 genera (Cifer & Gori�can 2023a, 2023b) and

are assigned to the upper Sinemurian Canutus rockfishensis

– Wrangellium thurstonense and Jacus? sandspitensis radi-

olarian zones and to the lower Pliensbachian Canutus tip-

peri – Katroma clara Radiolarian Zone (Cifer et al. 2022).

The aim of this study is to evaluate changes in the diversity

and relative abundances of radiolarian taxa and to deter-

mine which were the main environmental factors control-

ling the composition of radiolarian assemblages.

GEOLOGICAL SETTING

The study was conducted using slightly siliceous lime-

stone samples, collected on Mount Rettenstein in the cen-

tral part of the Northern Calcareous Alps (Fig. 1A). The

study area belongs to the Upper Tirolic mega-unit (Frisch

& Gawlick 2003) and comprises three superposed tectonic

units. From bottom to top, these units are: (1) the

F IG . 1 . Location of Mount Rettenstein. A, geological map of the central Northern Calcareous Alps (modified after Frisch & Gaw-

lick 2003). B, plate reconstruction (modified after Gawlick & Missoni 2019). C, the palaeotopography of the Austroalpine domain

in the late Hettangian to early Pliensbachian (after Gawlick et al. 2009). D, global palaeogeographical map during the Sinemurian–
Pliensbachian (after Scotese 2002).

2 PAPERS IN PALAEONTOLOGY
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Werfen Imbricated Zone; (2) the Hallstat M�elange; and

(3) the Rettenstein succession s.s. (Auer et al. 2009). The

Rettenstein succession begins with a c. 100-m-thick suc-

cession of Lower Jurassic radiolarian-bearing siliceous

limestone and marl. The overlying lithostratigraphic units

are Pliensbachian–Toarcian Adnet-like red condensed

marly siliceous limestone (Meister & B€ohm 1993), Middle

Jurassic red marly limestone of the Klaus Formation, the

Middle–Upper Jurassic Rettenstein Debris Flow and

upper Oxfordian radiolarite of the Ruhpolding Radiolarite

Group. The entire top of the mountain is made up of

several tens of metres of Upper Jurassic (Kimmeridgian–
Tithonian) reef-slope limestones of the Plassen Formation

(for a synthetic log of the Rettenstein succession s.s., see

Cifer et al. 2020, fig. 4). The topic of this study is the

Lower Jurassic siliceous limestone and marl succession

deposited in the westernmost parts of the Neotethys

Ocean (Fig. 1B, D). A more exact tectonic affiliation and

palaeogeographic provenance of the Rettenstein succes-

sion s.s. (Auer et al. 2009) remains unclear. It cannot be

determined from structural and facies analyses alone

whether the succession belongs to the intra-platform or

the ocean-ward setting (Cifer et al. 2020; Fig. 1C).

MATERIAL & METHOD

The sampled Weitenhausgraben section (47°27009.2100N,
13°32056.1000E) is located on the southern flank of Mount

Rettenstein. The section consists of siliceous limestone and

marly limestone layers. The sampling was focused on radi-

olarians, thus only harder layers with higher carbonate and

silica content were collected and used for analyses. Alto-

gether 40 samples were collected (Fig. 2). Radiolarians were

extracted with the standard method for carbonate rocks.

The samples were crushed to walnut size and dissolved in

acetic acid (8%) for 24 h. Then the residues were sieved

through a 63 lm mesh. After drying, the sieved residues

were split into four homogenous aliquots. One was kept for

counting, whereas the other three aliquots were placed in

3% hydrofluoric acid for 10 min to free the radiolarians

from clay minerals sticking to the skeletons. The radiolar-

ians were examined under an Olympus SZ61 stereomicro-

scope with 950 magnification. A detailed observation of

radiolarian specimens was performed with a JEOL JSM-

T330A scanning electron microscope.

Six samples yielded well-preserved radiolarian assem-

blages: four (R€o437, R€o438, R€o439, R€o440) belong to the

F IG . 2 . Stratigraphic chart with stable carbon isotopes, local relative sealevel, relative sealevel of the British area (Hesselbo & Jen-

kyns 1998), proportions of SiO2, CaO, other elements and LOI, MnO, Sr/Ca, Al2O3 and chemical index of alteration (CIA) curves.

Abbreviations: LOI, loss on ignition; S-PBE, Sinemurian–Pliensbachian Boundary Event; V-PDB, Vienna Pee Dee Belemnite.
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upper Sinemurian Canutus rockfishensis – Wrangellium

thurstonense and Jacus? sandspitensis radiolarian zones and

two samples (R€o448 and R€o453) to the lower Pliensba-

chian Canutus tipperi – Katroma clara Radiolarian Zone

(Cifer et al. 2022). The diversity was determined on the

basis of a recently published thorough taxonomic study

(Cifer & Gori�can 2023a, 2023b).

Taxon quantitative analysis was conducted using the

stereomicroscope. In the first step, sponge spicules and

radiolarians were counted together, until 500 specimens

had been counted. The percentage of spicules was then

calculated based on that number. In the second step, only

radiolarians were continued to be counted until the num-

ber of 500 specimens had been reached. Only genera and

higher taxonomic categories were considered because

most radiolarians cannot be accurately identified with a

stereomicroscope at the species level.

Stable carbon and oxygen isotope analyses of bulk car-

bonate samples were conducted at the Institute for Geolo-

gical and Geochemical Research, Research Centre for

Astronomy and Earth Sciences, Budapest. The carbon and

oxygen isotope compositions of the carbonate samples

were determined using an automated carbonate prepara-

tion device (GASBENCH II) and a Thermo Finnigan

delta plus XP continuous-flow mass spectrometer. Three

laboratory standards, calibrated using the NBS-18, NBS-

19 and LSVEC reference materials (provided by the Inter-

national Atomic Energy Agency) were used for sample

standardization. The carbon and oxygen isotope composi-

tions are expressed as d13C and d18O in &, relative to the

Vienna Pee Dee Belemnite (V-PDB) scale. As a test of

external precision, the Harding Iceland Spar (Landis 1983)

sample was measured as unknown and yielded d13C and

d18O values of �4.80 � 0.05& and �18.55 � 0.06&
(n = 20 in five measurement series), respectively. These

values are close to the published values of �4.80& and

�18.56&, respectively (Landis 1983).

