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A B S T R A C T

Belemnites were a type of cephalopod abundant in the Jurassic and Cretaceous, whose fossils have been 
extensively used for paleo-oceanographic studies. For this study, we analyzed 69 elements by Inductively 
Coupled Plasma-Sector Field Mass Spectrometry (ICP-SFMS) in 15 belemnite rostra from the West Rodiles section 
in the Asturian Basin, Northern Spain. We aim to determine if belemnite rostra carbonate chemistry reflects 
changes in seawater chemistry during the Late Pliensbachian–Early Toarcian time interval and examine how 
belemnites can be used to trace known drivers of the Early Toarcian Oceanic Anoxic Event (T-OAE) and asso
ciated oceanographic processes.

Discarding drastic intra-species effects and assuming a similar influence of growth rates, diet, and other 
physiological processes for all analyzed belemnite specimens and taking into consideration the sizeable 
analytical uncertainty, we assess if determined belemnite rostra element chemistry reflects broad and relative 
changes in paleo-seawater chemistry. Many determined elements are present in only ppb amounts, and their 
interpretation is uncertain. We found that Mg, Mn, and P increase in the interval chronocorrelative to the T-OAE. 
This is interpreted to have resulted from an increase in these elements’ inventory in seawater due to an increase 
in continental weathering and fluvial runoff associated with this global event. Iron, K, and Na contents decrease 
upwards in the section, potentially indicating that these elements became limited and likely hampered oceanic 
productivity. Our study also found a correspondence between a change in the behaviour of several elements, 
warming, the T-OAE negative CIE, and a reduction in the diversity and size of both calcareous nannofossils and 
belemnites in the study area.

1. Introduction

The Late Pliensbachian (188.0–184.2 Ma) and Early Toarcian 
(184.2–181.2 Ma) are times of large swings in global climate (Hesselbo 
et al., 2020); the latest Pliensbachian saw global cooling, whereas the 
Early Toarcian was a time of super-warming, or hyperthermal (De Baets 
et al., 2021; Dera et al., 2009; Gómez et al., 2008; Gómez and Arias, 
2010; Korte and Hesselbo, 2011; McArthur et al., 2000; Price, 1999; Rita 
et al., 2019; Rosales et al., 2004a; Ruebsam et al., 2020a,b; Ruebsam 
et al., 2019; Ruhl et al., 2016; Silva et al., 2021b; Silva and Duarte, 2015; 
Storm et al., 2020; Suan et al., 2010; Ullmann et al., 2020; Ullmann 
et al., 2014; Wignall et al., 2005).

Warming and significant perturbations to the Late Pliensbachian and 
Early Toarcian global carbon cycle have been linked to changes in global 
plate tectonic processes. It was recently hypothesized that changes in 
plate movement direction and reduction in local plate velocities led to 
thermal erosion of the African cratonic lithosphere by a deep mantle 
plume, resulting in the emplacement of the Karoo and Ferrar Large 
Igneous Province (LIP) (Ruhl et al., 2022). The Karoo and Ferrar LIP is 
postulated to have resulted in the release of isotopically light (13C- 
depleted) volcanogenic CO2 (Pálfy and Smith, 2000) and thermogenic 
methane (CH4) from sill intrusions into Gondwanan coals (McElwain 
et al., 2005). It is thought that its global environmental effects were 
compounded by the release of biogenic methane from the dissociation of 
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subseafloor clathrates (Hesselbo et al., 2000), terrestrial environments 
(Them et al., 2017), and labile cryospheric reservoirs (Krencker et al., 
2019; Ruebsam et al., 2019; Silva and Duarte, 2015). Contemporaneous 
global perturbations to the global carbon cycle are expressed as positive 
and negative carbon isotope excursions (CIE) recorded in carbonates 
and organic matter, i.e., the Early Toarcian Oceanic Anoxic Event (T- 
OAE, Jenkyns, 1988), postulated based on globally distributed organic- 
rich facies. These facies characterize this time interval as a superregional 
organic matter preservation interval (OMPI, cf. Silva et al., 2021a) 
(Fig. S1).

The global environmental perturbations that characterized much of 
the early Toarcian (including, among other aspects, the T-OAE negative 
CIE) are sometimes collectively referred to as the Jenkyns Event (Müller 
et al., 2016; Reolid et al., 2020). This event is arguably associated with 
the largest carbon cycle perturbation of the Jurassic Period, reflected in 
the rock record by an up to ~7‰ negative shift in δ13C of marine calcite 
and marine and terrestrial organic matter in the lower Toarcian Ser
pentinum ammonite chronozone (ACZ, e.g. Hesselbo et al., 2007; Jen
kyns, 2010; Jenkyns et al., 2002). The T-OAE negative CIE is 
superimposed on a stratigraphically longer-lasting positive Toarcian 
trend, from the uppermost Spinatum ACZ (uppermost Pliensbachian) to 
the lower Bifrons ACZ (Toarcian) (e.g. Hesselbo et al., 2007; Jenkyns, 
2010; Them et al., 2018; Xu et al., 2018; Ruebsam et al., 2020a,b) 
(Fig. S1).