Samples for the chemical analysis for major (SiO2, Al2O3,

Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO) and

minor (Cr2O3, Ba, Ni, Sr, Zr, Y, Nb, Sc) elements of bulk car-

bonate samples were prepared with an agate mortar. The

analyses were performed by Bureau Veritas, Vancouver, Brit-

ish Columbia, Canada using inductively coupled plasma

atomic emission spectroscopy (ICP-AES). The dissolution of

the whole rock samples was accomplished using lithium

borate fusion. Six duplicates and seven standards were used

for quality control. All samples except R€o463 were analysed

for major and minor elements.

Rock samples and the illustrated material are deposited at

the Ivan Rakovec Institute of Palaeontology Research Centre

of the Slovenian Academy of Sciences and Arts in Ljubljana,

Slovenia.

RESULTS

Lithostratigraphy & microfacies

The section consists of alternating layers of marl, marly

limestone and siliceous limestone containing more than

10% of dispersed silica. The limestone is mostly well

bedded, with a bed thickness of up to 25 cm (exception-

ally more) and an average thickness of 10 cm. The succes-

sion is 95.5 m thick and predominantly grey to

brownish-grey marl, marly limestone and siliceous lime-

stone, with three intervals consisting of red limestone

(Fig. 2). Two thinner reddish intervals occur at the base

of the section. The third reddish interval is c. 20 m thick

and corresponds to the top of the Sinemurian and the

lowermost beds of the Pliensbachian. The overlying lithol-

ogy is again predominantly grey marl with grey limestone

beds. However, the colour is lighter, more beige grey than

the underlying grey layers. Only the uppermost beds, just

below the red condensed limestone of the Adnet-like for-

mation, are again red. At 60 m, an 80-cm-thick limestone

layer occurs, which is very prominent in this section.

Thin sections of the upper and lower parts of this bed

show no laminations and no changes in grain size; the

microfacies in both is a structureless wackestone, similar

to other sampled beds. The studied section ends at the

beginning of the red condensed Adnet-like limestone with

ammonites (Meister & B€ohm 1993).

Radiolarian and sponge spicule-bearing mudstones to

wackestones are the dominant microfacies (Fig. 3) through-

out the entire section. In the lower part of the section, the

microfacies type is more finely grained, whereas it is coarser

grained in the upper part of the section (for additional

photographs of the microfacies see Cifer et al. (2020, fig. 5)

and Cifer et al. (2022, fig. 4)). The micritic matrix has

some clay admixture and is bioturbated. The grains are

microfossils and undeterminable carbonate grains. The

most common microfossils are radiolarians and sponge spi-

cules (Fig. 3). Still, they are not abundant in every sample.

Some samples also contain thin-shelled bivalves, foramini-

fers or echinoderms. Stylolites and reddish colouring are

evident only in a few samples, chiefly in the wackestone

microfacies. Mudstone does not show any evident recrystal-

lization, although slight silicification can be recognized

around radiolarians and sponge spicules in some samples.

Wackestone, in comparison, shows some degree of micro-

sparitization in a few samples in the shape of small sparitic

grains spread throughout the micritic matrix. However, the

recrystallization process is very weak and did not develop

to a true microsparite.

The investigated Sinemurian–Pliensbachian succession

belongs to either the Scheibelberg Formation or the

4 PAPERS IN PALAEONTOLOGY
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D€urrnberg Formation (Fig. 1C). Gawlick et al. (2009)

interpreted the D€urrnberg Formation as a pelagic basin

facies in the Hallstatt Zone, representing a deeper shelf

environment on a relatively distal continental margin.

The Scheibelberg Formation is, in contrast, interpreted as

a hemipelagic cherty limestone deposited more proxi-

mally, in a basin succeeding the Late Triassic Eiberg

Basin, located behind a morphological high that separated

the basin from the open ocean (Fig. 1C).

In the Early Jurassic Western Tethys, the contribution

of calcareous plankton to the pelagic carbonates was low

and limestone–marl alternations resulted primarily from

the cyclical export of carbonate mud from shallow-water

carbonate platforms (Mattioli & Pittet 2002). In the stu-

died section, calcareous plankton were very rare to rare

(Cifer et al. 2022). No large carbonate platforms or ramps

have been recognized in the Northern Calcareous Alps for

that time interval. Only morphological highs existed

where carbonate was produced. Hence, the carbonate in

the section under study must have originated from these

highs and accumulated as periplatform ooze in the basin.

A suitable candidate for providing carbonate to the basin

is the crinoid- and echinoderm-rich Lienbach Member of

the Adnet Limestone (Fig. 1C) that, during the

F IG . 3 . A, wackestone microfacies of sample R€o438 with areas of higher density of radiolarians and sponge spicules in the thin

section. B–D, acetic-acid etched surface of sample R€o438 with well-preserved radiolarians and abundant sponge spicules. Scale bars

represent: 1 mm (A); 500 lm (B–D).

C IFER ET AL . : RADIOLAR IANS DURING ENVIRONMENTAL CHANGE 5
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Sinemurian and earliest Pliensbachian, was deposited on

top of the drowned Rhaetian reefs (B€ohm 2003; Gawlick

et al. 2009 and the references therein). The thin sections

of the studied samples also yielded rare echinoderms,

which further support the topographic-high origin of the

carbonate (Fig. 1C).

Elemental & stable isotope geochemistry

The results of stable isotope and geochemical analyses

performed on bulk carbonate samples are given in

Table S1 and Figure 2. All samples were analysed for the

content of some major (SiO2, Al2O3, Fe2O3, MgO, CaO,

Na2O, K2O, TiO2, P2O5, MnO) and minor elements

(Cr2O3, Ba, Ni, Sr, Zr, Y, Nb, Sc). The majority of ana-

lysed elements show significant differences in the amount

of the respective elements between the upper Sinemurian

and lower Pliensbachian parts of the section. All analysed

elements, except CaO and MgO, have higher values in the

lower Pliensbachian, indicating a lower carbonate produc-

tion or higher terrigenous input.