Atmospheric pCO2 is estimated to have at least tripled (McElwain 
et al., 2005) during this time interval, leading to an increase of about 
4–10 ◦C in seawater temperatures, even at low- to mid-latitudes (Gómez 
and Goy, 2011), reduced ocean water pH with a decreased calcium 
carbonate saturation (Müller et al., 2020, but see Li et al., 2021), and a 
biocalcification crisis event in many different fossil groups, such as 
calcareous nannofossils (e.g., Clémence et al., 2014; Erba et al., 2019; 
Faucher et al., 2022; Fraguas et al., 2021; Fraguas et al., 2012; Fraguas 
and Young, 2011; Mattioli et al., 2009a; Mattioli et al., 2004; Peti and 
Thibault, 2017; Suan et al., 2008) and belemnites (Nätscher et al., 2021) 
Coeval environmental change on land resulted in a general enhance
ment of the hydrological cycle and silicate weathering and changes in 
vegetation and the prevalence of wildfires (Baker et al., 2017; Brazier 
et al., 2015; Jenkyns, 2010; Percival et al., 2016; Rodrigues et al., 2021; 
Rodrigues et al., 2020a; Rodrigues et al., 2020b; Rodrigues et al., 2019; 
Silva et al., 2021b; Slater et al., 2019; Them et al., 2019). An increase in 
seawater temperature led to a temperature-driven 2nd-order mass 
extinction that affected many groups of marine organisms in different 
basins around the world (Arias, 2009, Arias, 2006; Baeza-Carratalá 
et al., 2015, 2017; Caswell et al., 2009; Caswell and Coe, 2013; Caswell 
and Frid, 2017; Danise et al., 2015; De Baets et al., 2021; Dera et al., 
2016; Fraguas et al., 2021, Fraguas et al., 2012; Fraguas and Young, 
2011; Gómez and Arias, 2010; Little and Benton, 1995; Neige et al., 
2021; Rita et al., 2021; Slater et al., 2019).

In detail, the response of several groups to the environmental drivers 
of the T-OAE was, generally, to decrease in size and diversity (e.g., 
Fraguas et al., 2021; Fraguas et al., 2012; Fraguas and Young, 2011; 
Martindale and Aberhan, 2017; Piazza et al., 2019; Ullmann et al., 
2020). However, belemnite body size changes across the T-OAE are in 
contrast with several other organisms, and a general increase in median 
rostrum size is observed due to the appearance of new and larger taxa 
associated with a marked taxonomic turnover (De Baets et al., 2021). 
Also, the response of belemnite diversity to the environmental drivers of 
the T-OAE is regionally disparate; diversity (at a zonal scale) decreases 
in the Asturian, Western Paris and Lusitanian basins whereas it increases 
in northern European basins. Additionally, a gap in the belemnite record 
is observed in many locations at the beginning of the T-OAE, with 
regional-dependent duration (e.g., Rocha et al., 2016; Duarte et al., 
2017; Ullmann et al., 2020; Rita et al., 2021).

Global changes in ocean element chemistry accompanied the early 
Toarcian warming and 2nd-order mass extinction (e.g., Jenkyns, 2010; 
Ruhl et al., 2016; Silva et al., 2021b; Thibault et al., 2018). The 

concentration and distribution of trace elements in seawater are mainly 
controlled by external sources, e.g., riverine input, wind-blown dust, 
volcanism, and hydrothermal circulation at mid-ocean ridges, and in
ternal abiological and biological oceanic and depositional recycling 
processes (e.g., Emerson and Hedges, 2008; Trujillo and Thurman, 
2017). Understanding how the oceanic element inventory responded to 
the various Late Pliensbachian and Early Toarcian environmental events 
is crucial in gaining new insights into the relationship between hyper
thermals, biological stress and extinction dynamics, and the T-OAE 
drivers (De Baets et al., 2021; Nätscher et al., 2021; Rita et al., 2019; 
Ullmann et al., 2020; Ullmann et al., 2014). These insights can help us 
better understand ecosystem dynamics during this time and other pe
riods of significant environmental upheaval.

Usually, paleo-ocean element chemistry has been mostly inferred 
from rock inventories (Algeo and Tribovillard, 2009; Bennett and Can
field, 2020; Dickson et al., 2017; Percival et al., 2016; Thibault et al., 
2018; Tribovillard et al., 2012; Tribovillard et al., 2006). The limitation 
of this kind of bulk analysis resides in the difficulty of separating the 
primary seawater element chemistry from authigenic, biogenic, allo
genic (detrital) and diagenetic components (Kovács et al., 2024; Silva 
et al., 2021b; Thibault et al., 2018). One way of circumventing the 
limitation of using rock chemistry is to analyze biogenic carbonate, as 
the element composition of mineralized tissues in several marine species 
is thought to reflect the composition of seawater and indirectly allow to 
record, directly or indirectly, changes in element inventories 
(Armendáriz et al., 2013; Gómez et al., 2008; Gómez and Goy, 2011; 
Korte and Hesselbo, 2011; I Rosales et al., 2004a; Rosales et al., 2001; 
Ullmann et al., 2020, Ullmann et al., 2014; Ullmann and Korte, 2015; 
van de Schootbrugge et al., 2005).

Belemnites were a group of coleoid cephalopods common from the 
mid-Sinemurian (Early Jurassic) until their extinction in the end- 
Cretaceous (Hoffmann and Stevens, 2020). Because their rostra are 
fairly resistant to diagenesis (e.g., (Immenhauser et al., 2016; Ullmann 
and Korte, 2015) these carbonate fossils have been intensively used for 
paleo-oceanographic studies of the Jurassic and Cretaceous. To address 
the question of how seawater chemistry changed in the European 
Epicontinental Seaway (Fig. 1) during the Early Toarcian warming, 2nd- 
order mass extinction, and associated perturbations to the global carbon 
cycle, the objectives of this paper are to (1) obtain a record of 69 ele
ments from 15 Upper Pliensbachian–Lower Toarcian belemnite rostra 
from the West Rodiles section in the Asturian Basin, North Spain, (2) 
discuss the usefulness of these data in discriminating primary (paleo- 
oceanographic) element seawater signatures, and (3) examine if 
belemnite major, minor, and trace element chemistry can be used to add 
to the growing body of information on the known drivers of the T-OAE 
and associated paleo-oceanographic processes. The belemnite record 
from northern Spain is particularly interesting as it straddles the T-OAE 
(which is not the case in other locations such as the Lusitanian Basin, 
Portugal) and shares commonalities with both the Lusitanian and Nor
mandy and UK basins (e.g., De Baets et al., 2021; Rita et al., 2021; Rita 
et al., 2019).