The SiO2 content ranges from 5.36% in sample R€o444

(referred to the upper Sinemurian, raricostatum Ammonite

Zone) to 27.41% in sample R€o464 (referred to the lower

Pliensbachian, ibex Ammonite Zone), although most samples

have an SiO2 content of between 10% and 20% (Fig. 2). Only

in sample R€o462 is the SiO2 content higher, at 44.86%

(Table S1), which is considerably more than in other samples,

and a consequence of diagenetic alteration. Generally,

although the average SiO2 is higher in the lower Pliensba-

chian, there are also segments with lower contents of SiO2 in

the lower Pliensbachian and segments with higher values

in the upper Sinemurian (Fig. 2). The SiO2 to Al2O3 chart

(Table S6; after Barbera et al. 2006) indicates that the major-

ity of the silica has a biogenic origin. Aluminium, titanium

and potassium generally originate from the aluminosilicate

detritic phase and are therefore a good indicator of terrige-

nous input. Al2O3 ranges from 0.88% to 6.88%. The amount

of Al2O3 is generally higher towards the top of the studied

section, with only a few samples not following the trend. A

similar trend is observed for TiO2 and K2O, with values

usually also increasing towards the top. The TiO2 content

ranges from 0.05% to 0.34%, while the K2O content ranges

from 0.22% to 2.48%. The common terrigenous origin of

these elements is further supported by the high mutual corre-

lation coefficient (r) for Fe2O3 (r = 0.95 for Al2O3, r = 0.95

for TiO2 and r = 0.94 for K2O; Table S2). The correlation

coefficient for Na2O is also relatively high and indicates a

common origin of Al2O3, TiO2, K2O, and Fe2O3. The Na2O

content ranges from 0.03% to 0.23%. According to the

Fe2O3/TiO2 versus Al2O3/(Al2O3 + Fe2O3) diagram proposed

by Girty et al. (1996), the non-biogenic, non-carbonate

component of the samples was plotted in the area of

the ‘continental margin’ and the shared area between

‘continental margin’ and ‘pelagic’ (Table S7). A terrigenous

origin is also indicated by the Fe2O3/TiO2 versus Al2O3/

(Al2O3 + Fe2O3 + MnO) diagram of Bostr€om (1973) in

which the siliciclastic component is plotted on the ‘terrige-

nous’ line (Table S8). The content of manganese (MnO) in

the analysed samples ranges from 0.03% to 0.18% and, simi-

lar to other elements, is higher towards the top (Fig. 2). This

is not the case, however, for phosphorus (P2O5), which has

low correlation coefficients (Table S2) for ‘terrigenous’ ele-

ments. Phosphorus in the sediment could be related to

increased biogenic activity in the basin or to increased volca-

nic activity (Halami�c et al. 2005). Barium is also an element

that can reflect productivity. We calculated excess barium

(Baxs) after Casacci et al. (2016) as a palaeoproductivity

proxy. The values exceeded 40 p.p.m. only in two samples

and no sample exceeded 100 p.p.m., which is not sufficient

to interpret any productivity variations.

The contents of the measured minor elements are low

throughout the section. Cr, Sc and Zr have high mutual

correlation coefficients as well as high correlation coeffi-

cients for the terrigenous components. They are usually

transported into the basin in the form of detritus bound

to clay minerals. Yttrium, in contrast, has no significant

mutual correlation with any other element. Strontium has

the highest correlation coefficient with manganese

(r = 0.58) and phosphorus (r = 0.50). Both manganese and

strontium have a low negative correlation with CaO and

are therefore not entirely dependent on the carbonate

phase. They also have a moderate correlation with the terri-

genous components, and could thus also be partly derived

from this origin. Manganese and strontium also have ele-

vated values in the upper part of the succession that

decrease again in the uppermost samples.

The chemical index of alteration (CIA) was calculated to

estimate the degree of chemical weathering and precipitation

rates on the adjacent land. A higher CIA indicates higher pre-

cipitation rates. The index is usually calculated with the

formula Al2O3 9 100/(Al2O3 + CaO + Na2O + K2O) in

molar proportion. Sch€ollhorn et al. (2020b) proposed repla-

cing the CaO values with Na2O in order to ignore the envir-

onmental and diagenetic influence on carbonate (limestone),

which is the main component of the sediments in this study.

The updated formula is then Al2O3 9 100/(Al2O3 + 2 9

Na2O + K2O). The CIA is higher at the base of the section,

where some major shifts occur. The general trend shows a

decrease towards the top, with a relatively stable upper part

of the section, meaning that in the early Pliensbachian the

intensity of chemical weathering in the source area was lower

than in the late Sinemurian (Fig. 2; Table S4).

Bulk d13C values range from 0.64& to 2.22& (Fig. 2;

Table S5). A distinct negative excursion was detected in

the middle to upper part of the studied section where the

values fall from 2.00& to 1.05&. The shift to lower

6 PAPERS IN PALAEONTOLOGY
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values starts at c. 40 m and reaches its minimum at

c. 50–60 m. After the drop, the values gradually increase

and reach 2.22& in the uppermost parts of the section.

Another part with evidently lower values is located at the

base of the section where the values go as low as 0.64&
and then gradually rise towards the high at 40 m. The

curve changes gradually, only some fluctuations in

the magnitude of 1& appear in the lower part of the sec-

tion, at c. 2 m. The values are gradually increasing in the

upper part of the section. We correlated the negative CIE

in the middle part of the section with the supra-regional

Sinemurian–Pliensbachian boundary event of Korte &

Hesselbo (2011) and used it as a stratigraphic marker

to establish the Sinemurian–Pliensbachian boundary in

the studied section (Cifer et al. 2022). In contrast, d18O
values show no clear trend ascribable to changes in

temperature. In addition, a strong negative correlation

with detrital elements is evident for the d18O values.

Detrital-rich layers are more susceptible to diagenetic

alteration, which indicates that the d18O signal is diagene-

tically altered and will thus not be used for further

interpretations concerning palaeotemperature and

palaeoecology.

Taxonomic composition of siliceous assemblages

Preservation & diversity. The abundance of siliceous

microfossils in the studied thin sections varies from

absent to more than 10% of the rock. All samples were

processed to extract siliceous microfossils. For further stu-

dies, we selected only six samples (the underlined samples

in Fig. 2) in which the preservation and abundance of

isolated radiolarian specimens were suitable for strati-

graphic and palaeoecological analyses. The selected radi-

olarian assemblages are equally well preserved. The

preservation index (PI) of the studied faunas is deter-

mined as very good (PI = 2 according to Kiessling 1996).

More than 90% of all individuals could be identified

using the scanning electron microscope. The numerical

diversity of the assemblages is supposedly not affected

and the quantitative analyses are meaningful. We note

that all these radiolarian-rich samples were obtained from

grey limestone beds and in intervals with higher SiO2

content (Fig. 2) that may indicate periods of relatively

high biological productivity.