2. Geological setting

The Asturian Basin (Fig. 1) is an intraplate basin part of the North 
Iberian continental margin, linked to extensional faulting processes 
preceding the opening of the Bay of Biscay (Lepvrier and Martínez- 
García, 1990). This basin contains a thick Paleozoic basement, covered 
by a gently deformed Mesozoic succession deposited during a Late Tri
assic–Early Jurassic passive margin stage and a Late Jurassic–Early 
Cretaceous rifting stage (Aurell et al., 2002; Gómez et al., 2019; 
Valenzuela, 1988). The basin was deformed during the Cenozoic as the 
westward continuation of the Pyrenees. During Alpine deformation, a 
mid-crustal detachment transferring orogenic shortening southward 
toward the Spanish Central System (Fig. 1a) involved the entire Iberian 
Plate (Quintana et al., 2015).
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In the Early Jurassic, the Asturian Basin was in a critical position 
between the Mediterranean Tethys and the Boreal North Atlantic realms 
(Fig. 1d). In the coastal cliffs of the eastern part of the Asturias region 
(Fig. 1b and c), well-exposed Upper Pliensbachian–Lower Toarcian de
posits consist of alternating lime mudstones and marls belonging to the 
Santa Mera Member of the Rodiles Formation (Figs. 2 and 3) 
(Valenzuela, 1988; Valenzuela et al., 1986). Ammonites are abundant, 
and ammonite-based chronostratigraphic subdivision of the Pliensba
chian and Toarcian deposits in Asturias has been updated over the past 
decades (Aurell et al., 2003; Aurell et al., 2002; Comas-Rengifo et al., 
2023; Comas-Rengifo and Goy, 2010; García-Ramos et al., 2010; Gómez 
et al., 2008; Gómez and Goy, 2011; Suárez Vega, 1974). Standard 
ammonite chronozones (ACZ) and subchronozones (ASCZ) used in this 
work correspond with the previously established by Elmi et al. (1997)
and Page (2003) for the Northwest Europe and the Submediterranean 
provinces, respectively.

2.1. The West Rodiles section

The West Rodiles section (Figs. 1–4) offers excellent exposure of the 
Pliensbachian–Toarcian succession, bearing frequent ammonites that 
allow precise biostratigraphical subdivisions to be applied (Comas- 
Rengifo et al., 2023; Gómez et al., 2008; Gómez and Goy, 2011). The 
section is located about 10 km northeast of Villaviciosa village and 
comprises about 25 m of the Rodiles Formation. It consists of grey 
limestones and grey marls dated from the Spinatum and Tenuicostatum 
(Lower Toarcian) ACZs. A laminated organic-rich dark grey marly in
terval is observed at the Tenuicostatum/Serpentinum ACZs boundary, 
surpassing 3 wt% total organic carbon (TOC) (Gómez et al., 2016a; 
Rodrigues et al., 2020c). The Serpentinum ACZ comprises alternating 
bioturbated grey marly limestones with grey marls. Macro and micro
fossils are abundant in most of the section, presenting large changes in 
the Lower Toarcian. The Early Toarcian extinction was recognized here.

Based on the works of Gómez and Goy (2011) and Fraguas et al. 
(2012), the Lower Toarcian extinction interval in the study area com
prises the uppermost Upper Pliensbachian Spinatum ACZ and the Lower 
Toarcian Tenuicostatum ACZ and the NJ5 and the lowermost NJ6 
Calcareous Nannofossil Zones (CNZ). The extinction boundary is located 
around the Tenuicostatum/Serpentinum ACZs boundary and within the 
NJ6 CNZ, and the repopulation interval starts above the extinction 
boundary and extends beyond the top of the studied part of the section 
(Fig. 4).

2.2. Stable carbon and oxygen isotope geochemistry and 
chemostratigraphy

Stable carbon and oxygen isotope geochemistry of belemnite and 
bulk rock carbonate and kerogen have been conducted at the West 
Rodiles section (Gómez et al., 2016b; Gómez et al., 2008; Gómez and 
Goy, 2011; Rodrigues et al., 2020c) (Fig. 4). Belemnite rostrum δ18O 
values are progressively more negative from the uppermost Pliensba
chian, recording the Late Pliensbachian cooling through the lowermost 
Toarcian Tenuicostatum ACZ. A shift toward more negative values starts 
at the Tenuicostatum ACZ, reaching a peak value around − 2.9 ‰ in the 
Elegantulum ASCZ. Temperature inferences from belemnite δ18O sug
gest significant seawater warming at this time, which includes the 
extinction boundary and continues through the Serpentinum and the 
Bifrons ACZ. Overall, seawater temperature is thought to have started to 
increase in the earliest Toarcian and increased considerably around the 
Tenuicostatum–Serpentinum zonal boundary.

The δ13C curve from belemnite carbonate describes a generally 

Fig. 1. Location of the Asturian Basin and the Rodiles section. a) Sketch map showing the main geological units of Iberia (Spain and Portugal). b) Outcrops of the 
Lower–Middle Jurassic deposits of Northern Spain. c) Geological map of the Eastern part of the Asturian Basin, showing the location of the Rodiles section. d) 
Paleogeography of the Lower Jurassic (modified after Golonka, 2007). Iberia was a portion of the European Epicontinental Sea, connected to the North through the 
Laurasia Seaway and the West through the Hispanic Corridor. In the South, the Karoo-Ferrar LIP represented the main volcanic province during the Pliensbachian and 
Toarcian stages.

Fig. 2. Field view of the West Rodiles section. The beds closer to the observer 
correspond to the Upper Pliensbachian Spinatum ACZ, and the cliffs in the 
background to the Bifrons and lowermost Variabilis ACZ’s. The red rocks in the 
background are from the Kimmeridgian, deposited in fluvial environments. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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positive trend, with the most frequent values between 0 and + 2‰. A 
maximum of ~3.25 ‰ is reached in the Elegantulum ASCZ of the Ser
pentinum ACZ, decreasing upwards to negative values in the Bifrons 
ASCZ. The positive δ13Cbel trend is interrupted by several minor negative 
excursions. The oldest is a ~ 2‰ negative shift below the Pliensba
chian–Toarcian boundary. A negative peak of similar magnitude is in the 
Bifrons ASCZ. Other minor negative peaks are located at different parts 
of the section. However, the T-OAE negative CIE is not recorded in the 
belemnite dataset, as is also the case in the UK (van de Schootbrugge 
et al., 2005). The δ13Ccarb and δ13Ckerogen curves show a different trend. 
The most significant feature is a δ13C negative shift of ~2 ‰ in bulk rock 
and ~ 8 ‰ in kerogen at the Tenuicostatum–Serpentinum ACZ bound
ary, coinciding with the extinction boundary and the organic-rich 
laminated shale facies; this is interpreted to correspond to the T-OAE 
negative CIE.

A chronostratigraphic equivalency to the T-OAE interval, as recorded 
in northern Europe (Fig. S1), is shown in Fig. 4. The chronostratigraphic 
interval equivalent to the T-OAE is about 5 m thick; the base is well 
defined, whereas the top cannot be confidently pinned. The recognition 
of the T-OAE interval in West Rodiles is based on TOC and δ13C (bulk 
rock and kerogen) chemostratigraphic correlation to Mochras (UK, 
Fig. S1) and other neighbouring sections (Gómez and Goy, 2011; 
Rodrigues et al., 2020c; Silva et al., 2021a; Storm et al., 2020) and is 
supported by ammonite and calcareous nannofossil biostratigraphy. 
Total organic carbon contents max out at around 3 wt%, indicating that 
they do not correspond to black shales but are organic-rich facies 
contemporaneous with Organic Matter Preservation Interval T4 (OAE) 
(Fig. S1, cf., Silva et al., 2021a).

3. Materials and methods

A total of 15 sample aliquots of belemnite rostra from the West 
Rodiles section of the Asturian Basin in North Spain were selected for 
ultra-trace element analysis from the studies of Gómez et al. (2008) and 
Gómez and Goy (2011). Burial diagenesis of the selected belemnite 
rostrum sample aliquots was tested previously using a combination of 
cathodoluminescence and stable carbon and oxygen isotopes (Gómez 
et al., 2008; Gómez and Goy, 2011). In these studies, polished samples 
and thick sections of each belemnite were prepared and studied under 
the petrographic and the cathodoluminescence microscope. Only the 
non-luminescent portions of the belemnite rostra were sampled using a 
microscope-mounted dental drill to avoid visible diagenetic-altered 
calcite; this included the apical line and boarders of the sample speci
mens (Fig. 5). Other chemical proxies of diagenetic alteration from this 
study are discussed in section 5.1.

A total of 69 elements were selected for analysis, i.e., Ag, Al, As, Au, 
B, Ba, Be, Bi, Br, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, 
Ho, I, Ir, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, P, Pb, Pd, Pr, Pt, 
Rb, Re, Ru, S, Sb, Sc, Se, Si, Sm, Sn Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, W, V, 
Y, Yb, Zn, Zr. Element concentration was determined at ALS Scandinavia 
AB labs. Powdered samples were digested using MW-assisted digestion 
with concentrated HNO3 (purified by sub-boiled distillation). Digests 
were analyzed by Inductively Coupled Plasma-Sector Field Mass Spec
trometry (ICP-SFMS, Element XR from Thermo Scientific) using a 
combination of internal standardization and external calibration. The 
certified reference material JB-2 basalt from the Geological Survey of 
Japan was used as quality control with acceptance criteria of recoveries 
within the 90–110% range for elements with accredited concentrations 
and within the 80–120% range for elements with published concentra
tions. Level of Reporting (LORs) were calculated as 3 sigma (σ) from 
preparation blanks. Results are reported in μg/kg (ppb). After analysis of 
the 69 selected elements, 15 (i.e., Au, Be, Br, Eu, Ga, Ge, Hf, Ir, Nb, Os, 
Pd, Pt, Re, Ru, Ta) were not further considered since the concentration in 
4 or more samples was below the limit of reporting (LOR) (Table S1).

Fig. 3. Regional stratigraphy of the Jurassic units of the Asturian Basin. The 
studied deposits correspond to the Santa Mera Member of the Rodiles Forma
tion (modified after Gómez et al., 2019). The hiatus is a regional feature of the 
Asturian Basin.
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4. Results

4.1. Elemental composition

Plotting of element concentration and element/Ca against strati
graphic horizons (Figs. 6 and 7 and Fig. S2) reveals four general modes 
of element distribution in relation to the extinction boundary, the OMPI 
T4 (OAE), and the chronostratigraphic equivalent of the T-OAE interval:

1) Increasing concentration in the T-OAE with maxima after the 
extinction boundary and the OMPI T4 (OAE) (Al, As, Ba, Co, Cr, Mg, 
Mn, P, Sr, Tl).