We present the taxonomic richness as the total number

of genera (Table 1) and species (data from Cifer &

Gori�can 2023a, 2023b) and also specify the number of

genera and species of each order (Fig. 4). In the majority

of samples, although not all (see sample R€o439 in Fig. 4),

the number of nassellarian taxa exceeds that of spumellar-

ians. If we include Entactinaria in Spumellaria, the nassel-

larian/spumellarian (N/S) diversity ratio is close to 1, as

is the case in most water depths except for the extremes

(e.g. Empson-Morin 1984). Only in the upper two sam-

ples R€o448 and R€o453 is the N/S diversity ratio somewhat

higher, although it remains below 1.5. We consider that

these differences are too small to be statistically meaning-

ful and thus exclude the variations in the N/S diversity

ratio from further interpretation.

In the studied samples, a drop in diversity at the spe-

cies and genus levels can be observed at the Sinemurian–
Pliensbachian boundary. The lowest diversity occurs in

sample R€o448, directly above the boundary, while an

increase can be observed in sample R€o453. In general,

Sinemurian samples (R€o437, R€o438, R€o439, R€o440) are

more diverse and contain up to 90 species belonging to

46 genera (sample R€o438), whereas the Pliensbachian

samples (R€o448 and R€o453) contain only 29 species

belonging to 17 genera and 58 species belonging to 32

genera, respectively. The biggest drop in diversity across

the boundary is observed in Spumellaria. Nassellaria and

Entactinaria are less affected, but their diversity is reduced

as well.

Relative abundance of sponge spicules & radiolarian

orders. The proportion among larger groups is the first

general information used in analyses of relative abun-

dances. The siliceous microfauna of all six samples

similarly consists of an extremely high percentage (83.8–
95.2%) of sponge spicules (Fig. 5). More than 80%

of sponge spicules belong to the group of monaxone

microscleres. Other groups are megascleres, triaxon

microscleres, tetraxon microscleres, rhaxes and desmas

(Fig. 6). A relatively high abundance of sponge spicules

indicates shallower and more proximal (shelf) conditions

of sedimentation (Kiessling 1996). Proximal conditions

are also indicated by the presence of tetraxon spicules

and rhaxes that are typical of reef sponges (Demospon-

giae; Murchey 2004). The presence of large monaxon

spicules is also indicative of shallower waters (Murchey

1990, 2004).

The abundance ratio between Nassellaria and Spumel-

laria is also a general index that can be obtained from

faunas with all preservation levels. As in all previous stu-

dies on radiolarian palaeoecology, we interpret Spumel-

laria and Entactinaria as a single group. All radiolarian

faunas under study are dominated by specimens of Spu-

mellaria together with Entactinaria. Nassellaria represent

only from 14.79% to 33% and their relative abundance

rises slightly from the base towards the top of the section

(Fig. 7). The upper Sinemurian samples yield an N/S

abundance ratio from 1:3 to 1:4.5, whereas the lower

Pliensbachian samples a ratio of c. 1:2. The N/S ratio is

positively correlated with bathymetry or distance from

the shelf (Kiessling 1996). The obtained values are thus in

line with the relatively shallow pelagic environment

C IFER ET AL . : RADIOLAR IANS DURING ENVIRONMENTAL CHANGE 7

 20562802, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/spp2.1581 by C

ochrane H
ungary, W

iley O
nline L

ibrary on [28/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TABLE 1 . Occurrence of radiolarian genera in the studied samples.

Order Genus R€o437 R€o438 R€o439 R€o440 R€o448 R€o453

Entactinaria Empirea •
Japonisaturnalis •
Palaeosaturnalis • • •
Praehexasaturnalis • • •
Pseudacanthocircus •
Pseudoheliodiscus • • • •
Stauracanthocircus •
Stauramesosaturnalis •

Spumellaria Acaeniotylopsis? • • •
Archaeocenosphaera • • • • •
Beatricea? • • • •
Becus? • • •
Charlottalum • • •
Crucella • • • • •
Danubea • • • • • •
Gorgansium • • • •
Hexapyramis? • •
Liassobetraccium • • •
Loupanus • • • • •
Mendacastrum? • • • • • •
Novamuria •
Orbiculiformella • • •
Pantanellium • • • • •
Paronaella • • • •
Paurinella • • • •
Praeconocaryomma • • • • • •
Tetractoma • • •
Tetrapaurinella • •
Thurstonia? • • • •
Tiperella? • •
Tozerium • • • • •
Udalia? • • • •

Nassellaria Anaticapitula • • • • • •
Ares • • • •
Atalantria • • •
Bagotum • • •
Bipedis • • • •
Broctus • • • •
Canoptum • • •
Doliocapsa • • • • •
Droltus • • • • •
Dumitricaella? •
Ectonocorys? •
Farcus • • • • •
Foremania • • • • •
Haeckelicyrtium • •
Helvetocapsa •
Katroma • • • • • •
Lantus • •
Napora • • • •
Naropa •
Parahsuum • • • • • •
Pleesus •
Podocapsa? •
Pseudoeucyrtis •
Pseudoristola •
Reticulotubulus? • •
Saitoum • • • • • •
Squinabolia • •
Tipiforma • • • •
Trexus • • • • •
Turritus •
Wrangellium • • •
Zhamoidellum • • •

8 PAPERS IN PALAEONTOLOGY
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inferred from the high quantity of sponge spicules. The

minor vertical fluctuations in the N/S ratio (Fig. 7) are

not sufficient to be interpreted in terms of palaeodepth.

Relative abundance of radiolarian families & genera. For

relative abundances, we used the radiolarian counting

data in Table 2. Nassellaria were divided into 13 groups,

of which each represents a family or a group of families

or genera (Fig. 8). These groups are merged into larger

groups based on the number of segments (Fig. 8). Nassel-

laria show a significant break in their relative

abundance between the base and the top of the studied

section. Upper Sinemurian assemblages have a similar

composition and are characterized by monocyrtid and

dicyrtid nassellarians, which together account for up to

45% of all Nassellaria. The most abundant mono- and

dicyrtid nassellarians are Poulpidae (Saitoum) and Ultra-

naporidae (Bipedis, Anaticapitula, Napora). The remaining

nassellarians in the upper Sinemurian assemblages are

represented by multicyrtid Nassellaria, whereas tricyrtids

(Williriedellidae) are almost absent (Fig. 8). A vast pro-

portion of multicyrtids in the upper Sinemurian belong

to Bagotidae and Hsuidae (Bagotum, Droltus, Parahsuum).

In the lower Pliensbachian, monocyrtid and dicyrtid nas-

sellarians almost disappear; they represent only up to 6%

of all Nassellaria in these samples. In contrast, Williriedel-

lidae (Zhamoidellum) are the most abundant group in the

lower Pliensbachian, where they represent up to 65% of

all Nassellaria. Some changes are observed within multi-

cyrtid Nassellaria as well (Fig. 8). The abundance of

F IG . 4 . Radiolarian diversity through the section (for data on the occurrence of genera, see Table 1; species occurrence data are from

Cifer & Gori�can 2023a, 2023b).