2) Spiking element concentrations just below and above the extinction 
boundary and the OMPI T4 (OAE) (Cd, Ce, Cs, Dy, Er, Gd, Ho, La, Lu, 
Nd, Pr, S, Sc, Sm, Tb, Th, Tm, U, V, Y, Yb).

3) Decreasing element concentrations from the base to the top of the 
studied interval (B, Bi, Fe, I, K, Li, Na, Rb, Ti, Zr).

4) Minima element concentrations below and above the extinction 
boundary and the OMPI T4 (OAE) or no major change (Ag, Ca, Cu, 
Mo, Ni, Pb, Sb, Se, Si, Sn, Te, W, Zn).

5. Discussion

5.1. Screening of diagenetic alteration and preservation of element 
geochemistry in belemnites

Previous δ18O studies (Gómez et al., 2008; Gómez and Goy, 2011) on 
the same belemnite rostra show “normal” marine values, suggesting the 
absence of strong diagenetic alteration of belemnite calcite. In the 
δ18Obel vs δ13Cbel plot, data group into a cluster-type distribution, sup
porting the inference that belemnite calcite largely resisted diagenesis. 
Looking at elements typically used for geochemical diagenetic screening 
of belemnites, i.e., Fe, Mn, and Sr and their ratios to Ca, samples WR-42 
and WR-47 were excluded from further consideration since they seem to 
be diagenetically altered (Table 1).

Another issue that could affect belemnite calcite chemistry relating 
to diagenesis is the influence of changes in lithology in belemnite 
rostrum preservation. The influence of changes in lithology/preserva
tion seems limited, at least on studies focusing on the size and diversity 
of belemnites from different nearby sections (Rita et al., 2018). How
ever, changing lithology can potentially influence element concentra
tions, either directly affecting rostrum calcite or by inducing the 
precipitation of different impurities and cements (contamination in a 
broad sense). The impact of contamination is discussed below per 
section.

Fig. 4. Stratigraphic log of the West Rodiles section (modified after Gómez and Goy, 2011), showing ẟ18O and ẟ13C values from belemnite calcite and bulk carbonate, 
as well as total organic carbon (TOC) (Data from (Gómez et al., 2016a).

Fig. 5. Photomicrographs of some of the belemnite rostra samples under op
tical (a) and cathodoluminescent microscope (b, c, d). Luminescence in the 
apical lines and microfractures indicates the presence of diagenetic alteration in 
these parts. Non-luminescent dark parts indicate the absence of diagenetic 
alteration, where the samples were drilled for analysis. Rostra (a) and (b) come 
from Serpentinum ACZ, Murleyi ASCZ. Rostra (c and d) correspond to the 
Upper Pliensbachian Hawskerense ACZ.
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5.2. Late Pliensbachian–Early Toarcian ocean chemistry recorded in 
belemnite rostra

For belemnite rostra element geochemistry to be a reliable indicator 
for past seawater composition, the abundance of a given element needs 
to depend mainly on seawater composition, and the processes that 
govern element incorporation into biogenic carbonate need to be well 
understood and validated using modern analogues. Therefore, because 
belemnites lack a modern analogue, reconstruction of the “absolute” 
chemistry of Late Pliensbachian–Early Toarcian oceans from belemnites 
is severely hindered. Usually, belemnite rostra geochemical studies rely 
on calibrations with specimens of other taxa with modern analogues, 
adding uncertainty in interpretations (Immenhauser et al., 2016; Ull
mann et al., 2015; Ullmann et al., 2013; Ullmann and Korte, 2015).

Living systems are built from a small subset of the atomic elements, 
including macronutrients (C, H, N, O, P, S) and ions (Mg, K, Na, Ca) 
together with a small but variable set of trace elements (micronutrients) 
(Remick and Helmann, 2023). Element incorporation into biogenic 
carbonates, including belemnites, can be affected by the influence of 
several environmental and physiological factors (Hoffmann and Stevens, 
2020; Ullmann and Korte, 2015), in addition to intra-species differences 
(e.g., McArthur et al., 2007; Li et al., 2013). Regarding the latter, 

previous studies noted intra-rostral variations and inter-species/genus 
differences in the incorporation of several elements, e.g., Mg and Na 
(McArthur et al., 2007; Wierzbowski and Joachimski, 2007; Li et al., 
2012). On the other hand, Sr seems to be less sensitive to this effect 
(Ullmann and Pogge von Strandmann, 2017). Although debate remains 
regarding the original mineralogy and organic matter content, it is 
generally thought that belemnite rostra is comparable to the Sepia 
cuttlebone sheath (Hoffmann and Stevens, 2020). However, in vivo 
studies of Sepia are rare and have contradictory inferences regarding the 
influence of temperature (i.e., Sr, Mn), growth rates (i.e., Li), and diet (i. 
e., Sr, Ba, Mn, Y) in element incorporation into Sepia bio‑carbonate, i.e., 
statoliths and cuttlebone (Chung et al., 2020a, 2020b; Zumholz et al., 
2006). Other studies have reported population or geographic differences 
in cuttlebone element chemistry (Ikeda et al., 1999; Turan and Yaglio
glu, 2010).