F IG . 5 . Relative abundance of radiolarians and sponge spicules.
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Bagotidae and Hsuidae decreases in the Pliensbachian

part of the section, whereas the number of representatives

of the unnamed family pro-Eucyrtidiidae (predominantly

Lantus) notably increases.

The counted Spumellaria and Entactinaria were divided

into 10 groups representing a family or a group of

families and genera (Fig. 9). Also in these groups, major

changes in relative abundance are observed across the

Sinemurian–Pliensbachian transition. A big drop in rela-

tive abundance from the Sinemurian to the Pliensbachian

is observed for Eptingiidae (Tozerium), Pantanelliidae

(predominantly Gorgansium), Angulobrachiidae (Paro-

naella, Loupanus), Emiluviidae (Beatricea, Thurstonia,

Udalia), and for the group of Spumellaria and

F IG . 6 . Sponge spicules in the studied samples. A, triaxon megasclere, 2020_0003, sample R€o438. B, monaxon megasclere,

2020_0001, sample R€o438. C, monaxon microsclere, 2020_0019, sample R€o438. D, monaxon microsclere, 2020_0016, sample R€o438.

E, desma, 2020_0024, sample R€o438. F, tetraxon, 2020_0029, sample R€o438. G, rhax, 2020_0034, sample R€o438. H, polyaxon,

2020_0040, sample R€o438. I, dichotriaene, 2020_0013, sample R€o438. J, triaxon, 2020_0031, sample R€o438. K, rhax, 2020_0033, sample

R€o438. L, polyaxon, 2020_0039, sample R€o438. Scale bars represent 100 lm.

F IG . 7 . Relative abundance of radiolarian orders.
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Entactinaria incertae sedis (e.g. Mendacastrum). By far

the biggest drop in relative abundance happens in the

group of Pantanelliidae. They represent up to 54% of all

Spumellaria and Entactinaria in the upper Sinemurian,

but less than 9% in the lower Pliensbachian. Groups

that show a major increase in relative abundance in the

lower Pliensbachian are Xiphostylidae (predominantly

Archaeocenosphaera) and Conocaryommidae (Praecono-

caryomma). Xiphostylidae represent less than 20% in the

upper Sinemurian, but up to 68% in the lower Pliensba-

chian. The relative abundance of Conocaryommidae

increases from 5% in the upper Sinemurian to c. 20%

in the lower Pliensbachian. Saturnalidae have a unique

trend. They are rare in the three older Sinemurian sam-

ples R€o437–R€o439, representing only up to 7%, and

become very numerous in the youngest Sinemurian sam-

ple R€o440 where they represent c. 32% of Spumellaria

and Entactinaria. In the lower Pliensbachian, their abun-

dance drops again to 12%.

DISCUSSION

Depositional environment

Mudstones to wackestones with radiolarians and sponge

spicules are interpreted to indicate a deep shelf environ-

ment (Fl€ugel 2004). The sedimentation of the studied

succession may be interpreted as hemipelagic based on

the micritic matrix mixed with terrigenous clay. The

absence of current-related sedimentary structures indi-

cates deposition in a low-energy environment, below the

storm-wave base. In samples from which siliceous micro-

fauna could be extracted, the proportions of radiolarians

and sponge spicules were calculated. Sponge spicules are

much more abundant than radiolarians and account for

more than 80% of the total siliceous microfauna (Fig. 5).

In radiolarian-bearing facies, such proportions indicate a

relatively shallow environment, not exceeding a water

depth of a few hundred metres (Kiessling 1996). Sponge

TABLE 2 . Number of specimens in the counted samples.

Order Radiolarian group Genus R€o437 R€o438 R€o439 R€o440 R€o448 R€o453

Entactinaria Eptingiidae Tozerium 21 52 53 23 0 0

Saturnalidae Palaeosaturnalis, Praehexasaturnalis etc. 8 14 27 118 42 39

Spumellaria Pantanelliidae Pantanellium 0 17 4 0 29 16

Gorgansium 235 96 143 92 0 0

Xiphostylidae Archaeocenosphaera 58 19 37 50 218 200

Novamuria 22 9 5 2 9 9

Conocaryommidae Praeconocaryomma 22 3 12 7 22 66

Veghicycliidae Orbiculiformella 0 6 3 0 3 0

Hagiastridae Crucella 2 9 4 0 0 0

Emiluviidae Beatricea 2 1 1 1 0 0

Thurstonia 3 15 8 7 0 0

Udalia 5 33 13 3 2 2

Angulobrachiidae Paronaella 5 17 2 16 0 0

Loupanus 8 46 40 5 0 0

Spumellaria & Entactinaria incertae sedis Mendacastrum etc. 38 49 45 33 10 9

Nassellaria Poulpidae Saitoum 14 25 20 29 4 2

Ultranaporidae Anaticapitula, Bipedis, Napora, Naropa

etc.

12 22 18 31 0 4

Foremanellinidae Farcus 3 4 1 6 2 1

Deflandrecyrtiidae Haeckelicyrtium 0 1 0 0 2 3

Williriedellidae Zhamoidellum 0 0 0 4 77 104

Bagotidae? Trexus 6 6 4 2 0 0

Bagotidae & Hsuidae Parahsuum, Droltus, Bagotum 30 39 48 49 42 22

Canoptidae Canoptum 0 3 0 0 0 0

Parvicingulidae Atalantria 0 1 0 6 0 0

Eucyrtidiidae Katroma 5 6 11 6 6 9

Unnamed pro

Eucyrtidiidae

Lantus 0 0 0 0 32 14

Pseudoeucyrtis 0 1 0 0 0 0

Minocapsidae Doliocapsa 1 0 1 2 0 0

Nassellaria incertae sedis Ares, Turritus, Tipiforma,

Reticulotubulus

0 8 1 8 0 0

Total 500 500 500 500 500 500
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spicules alone are also often used as indicators of palaeo-

bathymetry because different groups of spicules prefer dif-

ferent depths. The predominance of small monaxones in

the assemblages is consistent with a depth of a few hun-

dred metres (Murchey 2004). In addition, sponge spicules

and bioturbation indicate that the bottom waters were

sufficiently oxygenated for benthos to thrive. A similar,

relatively shallow water depth is also indicated by the pre-

dominance of Spumellaria over Nassellaria throughout

the entire section (Fig. 7).

Sealevel changes

The investigated facies does not show any significant

changes throughout the studied section, and the only

parameter that could be used to interpret local sealevel

changes is the limestone to marl ratio (Fig. 2). The

amount of terrigenous elements (Al2O3, TiO2, K2O) cor-

relates reasonably well with field estimations of the pro-

portion of marl and may also reflect sealevel oscillations

(Table S1). From the very low abundance of calcareous

F IG . 8 . Relative abundance of nassellarian groups. Each sample is represented by two rows. On the lower row, each colour represents

a nassellarian family or a group of nassellarian families and genera. On the upper row, these groups are merged into larger groups

based on the number of segments.

F IG . 9 . Relative abundance of entactinarian and spumellarian groups.
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plankton in this section (Cifer et al. 2022) we infer that

carbonate mud is mostly derived from adjacent

shallow-water areas. With a higher sealevel, the conditions

become more distal with regard to the local carbonate

source and the sedimentation consequently becomes mar-

lier, while limestone layers are less frequent. When the

sealevel drops, the position becomes more proximal, as

reflected in a bigger proportion of limestone layers. Based

on that, the local proximal–distal profile was constructed

(Fig. 2), which shows a well-pronounced maximum prox-

imality in the middle part of the section, below and just

above the Sinemurian–Pliensbachian boundary.

The global sealevel during the Early Jurassic experi-

enced several short-term fluctuations, although the gen-

eral, long-term sealevel remained relatively constant until

the early Toarcian; from the early Sinemurian towards the

Pliensbachian a constant rise of the sealevel in the

magnitude of tens of metres has been detected

(Haq 2018). Several authors reported a significant short-

term, end-Sinemurian, sealevel drop (Hallam 1988; Hes-

selbo & Jenkyns 1998; Haq 2018; Sch€ollhorn

et al. 2020b), which caused the emergence of several car-

bonate platforms (Jenkyns 2020). This short-term drop

was followed by a rise in the early Pliensbachian. The

end-Sinemurian sealevel drop agrees well with our local

sealevel reconstruction in the Northern Calcareous Alps

(Fig. 2). In general, such a sealevel drop can be explained

either by eustatic changes or a syn-sedimentary uplift.

The fact that the onset of the intraoceanic thrusting in

the Neotethys Ocean probably started around the

Pliensbachian–Toarcian boundary (Karamata 2006) makes

the eustatic sealevel drop more probable.

Productivity evaluation

In addition to temperature (latitude), nutrients and pri-

mary productivity are the most important factors defining

the distribution pattern of modern polycystine radiolar-

ians (Boltovskoy et al. 2017), and have also been pro-

posed to explain the distribution of fossil taxa (e.g.

Baumgartner 1987, 1993; Baumgartner et al. 2023). The

investigated Sinemurian–Pliensbachian succession was

deposited in low latitudes (Fig. 1B, D) and shows a rela-

tively uniform hemipelagic facies, indicating water depths

of a few hundred metres during the entire time interval

studied.

The stratigraphic data in the upper part of the section

enable us to determine the sedimentation rate with rea-

sonable confidence. If we take the Sinemurian–Pliensba-
chian boundary at 50 m and the boundary between the

jamesoni and ibex ammonite zones at 85 m of the section

(Meister & B€ohm 1993; Cifer et al. 2022; Fig. 2) and if

we consider 2.4 Ma for the duration of the jamesoni Zone

(Storm et al. 2020), we calculate the sedimentation rate

of lithified sediment at 14.6 m/Ma. For the lower 50 m of

the section, age constraints are less precise. This interval

probably encompasses the entire upper Sinemurian (obtu-

sum, oxynotum and raricostatum zones) although the base

of the section may reach the lower Sinemurian turneri

Zone (Fig. 2). This means that the first 50 m correspond

to a maximum duration of 3.7 Ma (according to Storm

et al. 2020). The calculated average sedimentation rate of

13.5 m/Ma is comparable to the sedimentation rate in the

upper part of the section. The actual sedimentation rate

was probably lower than average in the reddish and

higher in the grey facies (Fig. 2).

The proportion of silica in limestone beds is at most

25% (Fig. 2), which means that the accumulation rate of

biogenic silica did not exceed 3.5 m/Ma. If, in addition,

we subtract a minimum 85% of silica derived from silic-

eous sponges (Fig. 5) we obtain 0.5 m/Ma as the maxi-

mum accumulation rate of radiolarian skeletons.

However, this figure is still too high because the 85%

sponge spicules relate to the number of specimens, not to

their weight percentage. The calculated value for radiolar-

ians is thus considerably lower than in pure radiolarites.

For example, sedimentation at a rate of 1 m/Ma was

reported for Lower Jurassic radiolarian cherts in Japan

(Hori et al. 1993).

The productivity varied through time as evidenced by

variations in SiO2 content and the better preservation of

siliceous microfauna coincident with SiO2 maxima

(Fig. 2), but even in these maxima the radiolarian pro-

ductivity was apparently lower than in coeval radiolarites

deposited in high-fertility oceanic environments. One

maximum appears in the upper Sinemurian and one in

the lower Pliensbachian, both with a comparable propor-

tion of silica. Facies characteristics and average sedimen-

tation rates are relatively uniform throughout the section

and hence show no major difference in the depositional

environment between the upper Sinemurian and lower

Pliensbachian parts of the section. The studied section

formed part of a western embayment of the Neotethys

(Fig. 1D). This palaeogeographic situation is similar to

the present-day Gulf of Mexico and the Caribbean Sea

that are also low-productivity regions (McMillen &

Casey 1978).

The usual geochemical proxies for palaeoproductivity

(such as Ba, P and MnO) do not show sufficiently signifi-

cant shifts that can be used to interpret the production

unambiguously. MnO values increase in the lower Pliens-

bachian (Fig. 2), but cannot be exclusively linked to

changes in productivity because Mn can reside in or on

clay minerals (Jenkyns et al. 2002), it can be a late diage-

netic input, and is also sensitive to changes in redox con-

ditions. Baxs in the studied section has a trend similar to

MnO, with high values in the lower Pliensbachian
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(Table S3). Barium, like manganese, is influenced by sev-

eral factors and is not applicable in all ocean settings

(Schoepfer et al. 2015). A possible explanation for these

MnO and Ba fluctuations in terms of palaeoproductivity

and the absence of correlation with positive radiolarian

samples could be that the trend reflects an increase in

phytoplankton production that potentially pre-dates the

radiolarian recovery.