Below, we assess if belemnite rostra element chemistry reflects broad 
and relative changes in paleo seawater chemistry (e.g., Ullmann et al., 
2013). The impact of (1) vital effects (i.e. growth rate, ontogeny, and 
species-specific fractionation, (2) Early Toarcian faunal turnover and (3) 
consideration of analytical uncertainty is also discussed below in each 
section.

Fig. 6. Stratigraphic log of the West Rodiles section (modified after Gómez and Goy, 2011) and stratigraphic distribution of major elements and element/Ca 
determined in belemnite calcite.
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5.2.1. Unresolved elements
Several elements (1: Al, As, Ba, Co, Cr, Tl; Mode 2: Cd, Ce, Cs, Dy, Er, 

Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Th, Tm, U, V, Y, Yb; 3: B, Bi, I, Li, Rb, 
Ti, Zr; 4: Ag, Cu, Mo, Ni, Pb, Sb, Se, Si, Sn, Te, W, Zn) are determined in 
the extremely low ppm-ppb range (below ~30 ppm, often in the low ppb 
range). These low contents do not allow us to confidently discard that 
the observed trends do not include contamination or alteration of 
original values that cannot be resolved using stable carbon and oxygen 
isotopes or standard element chemistry screening techniques. Contam
ination could, in this case, refer to microscopic amounts of other min
erals/organic matter incorporated into belemnite rostra in 
microfractures. The above, combined with the lack of literature 
regarding the incorporation of these elements into belemnite calcite, do 
not allow us to confidently assign the observed trends of these elements 
to changes in ocean chemistry. Therefore, we report these elements, but 
they will not be further considered. For elements in the list above that 
are present in larger amounts, the lack of variation precludes assignment 
to seawater chemistry directly; either the element’s seawater chemistry 
did not change markedly, or the incorporation of these elements could 
have been biologically buffered, due to inter-species effects, or diage
netically affected in a way that is not detected using commonly used 
screening techniques.

5.2.2. Early Toarcian acceleration of the hydrological cycle
Magnesium, Mn, P, and Sr increase concentration in the T-OAE 

chronocorrelative interval with maxima after the extinction boundary 
and the OMPI T4 (OAE) (Figs. 6, 7 and Figs. S1 and S2).

Some of these elements, such as Mg, Mn, and P, are biologically 
essential. The inclusion of Mg and Sr in this group facilitates their 
assignment and interpretation as the incorporation of these two ele
ments into belemnite carbonate has been amply discussed (McArthur 
et al., 2000; Rosales et al., 2001, 2004a; Rosales et al., 2004b; van de 
Schootbrugge et al., 2005; McArthur et al., 2007; Korte and Hesselbo, 
2011; Li et al., 2012, 2013; Ullmann et al., 2013, 2014, 2015; Ullmann 
and Korte, 2015; McArthur et al., 2020).

Although Mg and Sr have been used as paleothermometers in 
belemnite (e.g., Li et al., 2012; Rosales et al., 2004a), Mg incorporation 
was shown to have an intra-species dependency component, whereas Sr 
seems much less affected (e.g., Li et al., 2013; McArthur et al., 2007). 
Other vital effects, such as growth rate, seem to be of minor importance 
for the broad, large-scale variability of Mg/Ca and Sr/Ca in belemnite 
rostra (Ullmann and Pogge von Strandmann, 2017). It was suggested 
that Sr/Ca of fossil low-Mg calcite mainly reflects ocean water chemistry 
since intra-specific effects in Sr are minor (McArthur et al., 2007), and a 
relationship with temperature or growth rate is not clear (Ullmann and 

Fig. 7. Stratigraphic log of the West Rodiles section (modified after Gómez and Goy, 2011) and stratigraphic distribution of minor and trace elements and element/ 
Ca determined in belemnite calcite.
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Pogge von Strandmann, 2017; Ullmann et al., 2013; Ullmann and Korte, 
2015). Ullmann and Pogge von Strandmann (2017) observed that 
average Sr/Ca and Mg/Ca show large changes for Toarcian whole 
belemnite specimens, especially across the T-OAE, and these changes are 
larger than the intra-specimen and intra-generic variability from several 
studies. This suggests that broad changes in these ratios can represent 
forcing from external signals, i.e., changing temperatures or sea-water 
chemistry (e.g., Li et al., 2012; I Rosales et al., 2004b, Rosales et al., 
2004a).

Ullmann et al. (2013) argued that the Early Toarcian increase in Sr/ 
Ca and 87Sr/86Sr can be explained by enhanced silicate weathering on 
the continents induced by the Karoo and Ferrar LIP volcanism (e.g., 
Cohen and Coe, 2007; Hesselbo et al., 2007; Percival et al., 2016; Per
cival et al., 2015; Ruhl et al., 2022; Storm et al., 2020). In the Asturian 
Basin, the TOAE negative CIE interval (Figs. 4, 6, and 7) includes the 
extinction boundary of Gómez et al. (2016b) and Gómez and Goy (2011)
It is marked by a negative CIE (recorded in δ13C of kerogen and bulk 
rock) associated with the highest TOC, total sulphur, and amorphous 
organic matter contents (Gómez and Goy, 2011; Rodrigues et al., 
2020c). It was interpreted that deposition and preservation of organic 
matter during the TOAE interval in the study area occurred under, at 
least, suboxic conditions and that the occurrence of non-opaque phy
toclasts and terrestrial palynomorphs could represent an increase in 
continental weathering and fluvial runoff in warmer/wetter conditions 
resulting from the Early Toarcian acceleration of the hydrological cycle 
(Rodrigues et al., 2021; Rodrigues et al., 2020c). In the Asturias Basin 
and other winter-wet/warm temperate climatic belt basins, the observed 
enrichment of AOM probably reflects an increase in primary produc
tivity linked to increased continental weathering, fluvial runoff and 
riverine organic matter owing to nutrient input into marine areas 
(Rodrigues et al., 2021, Rodrigues et al., 2020c).