Unlike Ba and MnO, phosphorus behaves similarly to

silica and thus potentially reflects the productivity of the

siliceous microfauna. The lowest values are around the

Sinemurian–Pliensbachian boundary and higher values

appear below and above. The peak in the lower Pliensba-

chian is synchronous with the silica maximum, whereas

the phosphorus maximum in the upper Sinemurian

somewhat pre-dates the peak in silica content. However,

the general trend agrees with the productivity evaluations.

Variations in taxonomic structure

The upper Sinemurian to lower Pliensbachian transition

is marked by a significant drop in diversity. The number

of species and genera decreases by more than 50% from

the upper Sinemurian samples (R€o437, R€o438, R€o439,

R€o440) to the oldest Pliensbachian sample R€o448

(Fig. 10). In sample R€o453, the diversity again increases

and the number of identified species and genera returns

to similar numbers as in the upper Sinemurian assem-

blages. The drop in diversity across the stage boundary

must have been related to an environmental stress that

caused an extinction event and was then followed by a

recovery. Many genera with a worldwide distribution and

long stratigraphic range nearly or completely disappeared,

including Napora, Gorgansium, Orbiculiformella and Paro-

naella (Table 1) that are dissolution resistant and which

have a well-known range up to the Cretaceous

(O’Dogherty et al. 2009). Moreover, we note that other

well-preserved earliest Pliensbachian faunas (e.g. those

from Haida Gwaii, British Columbia) are just as diverse

as their Sinemurian counterparts (Carter et al. 2010).

Hence, the inferred environmental stress was no doubt

not a global phenomenon but must have affected only a

limited geographical area.

Changes in relative abundances also indicate significant

shifts through the Sinemurian–Pliensbachian transition

(Fig. 10). The first event is an exceptionally high amount

of Saturnalidae in the uppermost Sinemurian (sample

R€o440). Musavu-Moussavou et al. (2007) argued that

saturnalids prefer oligotrophic environments. However,

the high abundance of Saturnalidae in sample R€o440 can-

not be associated with certainty to nutrient-deprived

waters because for the late Sinemurian a higher weather-

ing intensity and thus continental runoff is interpreted

based on the local CIA (Fig. 2). Supra-regional climate

reconstructions also suggest higher temperatures and

F IG . 10 . Variation in taxonomic richness and relative abundance of characteristic radiolarian families. Abbreviations: S-PBE,

Sinemurian–Pliensbachian Boundary Event; V-PDB, Vienna Pee Dee Belemnite.
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precipitation for that time period (e.g. Korte & Hes-

selbo 2011; Duarte et al. 2014; G�omez et al. 2016; Price

et al. 2016; Sch€ollhorn et al. 2020a, 2020b). In

addition, the high relative abundance of Gorgansium

(Pantanelliidae) also contradicts the interpretation of

nutrient-deprived waters because this group of radiolar-

ians is interpreted to be abundant in nutrient-rich envir-

onments (Baumgartner 1987; Hori 1993). A possible

cause for the high numbers of saturnalids could be

increased salinity or deposition in a more enclosed

depositional environment. Sample R€o440 was taken from

that part of the section where the limestone to marl ratio

is higher, thereby indicating more proximal conditions

(Fig. 2). Furthermore, the uppermost Sinemurian is inter-

preted to sustain a sealevel drop (Hesselbo & Jen-

kyns 1998; Haq 2018), which is in agreement with the

sealevel interpretation of the Mount Rettenstein section.

The most proximal conditions are connected to the low-

est sealevel, and therefore possibly the highest salinity

caused by higher evaporation and a limited connection to

the open sea. Empson-Morin (1984) also reported high

Saturnalidae numbers in samples that originated from an

enclosed area with restricted oceanic circulation.

The second event is a major shift in relative abun-

dances across the Sinemurian–Pliensbachian boundary,

coinciding with the severe decline in diversity indicating

an environmental crisis (Fig. 10). The most sensitive radi-

olarians disappeared, whereas more tolerant radiolarians

survived and prospered during the recovery (Fig. 11). For

Nassellaria, the most drastic decline in abundance occurs

in monocyrtids (Saitoum) and dicyrtids (Ultranaporidae).

The relative abundance of multicyrtids also decreases, but

the drop is not as significant. The decrease of relative

abundance of multicyrtid Nassellaria can mostly be attrib-

uted to Bagotidae and Hsuidae (Fig. 8). Spumellaria

(Fig. 9) sensitive to this environmental stress are Panta-

nelliidae, particularly the genus Gorgansium. A decrease

in relative abundance is also observed in Emiluviidae

(Udalia and Thurstonia) and Angulobracchiidae (Paro-

naella and Loupanus). After the crisis, the most successful

Nassellaria are Williriedellidae (Zhamoidellum) and some-

what less conspicuously Lantus, while the most successful

Spumellaria are Xiphostylidae (Archaeocenosphaera) and

Conocaryommidae (Praeconocaryomma). It could be

argued that such a faunal composition with prevailing

spherical Nassellaria and Spumellaria is the result of

hydraulic sorting. However, limestone samples from

Mount Rettenstein show no evidence of bottom currents

to support this explanation.

A comparison with the vertical distribution of morpho-

logically similar modern radiolarians (Casey 1977, 1979;

Boltovskoy 2017) suggests that radiolarian taxa living in

the upper part of the water column were most affected by

the environmental crisis. For example, spumellarian

genera Crucella, Paronaella and Orbiculiformella, the num-

bers of which shrink drastically in the Pliensbachian, are

morphologically very similar to Spongaster, Dictyocoryne,

Heliodiscus and Spongotrochus that are all common in

shallow waters (Boltovskoy 2017). Among Nassellaria,

Anaticapitula, Bipedis, Farcus and Saitoum have their

numbers drastically decreased in the Pliensbachian. They

are comparable to Pterocanium, Pterocorys, Pterocyrtidium,

Clathrocorys and Lipmanella that are common in recent

shallow waters (McMillen & Casey 1978; Boltovskoy 2017).

The deep-dwelling (or, more probably eurybathic) radi-

olarians were apparently tolerant to the environmental

stress and became relatively abundant when radiolarians

living near the surface were eliminated. Casey (1977) pos-

tulated that the extinction of shallow-water radiolarians

coincides with extinctions in phytoplankton groups, while

deep-water forms fare better. During the S-PBE, Peti &

Thibault (2022) observed in the Paris Basin a switch in

dominance from shallow-water forms to deep-dwelling

coccolith taxa, which is consistent with the changes

observed in the radiolarian assemblages in our study.

In modern seas, high radiolarian diversity occurs in

open-ocean environments, whereas near-shore areas are

characterized by lower diversity and the predominance of

very few species (e.g. Casey 1987; Boltovskoy et al. 2017).

Such low-diversity neritic assemblages are also known

from the fossil record, for example, from the Campanian

of California, Texas and Romania (Empson-Morin 1984)

and from the Upper Jurassic Lithographic Limestone (a

typical epeiric-sea deposit) in southwest Germany (Z€ugel

et al. 1998). As in the Pliensbachian samples from Mount

Rettenstein, a notably high abundance of Williriedellidae

was reported at these sites.

In previous studies on fossil radiolarians, Williriedelli-

dae were considered ecologically tolerant and indicative

of low-productivity areas (Baumgartner et al. 1992, 2023;

Baumgartner 1993) as opposed to Pantanelliidae that

indicate areas of high productivity (Baumgartner 1987,

1993; Hori 1993). We were unable to ascertain from the

facies characteristics and estimates of the silica accumula-

tion rate (see Productivity Evaluation, above) a consider-

able difference in productivity between the upper

Sinemurian samples containing high proportions of Pan-

tanelliidae and the lower Pliensbachian samples with high

numbers of Williriedellidae. A decline in productivity

across the stage boundary is, however, possible but needs

to be related to other factors to explain the environmental

deterioration and disappearance of many taxa.

We speculate that the critical kill mechanism was in

fact most effectively operating during the times when the

barren interval between samples R€o441 and R€o447 was

deposited (Fig. 2). This assumption enables us to consider

the sealevel drop as the main reason for environmental

changes in the basin. The silica-poor interval of reddish
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limestone without marl interlayers indicates oligotrophic

highly oxic conditions and is ascribed to the maximum

proximality of the local depositional environment. This

interval corresponds to the well-established regional sea-

level low-stand in the raricostatum Zone (Hesselbo & Jen-

kyns 1998). Due to the drop in sealevel, the topographic

highs could have acted as a barrier that diverted the

oceanic circulation, hampered the exchange of water

masses and prevented the incursion of radiolarian faunas

from the open sea (Fig. 12). The uppermost Sinemurian

peak proportion of Saturnalidae (that characteristically

abound in enclosed basins with restricted oceanic circula-

tion) could be the first sign of environmental

deterioration.

F IG . 11 . Characteristic radiolarian genera that are abundant in the lower and upper part of the section, respectively. Specimen num-

bers and sample numbers are indicated. A, Archaeocenosphaera ruesti Pessagno & Yang; 193157, sample R€o438. B, Zhamoidellum yehae

Dumitrica; 192697, sample R€o453. C, Lantus praeobesus Carter; 192406, sample R€o448. D, Praeconocaryomma bajaensis Whalen;

192508, sample R€o448. E, Droltus sanignacioensis Whalen & Carter; 193185, sample R€o453. F, Palaeosaturnalis subovalis Kozur &

Mostler; 191006, sample R€o438. G, Paronaella corpulenta De Wever; 191013, sample R€o438. H, Droltus laseekensis Pessagno & Whalen;

191650, sample R€o439. I, Gorgansium gongyloideum Kishida & Hisada; 191422, sample R€o438. J, Tozerium filzmoosense Cifer; 192211,

sample R€o440. K, Saitoum aff. keki De Wever; 191338, sample R€o438. L, Bipedis horiae Sugiyama; 192157, sample R€o440. Scale bars

represent 100 lm.
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The recovery started during the earliest Pliensbachian

transgression concomitant with the negative CIE of the

S-PBE (Fig. 2). The CIA values from Mount Rettenstein

suggest lower precipitation rates in the upper part of the

section. The coeval increase in the Sr/Ca ratio indicates a

temperature decrease, if we accept that the carbonate was

mostly derived from aragonite produced on the adjacent

topographic highs. These data are in accordance with the

regional oxygen isotope records and elemental geochem-

ical analyses from different locations in the Western Teth-

yan Realm, demonstrating that during the S-PBE the

climate became both colder (e.g. Korte & Hesselbo 2011;

Duarte et al. 2014; G�omez et al. 2016; Price et al. 2016;

Sch€ollhorn et al. 2020a, 2020b) and drier (Sch€ollhorn

et al. 2020b). The reduced continental runoff and thus

decreased influx of nutrients would have further reduced

the radiolarian productivity and affected the recovery

after the late Sinemurian regression. It is worth noting

that these drastic changes in the radiolarian assemblages

during that time are documented only at Mount Retten-

stein, suggesting that the phenomenon was geographically

limited. However, beside response of radiolarians studied

in this paper, changes (drop in diversity and/or drop in

abundance) are also documented for dinoflagellates from

the UK and the Iberian Massif (van de Schootbrugge

et al. 2005) and for benthic foraminifera from the Adria-

tic Carbonate Platform in Albania (Gawlick & Schlagint-

weit 2019), thereby leaving open the possibility of

geographically more widespread environmental

deterioration.

CONCLUSION

The succession of upper Sinemurian to lower Pliensba-

chian siliceous limestone and marl of Mount Rettenstein

was deposited at a water depth of a few hundred metres

in a well-oxygenated basin on the western edge of the

Neotethys Ocean. The extracted siliceous microfauna is

composed of more than 80% sponge spicules and less

than 20% radiolarians with a strong predominance of

spumellarians. The N/S abundance ratio ranges between

1:5 and 1:3.

A considerable drop in radiolarian diversity occurred at

the Sinemurian–Pliensbachian transition and was accom-

panied by significant changes in relative abundances. The

surface-dwelling radiolarians were the most seriously

affected. Angulobrachiidae, Hagiastridae, Pantanelliidae

(mostly Gorgansium), Poulpidae and Ultranaporidae com-

pletely or nearly disappeared due to the environmental

crisis. The most unaffected genera that survived the crisis

and were conspicuously abundant in the aftermath were

Archaeocenosphaera, Praeconocaryomma, Zhamoidellum

and Lantus.

The changes in the taxonomic composition were local

and are attributed to a prominent end-Sinemurian

F IG . 12 . Late Sinemurian palaeogeographical reconstruction (modified after Thierry 2000), with postulated ocean currents during

high and during low sealevels.
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sealevel drop that transformed the area into a semi-

enclosed basin with restricted oceanic circulation. The

basin was characterized by low radiolarian productivity

caused by the weak inflow of fertile waters from the open

ocean and a low riverine influx of nutrients due to a cool

and arid climate.
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