Even though sampled belemnite specimens were not identified to the 
species level, ontogenetic stage was not considered fully (however, 
apical areas were avoided during sampling due to the high likelihood of 
diagenetic alteration), and the dataset spans a known event of belemnite 
fauna turnover, published literature supports the inference that the 
broad, long term trends of Sr (and Mg even considering intra-species 
fractionation) likely reflect broad changes in seawater chemistry. 
Based on the general oceanographic proprieties of several elements that 

show the same trends as Sr, it is possible that the observed Mn and P 
trends result from the same set of processes, that is, increased conti
nental weathering and fluvial runoff of these elements into the area due 
to acceleration of the hydrological cycle associated with the Early 
Toarcian carbon cycle perturbation and warming (see also -Ullmann 
et al., 2013). Further studies must address whether intra-specimen 
variation and ontogenetic stage impact the incorporation of Mn and P 
into belemnites.

5.2.3. Decoupling of the Fe and Mn Ocean cycles
Several elements showing decreasing element concentrations from 

the base to the top of the studied interval (Fe, K, and Na, Fig. 7 and 
Fig. S2) are often associated with external inputs into the ocean, such as 
dust, riverine sediments, sediment dissolution along continental mar
gins, and fluids from hydrothermal vents (Poehle and Koschinsky, 2017; 
Zheng et al., 2022). Regardless of their source (discrimination is beyond 
the scope of this paper), since K and Fe are essential for many organisms, 
their decreasing trend upward in the section may suggest that low 
seawater K and Fe contents might have been a limiting factor of oceanic 
productivity in the area, probably explaining why organic-rich facies in 
the Asturian Basin are limited to the base of the T-OAE, i.e., OMPI T4 
(OAE) of Silva et al. (2021b).

Speculatively, low seawater Fe content at the top of the study in
tervals could arise either from (1) high reactivity in the presence of 
oxygen (higher than Mn) and increased preservation of authigenic clays, 
pyrite, and Fe oxides in sediments or (2) decreased external inputs, i.e., 
riverine, and wind-blown dust (Jensen et al., 2020). Considering the 
overall lithological Fe-rich context of several locations around Iberia 
during and after (?) the T-OAE [e.g., the Chocolate Marls of the Lusi
tanian Basin (Duarte, 2007; Pittet et al., 2014; Rodrigues et al., 2016), 
the Zegrí Formation of the Betic Cordillera (Silva et al., 2021b), and the 
siderite-rich Mochras borehole in Cardigan Bay Basin (Xu et al., 2018)] 
and evidence of an accelerated hydrological cycle in the area (e.g., 
(Rodrigues et al., 2021, Rodrigues et al., 2020a, 2020b, 2020c, Rodri
gues et al., 2019)], the former mechanism is preferred in this study. 
Decoupling of the Fe and Mn cycling in the oceans is a common feature 
of the geological record. Recognizing that these two crucial ocean 
biogeochemical cycles can decouple has important implications for 
understanding how other metals are scavenged throughout the water 
column (Jensen et al., 2020).

5.3. Relationship between inferred elemental ocean chemistry and 
biocalcification in belemnites and calcareous nannofossils

As aforementioned, the Early Toarcian was a time interval of 
important biological perturbation in the global ocean. Several calcar
eous nannofossils species, e.g. Schizosphaerella punctulata, Biscutum spp., 
Similiscutum spp. or Lotharingius spp., experienced size reduction and 
morphological changes during this time interval (e.g., (Clémence et al., 
2014; Faucher et al., 2022; Ferreira et al., 2017; Fraguas et al., 2012; 
Fraguas and Young, 2011; Mattioli et al., 2004; Peti and Thibault, 2017; 
Suan et al., 2008). A biometric analysis of the genus Lotharingius in the 
studied section by (Fraguas and Young, 2011) found a decrease in size or 
“dwarfing” of the analyzed Lotharingius species in samples correspond
ing to the T-OAE negative CIE. They hypothesize that the reduction in 
size and abundance was related to unfavourable paleoenvironmental 
conditions for the biomineralization of their coccoliths. The reduction in 
size of nannofossils contrasts with belemnites. In the studies section, a 
general increase in belemnite median rostrum size is seen due to the 
appearance of new and larger taxa associated with a marked taxonomic 
turnover, whereas total belemnite diversity decreases (De Baets et al., 
2021; Rita et al., 2021). The causes for these discrepancies between 
groups need to be considered in future studies.

Considering the results obtained from belemnite rostra geochemistry 
from our study, there is a correspondence between an increase in Mg, 
Mn, P, and Sr and a decrease in Fe, K, and Na around the extinction 

Table 1 
Calcium, Fe, Mn, and Sr contents and their rations with Ca from the West Rodiles 
Section of the Asturian Basin (Northern Spain) and used cutoff limits for the 
discrimination of diagenetically altered samples.

Sample Ca mg/ 
kg

Fe mg/ 
kg

Mn 
mg/kg

Sr 
mg/kg

Fe/Ca 
mmol/mol

Mn/Ca 
mmol/mol

WR-14 406,088 172 10 870 0.3 0.02
WR-17 383,878 62 2 736 0.12 0.00
WR-21 424,242 49 4 877 0.08 0.01
WR-31 409,565 177 3 941 0.31 0.01
WR-37 409,180 25 3 844 0.04 0.01
WR-39 431,940 22 3 876 0.04 0.00
WR-42 411,678 930 50 882 1.62 0.09
WR- 

43.1 404,903 116 15 876 0.21 0.03

WR- 
43.2

403,137 49 6 925 0.09 0.01

WR-45 
t

416,934 67 21 1293 0.12 0.04

WR-47 376,637 443 50 950 0.84 0.10
WR-49 393,689 163 11 1234 0.3 0.02
WR-53 371,039 35 5 1021 0.07 0.01
WR-58 398,874 60 13 1002 0.11 0.02
WR-65 389,738 67 12 1026 0.12 0.02

limits <250# <32# >

400& <0.45+ <0.10*

References: # Rosales et al., 2001; & Korte and Hesselbo, 2011; + Rosales et al., 
2004a; * Ullmann et al., 2014, 2020
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boundary (cf. Fraguas et al., 2012; Gómez and Goy, 2011) and the T- 
OAE negative CIE and the previously observed reduction size or 
dwarfism of Lotharingius in Rodiles. This observation adds new insights 
to the ongoing discussion on the factors (such as pCO2, ocean acidifi
cation, and seawater warming) contributing to the so-called Early 
Jurassic calcareous nannofossil crisis (Clémence et al., 2015; Clémence 
et al., 2014; Ferreira et al., 2017; Mattioli et al., 2009b) or patterns of 
belemnite evolution in the Early Jurassic (De Baets et al., 2021; Neige 
et al., 2021). Parallel to our empirical observation between nannofossil 
dwarfing and changing ocean chemistry with respect to Mg, Mn, P, Sr, 
Fe, K, and Na, a recent study by Faucher et al. (2017) found a negative 
effect of several trace elements on nannoplankton biocalcification pro
cesses. They demonstrate this effect using four living coccolithophore 
species, Emiliania huxleyi, Gephyrocapsa oceanica, Pleurochrysis carterae 
and Coccolithus pelagicus, by control culture and metal-enriched (V, Ni, 
Zn and Pb) experiments. It was found that coccolith specimens under 
stress metal-rich conditions display an irregular shape and are thinner, 
suggesting difficulties in calcification under metal-enriched conditions.

6. Conclusions

This study presents and discusses a dataset comprising the 
geochemical determination of 69 elements in 13 diagenetic screened 
belemnite rostra from the Upper Pliensbachian–Lower Toarcian West 
Rodiles section, Asturian Basin, Northern Spain.

Discarding large intra-species effects and assuming a similar influ
ence of growth rates, diet, and other physiological processes for all 
analyzed belemnite rostra and taking into consideration analytical un
certainty, we assessed if belemnite rostra element chemistry reflects 
broad and relative changes in paleo seawater chemistry during the Late 
Pliensbachian and Early Toarcian and concluded:

1) Elements such as Mg, Mn, P, and Sr increase across the T-OAE 
chronocorrelative interval and have elevated contents after the 
extinction boundary and the OMPI T4 (OAE). Supported by previous 
studies on Sr and Mg incorporation into belemnite carbonate, this 
trend is interpreted to likely represent an increase of these elements’ 
inventory in regional seawater due to an increase in continental 
weathering and fluvial runoff into the area due to acceleration of the 
hydrological cycle associated with the Early Toarcian carbon cycle 
perturbation and warming.

2) Iron and K decrease upwards in the section. The low paleo-seawater 
K and Fe contents are interpreted to have been a limiting factor of 
oceanic productivity in the area, likely explaining why organic-rich 
facies in the Asturian Basin are limited to the base of the T-OAE. In 
addition, Fe and Mn show different trends, indicating the decoupling 
of the Fe and Mn ocean cycles in the study area during the Early 
Toarcian.

3) Several elements are determined in the low ppm range (below ~30 
ppm, often in the low ppb range), and we cannot confidently discard 
very minor contamination or alteration of original values that are 
unresolvable using stable carbon and oxygen isotopes or element 
chemistry screening techniques. Combined with the lack of literature 
regarding the incorporation of these elements into belemnite rostra 
calcite, we cannot confidently assign the observed trends of these 
elements to ocean chemistry. These are reported for future reference.

4) Considering the element geochemistry results from belemnite rostra 
from our study, there is a correspondence between changing 
seawater element chemistry around the extinction boundary, 
warming, the T-OAE negative CIE, marked belemnite turnover and 
size increase (observed at various sites, including Rodiles), and a 
reduction in size or dwarfism of Lotharingius in the study area. Causes 
need to be considered in future studies.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2024.122327.
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Fraguas, Á., Gómez, J.J., Goy, A., Comas-Rengifo, M.J., 2021. The response of calcareous 
nannoplankton to the latest Pliensbachian–early Toarcian environmental changes in 
the Camino Section (Basque Cantabrian Basin, northern Spain). Geol. Soc. Lond. 
Spec. Publ. 514, 31–58. https://doi.org/10.1144/SP514-2020-256.
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Marinas Del Jurásico Inferior y Las Series Fluviales Del Jurásico Superior. 
Acantilados de La Playa de Vega (Ribadesella). (Guía de La Excursión A) V Congreso 
Del Jurasico de Espana, pp. 21–40.

Golonka, J., 2007. Late Triassic and early Jurassic palaeogeography of the world. 
Palaeogeogr Palaeoclimatol Palaeoecol 244, 297–307. https://doi.org/10.1016/j. 
palaeo.2006.06.041.

Gómez, J.J., Arias, C., 2010. Rapid warming and ostracods mass extinction at the lower 
Toarcian (Jurassic) of Central Spain. Mar Micropaleontol 74, 119–135. https://doi. 
org/10.1016/j.marmicro.2010.02.001.
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